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Forkhead box P3 (FOXP3) is an essential transcription factor
for regulatory T cell (Treg) function. Defects in Tregs mediate
many immune diseases including the monogenic autoimmune
disease immune dysregulation, polyendocrinopathy, enteropa-
thy, X-linked syndrome (IPEX), which is caused by FOXP3mu-
tations. Treg cell products are a promising modality to induce
allograft tolerance or reduce the use of immunosuppressive
drugs to prevent rejection, as well as in the treatment of ac-
quired autoimmune diseases. We have recently opened a phase
I clinical trial for IPEX patients using autologous engineered
Treg-like cells, CD4LVFOXP3. To facilitate the pre-clinical
studies, a novel humanized-mouse (hu-mouse) model was
developed whereby immune-deficient mice were transplanted
with human hematopoietic stem progenitor cells (HSPCs) in
which the FOXP3 gene was knocked out (FOXP3KO) using
CRISPR-Cas9. Mice transplanted with FOXP3KO HSPCs had
impaired survival, developed lymphoproliferation 10–12 weeks
post-transplant and T cell infiltration of the gut, resembling
human IPEX. Strikingly, injection of CD4LVFOXP3 into the
FOXP3KO hu-mice restored in vivo regulatory functions,
including control of lymphoproliferation and inhibition of
T cell infiltration in the colon. This hu-mouse disease model
can be reproducibly established and constitutes an ideal model
to assess pre-clinical efficacy of human Treg cell investigational
products.
Received 31 August 2023; accepted 3 November 2023;
https://doi.org/10.1016/j.omtm.2023.101150.

Correspondence: Rosa Bacchetta, MD, Lorry I. Lokey Stem Cell Research Building,
265 Campus Drive West, Room 3039, Stanford, CA 94305, USA.
E-mail: rosab@stanford.edu
INTRODUCTION
Regulatory T cells (Tregs) play a central role in controlling immune
responses1,2 and their clinical application as “living drugs” has gained
increasing interest in the past decade.3 Currently, there are about 30
clinical trials registered on clinicaltrial.gov using Treg cells products,
mostly for the prevention of graft-versus-host disease (GVHD) or or-
gan rejection, but also for type 1 diabetes, rheumatoid arthritis, and
skin autoimmunity. Most of the Treg products used to date derive
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from peripherally isolated Treg and are infused fresh or after expan-
sion in vitro. Both allogeneic and autologous Treg cell products, poly-
clonal rather than antigen specific, have been developed and demon-
strated safety in phase I clinical trials.4 In addition, engineered Treg
products are now being tested in the clinic. Indeed, polyclonal autol-
ogous CD4LVFOXP3 Treg-like cells to treat immunedyregulation poly-
endocrinopathy enteropathy X-linked syndrome (IPEX) as the first
indication (NCT05241444),5 and chimeric antigen receptor (CAR)-
Treg human leukocyte antigen (HLA)-A2 specific for the prevention
of organ rejection (NCT04817774)6 have just entered the clinical
phase. Although generally found to be safe, many questions remain
such as optimal cell dose, long-term survival, expansion, elimination
and tracking in vivo, and the impact on the recipient’s immune
response to pathogens or immune surveillance.

During investigational new drug (IND)-enabling studies for the
CD4LVFOXP3 in IPEX, monogenic autoimmune disease due to Fork-
head box P3 (FOXP3) mutations and dysfunctional Treg cells, we
developed humanized-mouse models by transplanting human periph-
eral blood mononuclear cells (PBMCs) or CRISPR-Cas9 FOXP3 gene
edited hematopoietic stem progenitor cells (HSPCs) to enable in vivo
functional characterization of the product. We have previously gener-
ated IPEX-like mouse models via FOXP3 knock-out (KO) or knock-
down (KD) in human HSPCs using various molecular approaches,
including (shRNA), TALENs and CRISPR-Cas9.7,8 Although infor-
mative, the FOXP3KO or KD short hairpin RNA efficiencies in these
prior experiments did not result in a full KO of FOXP3, limiting the
applicability of the model. Specifically, using a single-guide RNA
(sgRNA) targeting the FOXP3 gene and the CRISPR-Cas9 strategy,
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we obtained �40% FOXP3 gene disruption in edited HSPCs, which
was insufficient to confer severe lymphoproliferation when trans-
planted into the immunodeficient NSG mice.8 Here, we describe a
strategy and protocol that dramatically increases FOXP3KO efficiency
and leads to significant disease manifestations in transplanted hu-
mice, rendering this a more robust model of Treg-deficient autoimmu-
nity. Importantly, we also show that the investigational product,
CD4LVFOXP3, can rescue in this model the FOXP3KO-mediated dis-
ease features. The KO strategy targets the FOXP3 locus in HSPCs
with multiple sgRNAs and achieves >75% FOXP3KO efficiency by
creating a 122-bp deletion in the target locus. Immunodeficient NSG
mice transplanted with these FOXP3KOHSPCs developed severe lym-
phoproliferation 10–12 weeks after transplantation and T cell infiltra-
tion in the gut, resulting in increased morbidity and mortality
compared with mice transplanted with FOXP3 wild-type (WT)
HSPCs. We demonstrate that the administration of CD4LVFOXP3 cells
increased survival when compared with the uninjected FOXP3KO
mice. Moreover, CD4LVFOXP3 injection did not prevent immune
reconstitution but did prevent CD4+ T cell lymphoproliferation and
organ infiltration. These data confirm that (i) these FOXP3KO hu-
mice generated by high and efficient CRISPR-Cas9 mediated gene
disruption are a valuable pre-clinical model to test the safety and effi-
cacy of Treg-like cell products; and (ii) the administration of
CD4LVFOXP3 is safe and efficacious in preventing CD4+ lymphoprolif-
eration in a hu-mouse model. The proposed experimental protocol is
well adapted in pre-clinical experiments to test different types of hu-
man Treg cell products and compare their efficacy and safety. This
model could also be suitable to investigate in vivo challenge with path-
ogens and tumor antigens.

RESULTS
High efficiency FOXP3 KO by multiple sgRNA CRISPR-Cas9-

mediated gene disruption in HSPCs to generate FOXP3 KO hu-

mice

With the objective of achieving high-efficiency FOXP3KO in HSPCs,
we screened nine sgRNAs targeting exons 1 and 3 of the FOXP3 locus
separately or in combination in vitro (Figure 1A and Table S1). The
highest insertion or deletion (INDEL) efficiency (75.0% ± 5.0%,
mean ± SEM; n = 3) was obtained using the combination of sgRNA
4, 5, and 6 targeting exon1 in human HSPCs (1e5 cells/condition,
n = 3 healthy donors) (Figure 1B). These sgRNAs can create a
�112-bp deletion adjacent to the start codon, disrupting the open
reading frame and limiting the potential for residual FOXP3 protein
expression (Figure 1C). We next tested whether, in contrast with our
prior attempts, the increased efficiency of FOXP3KO in HSPCs con-
fers a more robust IPEX-like phenotype when transplanted into
immunodeficient mice.

FOXP3KO HSPCs were generated by electroporation of the ribonu-
cleoprotein (RNP) complex (S. Pyogenes (sp) Cas9 protein and
sgRNAs 4, 5, and 6) into HSPCs (2e6 cells/condition). The average
INDEL frequencies in HSPCs measured by PCR-based INDEL fre-
quency analysis at days 3–5 post editing was 75.3% ± 2.8% (mean ±

SEM, n = 6), which was similar to the INDEL frequencies obtained
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in the small scale (1e6) sgRNA screening (Figure 2B). Neonatal NSG
mice (2–3 days old) were injected intrahepatically with FOXP3KO
HSPCs (1.5e5 cells/animal) after 1 Gy irradiation (Figure 2A).

The FOXP3KO hu-mice showed significantly reduced weight gain
and increased mortality compared with the FOXP3 WT hu-mice
(body weight at 16 weeks, FOXP3 WT hu-mice = 21.1 ± 0.4 g,
FOXP3 KO hu-mice = 18.9 ± 0.4 g, n = 16 per condition, mean ±

SEM, p < 0.05; Survival rates at 16 weeks: FOXP3 WT hu-mice =
100%, FOXP3 KO hu-mice = 75%, n = 16 per condition, p < 0.05)
(Figure 2C). These data indicated that FOXP3KOhu-mice had higher
mortality and morbidity compared with the FOXP3 WT hu-mice.

The FOXP3 INDEL frequencies, measured in the infused cells and at
week16after transplantation, remained constant throughout the in vivo
experiment (16 weeks after transplantation 74.7% ± 2.6%, mean ±

SEM, n = 6), indicating persistency and as well as selective advantage
of theKOcells. TheNSGmice receivingFOXP3KOHSPCs consistently
developedCD4+T cell lymphoproliferation between 8 and 12weeks af-
ter transplantation (Figure 2D). Therefore, we used this model to test
the efficiency of the autologous engineered CD4LVFOXP3 Treg-like cells
to prevent the FOXP3KO aberrant immune phenotype.

CD4LVFOXP3 cells generated from peripheral and cord blood by

cyclic guanosine monophosphate-compatible protocol have

Treg-like phenotype and function in vitro

Building on the in vitro and in vivo IND-enabling studies, a
CD4LVFOXP3 cell manufacturing protocol was developed and opti-
mized to be appropriate for clinical grade production (Figure S1) us-
ing the cyclic guanosine monophosphate-compatible lentiviral vector,
lentiviral (LV)-FOXP3.4 The resulting CD4LVFOXP3 cells obtained
from PB (n = 25) were comparable with those obtained in the research
laboratory, as previously described.4,7 CD4LVFOXP3 cells displayed a
Treg-like phenotype, analogous to freshly isolated Tregs (Figures S2
and S3A), which was in contrast to control cells transduced with
LV-NGFR (CD4LVNGFR) or untransduced (CD4UT) that were ob-
tained in parallel (Table S2).

Similar to in vitro activated Tregs, CD4LVFOXP3 cells had reduced pro-
liferative capacity, unlike CD4LVNGFR and CD4UT cells (Figure S3B).
Moreover, CD4LVFOXP3 cells showed a dose-dependent suppressive
function that was significantly higher than CD4LVNGFR cells and
similar to that of in vitro activated Tregs (Figure S3C). As previously
described,9,10 the CD4LVFOXP3 cells had a Treg-like cytokine produc-
tion profile including reduced production of proinflammatory cyto-
kines, IL-2, IL-4, IL-17A, and interferon (IFN)-g that was similar to
that of in vitro activated Tregs (n = 4), and again contrasted with
that observed fromCD4LVNGFR and CD4UT cells (n = 8) (Figure S3D).
While CD4LVFOXP3 cells have reduced production of the above pro-
inflammatory cytokines, the production of IL-10 and IL-22 was pre-
served, as is the case in in vitro activated Tregs (Figure S3D).

To test the CD4LVFOXP3 cells in FOXP3KO hu-mice, CD4LVFOXP3

cells were generated from umbilical cord blood donor cells autologous
er 2023



Figure 1. FOXP3 locus can be efficiently targeted by multiple sgRNAs

(A) sgRNAs against FOXP3 exon1 and exon3. TSS, transcription start site. (B) Screening of the sgRNAs against FOXP3 locus. (C) Representative image of multiple sgRNA

FOXP3 KO (sgRNA4, 5, and 6) analyzed by ICE software. Significance determined by one-way ANOVA followed by Tukey’s multiple comparison tests. *p < 0.05. Data are

representative of three independently repeated experiments.
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to the CD34+ HSPCs used in the various in vivo hu-mice experi-
ments (n = 15). The phenotypic and functional characteristics of
CD4LVFOXP3 cells generated from umbilical cord blood (CB-
CD4LVFOXP3) resembled those of CD4LVFOXP3 cells obtained from
PB (Figures S4A and S4B).

Collectively, CD4LVFOXP3 cells generated either from PB or umbilical
cord blood according to a good manufacturing practices-compatible
Molecular T
production protocol, acquire phenotypical and functional character-
istics comparable to freshly isolated and in vitro activated Tregs.

Autologous CD4LVFOXP3 cells canmitigate lymphoproliferation in

FOXP3KO hu-mice

To test whether FOXP3KO hu-mice are a suitable model to assess
the in vivo suppressive function of CD4LVFOXP3 cells, autologous
CD4LVFOXP3 cells (1e6 cells/condition) were injected in the FOXP3KO
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 2. In FOXP3 KO hu-mice morbidity and

mortality

(A) Frequency of INDEL were measured by ICE analysis

of HSPCs (n = 6–7/conditions, mean ± SEM). (B)

Schematic representation of the experimental setup.

NSG, NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ. (C) Survival

curve and (D) body weight of FOXP3 KO hu-mice

model comparing mice transplanted with FOXP3

WT HSPC (FOXP3WT), FOXP3 KO HSPC alone

(FOXP3KO) (n = 16/group). Significance determined

by one-way ANOVA followed by Tukey’s multiple

comparison tests. *p < 0.05, ****p < 0.0001. Data

are representative of four independently repeated

experiments.
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hu-mice at week 12 (Figure 3A), when CD4+ T cell lymphoprolifera-
tion starts to manifest. Mice injected with CD4LVFOXP3 cells were
monitored for 4 additional weeks. Administration of CD4LVFOXP3 cells
significantly improved overall body weight and survival of the
FOXP3KO hu-mice (Figures 3B and 3C). In contrast, CD3+/CD4+

T cell peripheral lymphoproliferation in FOXP3KO hu-mice who did
not receive CD4LVFOXP3 cells, progressively developed from week 12
through week 16 (frequency of CD4+ T cells out of CD3+ T cells:
week 12 = FOXP3 WT hu-mice 24.4% ± 4.6%, FOXP3 KO hu-mice
61.5% ± 4.3%; week 16 = FOXP3 WT hu-mice 25.2% ± 5.4%,
FOXP3 KO hu-mice 70.5% ± 3.9%, n = 16 per condition, mean ±

SEM) (Figures 3D and 3E).

Injection of autologous CD4LVFOXP3 cells in FOXP3KO hu-mice sup-
pressed the CD3+/CD4+ T cell lymphoproliferation up to 37% at sac-
rifice (week 16), reaching a frequency of CD3+/CD4+ T cells similar to
control hu-mice transplanted with WT FOXP3 HSPCs (n = 16 per
condition) (Figures 3D, 3E, and S5A). In contrast with the CD4+

T cell compartment, the CD8+ T cells did not expand in vivo in the
FOXP3KO hu-mice and their frequency remained similar among
the three different conditions.

At sacrifice, we observed an increase in the CD4+ T cell compartment
in the spleen of FOXP3KO hu-mice, which was significantly amelio-
rated in the hu-mice that received CD4LVFOXP3 cell infusion (fre-
quency of CD4+ T cells out of CD3+ T cells in week 16: FOXP3 WT
hu-mice 46.5% ± 2.8%, FOXP3KO hu-mice 66.7% ± 2.7%, FOXP3KO
hu-mice injected with CD4LVFOXP3 cells 49.4% ± 3.9%, n = 12–16 per
condition, mean ± SEM) (Figures 4A, 4B, and S5B). Moreover, in the
FOXP3KO hu-mice, we detected reduced naive CD4+ T cells and
increased effector and central memory CD4+ T cells as compared
4 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
with the FOXP3 WT hu-mice (Figure 4C),
whereas in the CD4LVFOXP3-treated FOXP3KO
hu-mice, the proportion of the memory cell
compartments normalized (Figure 4C).

Analysis of the spleen showed that CD45+ hu-
man cell engraftment and multilineage recon-
stitution (CD13+, CD19+, CD56+) were not
significantly affected in the FOXP3KO hu-mice, with or without
CD4LVFOXP3 treatment (Figures S5A and S5B). Therefore, the
FOXP3KO hu-mice primarily resulted in the expansion of mainly
memory CD3+/CD4+ T cell compartment, which was selectively sup-
pressed and normalized by the CD4LVFOXP3 treatment. Overall, the
effect of CD4LVFOXP3 was more robust in this FOXP3KO human-
ized-mouse (hu-mouse) model than previously observed.8

To further validate the effects of CRISPR-Cas9 mediated FOXP3KO,
we analyzed the Treg phenotype in the spleen of FOXP3KO hu-mice
at sacrifice. We detected Tregs (CD4+CD25+CD127–) that expressed
FOXP3 in the spleen of FOXP3 WT hu-mice, while FOXP3 expres-
sion was absent in Tregs in the FOXP3KO hu-mice (Figures 5A
and 5B). These data demonstrate that FOXP3 expression is fully abro-
gated and result in severe immune dysregulation in the FOXP3KO
hu-mice, thus providing a model that is suitable for pre-clinical func-
tional studies of Treg-like cell products.

CD4LVFOXP3 cells mitigated gut infiltration of FOXP3-deficient

T cells

We previously showed that FOXP3 partial KO resulted in the mild
CD4+ T cells infiltration in the colon.8 We hypothesized that (i) the
lack of the human MHC molecules in the NSG mouse recipient of
the human cells made it difficult for FOXP3 deficient T cells to
migrate into the colon and (ii) incomplete FOXP3KO resulted in
the insufficient dysregulation of engrafting T cells in the humanized
mice. As it is difficult to obtain human HSPCs with the specific
HLA subtypes (i.e., HLA-DR1 and HLA-DR4) that are identical to
those expressed by immunodeficient human-HLA transgenic mice
(i.e., NSG-DR1 and NSG-DR4), it was not feasible to conduct pre-
clinical safety studies using these models. Therefore, we focused on
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Figure 3. CD4LVFOXP3 cells can ameliorate CD4 dominant lymphoproliferation in FOXP3 KO hu-mice

(A) Schematic representation of the experimental setup. (B) Survival curve and (C) body weight of FOXP3 KO hu-mice model comparing mice transplanted with FOXP3 KO

HSPC alone (FOXP3KO) and FOXP3 KO HSPC treated by CD4LVFOXP3 (FOXP3KO + CD4LVFOXP3) (n = 16/group). (D) Representative flow cytometry dot plots. (E) Percentage

of hCD45+/CD3+/CD4+/CD8+ cells in PB between weeks 8 and 16. (n = 12–16, mean ± SEM). Data are representative of four independently repeated experiments. All

phenotypes were performed by FACS. Significance determined by one-way ANOVA followed by Tukey’s multiple comparison tests. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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addressing the second hypothesis by using the effective FOXP3KO in
HSCPs from a single cord blood sample. Themultiple sgRNA strategy
was sufficient to produce 8–12 FOXP3KO hu-mice, as well as 3–5
FOXP3 WT hu-mice across different HSPCs donors (n = 6) and
CD4LVFOXP3 cells all being generated from the same donor.

Therefore, we histologically analyzed the colon in the FOXP3KO hu-
mice obtained from cord blood cells. We did not detect CD3+/CD4+

T cells in the colon of FOXP3 WT hu-mice, regardless of the level of
human cell engraftment (Figure 6A). However, CD3+/CD4+ T cell
Molecular T
infiltration was observed in the colon of the FOXP3KO hu-mice,
but not when these mice were treated with CD4LVFOXP3 cells (Fig-
ure 6B). These data support that infusion of the engineered
CD4LVFOXP3 cells could be clinically beneficial.

CD4LVFOXP3 cells are responsive to anti-CD25 antibody

(basiliximab)-mediated reduction in vivo

Basiliximab is a clinically approved antibody specific for IL-2R alpha
chain (CD25) and used as an immunomodulant in GVHD or graft
rejection to prevent or control undesired excessive immune responses
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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driven by activated CD25+ T cells.11,12 CD4LVFOXP3 cells, similar to
freshly isolated Tregs, express high levels of membrane-bound
CD25, which is directly upregulated by FOXP3.8,13 Thus, we tested
whether basiliximab administration could be used to decrease the
number of CD4LVFOXP3 cells, as a rescue approach to mitigate exces-
sive immunosuppression in vivo of the CD4LVFOXP3 cell infusion.

To determine whether CD4LVFOXP3 cells can be efficiently reduced
in vivo, hu-mice were established by intrahepatic injection of human
CD34+ HSPCs from 3 different donors into 3- to 4-day-old NSG-
SGM3 pups after 1 Gy irradiation as previously described (Figure 7A).
At weeks 8–10 after injection, average human cell engraftment
(%hCD45) in PB from hu-mice was 59.0% ± 4.3% (mean ± SEM,
n = 18). Thereafter, autologous CD4LVFOXP3 cells derived from three
healthy donors were injected into the hu-mice 10 weeks post-trans-
plant (n = 12). After 72 h from the CD4LVFOXP3 cells injection, basi-
liximab (25 mg per mouse) was administered to one-half of the mice
that received CD4LVFOXP3 cells (6 mice out of the total 12 mice
receiving CD4LVFOXP3 cells) and the effect on the CD4LVFOXP3 cell
persistence were assessed 7 days after the basiliximab administration
(at sacrifice).

At sacrifice, there were no significant changes in the peripheral
engraftment among different groups. NGFR+ cells were clearly de-
tected in the PB and spleen after CD4LVFOXP3 cell infusion (NGFR+

cells out of hCD4+ cells in PB, control 1.4% ± 0.3%, CD4LVFOXP3 cells
5.7% ± 1.7%, mean ± SEM, n = 6) (Figure 7B). Upon basiliximab
administration, the percentage of NGFR+ cells was reduced by 85%
in the PB (NGFR+ cells out of hCD4+ cells in PB, CD4LVFOXP3 cells
treated with basiliximab, 0.8% ± 0.3%, mean ± SEM, n = 6)
(Figures 7B and S7). Similarly, in the spleen the percentage and abso-
lute counts of NGFR+ cells after CD4LVFOXP3 cell infusion (NGFR+

cells out of hCD4+ cells in spleen, control 1.3 ± 0.5%, CD4LVFOXP3

cells 5.0% ± 1.2%, mean ± SEM, n = 6) were significantly reduced
by basiliximab administration (NGFR+ cells out of hCD4+ cells in
spleen, CD4LVFOXP3 cells treated with basiliximab, 0.3% ± 0.1%,
mean ± SEM, n = 6) (Figures 7C and S8). In the spleen, we also
observed a significant reduction in CD3+, CD4+ and CD8+ T cells af-
ter CD4LVFOXP3 cells infusion, which was normalized by basiliximab
administration (Figures 7C and S8). In contrast, injection of
CD4LVFOXP3 cells with or without basiliximab did not alter the per-
centage of CD19, CD13, and CD56+ cells, indicating that multilineage
differentiation capacity of HSPCs at week 11 was not impaired
(Figure 7D).

These data suggest that basiliximab administration could be used
in vivo as a safety procedure to decrease the number of CD4LVFOXP3

cells.
Figure 4. CD4LVFOXP3 cells can ameliorate imbalance between naive/memory C

(A) Representative flow cytometry dot plots. (B) Percentage of hCD45+/CD3+/CD4+/CD

CD4+ T cells in spleen in week 16 (n = 12–16, median). Data are representative of fou

Significance determined by one-way ANOVA followed by Tukey’s multiple comparison
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DISCUSSION
In vivo animal models are a critical component of pre-clinical studies
for gene and cell therapy products.14,15 Among various animal models,
humanizedmice models are often used to test the efficacy and safety of
translational biomedical products, including cell and gene therapy ap-
proaches.16 The xeno-GvHD mice model, frequently used in pre-clin-
ical studies, can assess the efficacy of polyclonal expanded Tregs to
control a xenogenic immune reaction, resembling GVHD.17–19 How-
ever, this model does not have the intrinsic autologous immune dysre-
gulation, such as the lymphoproliferative phenotype, observed in the
IPEX syndrome. In addition, the xeno-GvHD model cannot allow
for a broad evaluation of the effects of CD4LVFOXP3 cells on lymphoid
reconstitution, due to the limited time ofmice survival and the infusion
of only mature T cells in this model.10 Therefore, to overcome these
limitations, we previously developed a hu-mice model with FOXP3
KD and partial FOXP3 KO in HSPC.8,20 But while these unique hu-
mice models allowed us to validate in vivo safety and efficacy profile
of autologous CD4LVFOXP3 cells that are currently in phase I clinical
trial (NCT 05241444),5 they did not fully recapitulate the IPEX disease
phenotypes. Here, we developed an improved FOXP3 KO strategy in
HSPC by combining multiple sgRNA, which completely abrogates
FOXP3 expression in the resulting Treg population of the hu-mice.
Moreover, in this newly refined model, we observe infiltration of
HSPC-derived immune reconstituting CD4+ T cells in the gut tissue,
which is a typical disease hallmark of patients with IPEX syndrome
and could not be observed in the previous partial FOXP3KO hu-
mice. At the same time, we showed that transfer of the CD4LVFOXP3

cells in the improved FOXP3KO hu-mice, controlled the lymphopro-
liferation, especially of the memory CD4+ T cell compartment, and or-
gan infiltration, thus significantly prolonging animal survival. Notably,
transfer of CD4LVFOXP3 cells did not impact reconstitution of the other
main lymphocyte subsets. These findings, in addition to further sup-
porting the clinical translation of CD4LVFOXP3 cells for IPEX, demon-
strate the suitability of this model for pre-clinical IND-enabling studies
to test different types of Treg cells under development for clinical appli-
cation independently of the disease indication.

In this study, it was not possible to perform TCR analysis of T cell
compartment of our FOXP3 KO humanized mice due to the limited
cell numbers. However, in our previous work,7 in which we downregu-
lated FOXP3 expression in human HSC by shRNA, we observed pe-
ripheral effector T cell expansion with polyclonal TCR repertoire
and increased diversity (reduced clonality) suggesting altered negative
selection. To characterizemore in detail the FOXP3KOT cell compart-
ment was beyond the scope of the current work, however, it could be
speculated that T cells in our FOXP3 KOmice might contain more au-
toreactive T cells. In addition, our previous studies in T cell clones ob-
tained from IPEX patients with a FOXP3-null mutation showed
D4+ T cell populations in FOXP3 KO hu-mice

8+ cells in spleen in week 16 (n = 12–16, Median). (C) Naive/memory phenotype of

r independently repeated experiments. All phenotypes were performed by FACS.

tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. FOXP3 expression was abrogated in the

Treg population in FOXP3 KO hu-mice

(A) Representative flow cytometry dot plots. Frequency of

CD25+CD127– cells out of total CD4+ T cells (top

columns) and FOXP3+ cells out of CD25+CD127–

cells (bottom columns). (B) Percentage of Tregs

(CD4+CD25+CD127–), Percentage and MFI of FOXP3+

Tregs (FOXP3+/CD4+CD25+CD127–) in spleen in week

16 (n = 12–16, median). Data are representative of four

independently repeated experiments. All phenotypes

were performed by FACS. Significance determined

by one-way ANOVA followed by Tukey’s multiple

comparison tests. **p < 0.01, ****p < 0.0001.
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intrinsic increased proliferation.21 Indeed, FOXP3 has both an
extrinsic regulatory role mediated by Treg cells and an intrinsic one,
directly downregulating proliferation.22 Last, we think that xeno-
GVHD reactions in FOXP3KO hu-mice could be excluded by the
high purity of our initial CD34+ cells and by the different kinetics
and timing of the lymphoproliferation which usually occurs much
faster than the engraftment and development of transplanted HSPCs.

The morbidity of FOXP3KO hu-mice is not as severe as classical IPEX
syndrome, which originally described early onset and limited survival,
if not treated. However, due to the increasing patient numbers, the
moderate to mild cases of IPEX patients were reported in the recent
articles.23 In addition, Scurfy mice, which are a conventional animal
model for IPEX syndrome, showed severe mortality, but it is almost
impossible to conduct a safety study in such a short-lived mice
model.24 Therefore, our model has advantages in the longevity and
capacity for testing human T cell responses and Treg cell therapy,
which will be used in the clinics.
8 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
We previously showed that FOXP3 partial KO
resulted in mild CD4+ T cell infiltration in the
colon.8 We have now obtained a stronger dis-
ease phenotype in terms of lymphoproliferation
and gut infiltration, which is more suitable to
functionally test Treg cells in vivo. However,
our model is still not able to generate full
multi-organ autoimmune damage as observed
in IPEX disease, which would likely require
the presence of human HLA molecules in the
NSG mouse recipient organs matching the hu-
man cells used for the immune reconstitution
(i.e., NSG-DR1 and NSG-DR4). As it is difficult
to obtain human HSPCs with the specific HLA
subtypes (i.e., HLA DR1 and HLA-DR4) that
are identical to those expressed by immunodefi-
cient human-HLA transgenic mice, we focused
on using the best effective FOXP3KO in HSCPs
from a single cord blood sample. The multiple
sgRNA strategy was sufficient to produce 8–12
FOXP3KO hu-mice, as well as 3–5 FOXP3
WT hu-mice across different HSPCs donors
(n = 6) and CD4LVFOXP3 cells all being generated from the same
donor.

Indeed, despite the lack of humanHLAmolecules in themurine tissue,
which could result in more prominent and specific autoimmunity,
including massive T cell infiltration in the systemic organs and auto-
antibody production,25 we have observed significant gut infiltration
and 20%–25% overall mortality at week 16 in the FOXP3KO hu-
mice. This lymphoproliferative and infiltrative phenotype observed
in FOXP3KO hu-mice recapitulates the major immunological spec-
trumof IPEX syndrome. Compared with the traditional colitis models,
such as dextran sodiumsulfate-induced colitis andT cell transfer colitis
in SCIDmice, the colon infiltration in our model showed mild pheno-
type based on the weight reduction and pathological change. In addi-
tion, the lack of normal microbiota might contribute to the suitability
of thismodel, while there are numbers of benefits using thismicemodel
especially in the pre-clinical studies. In addition, the preservation of T,
natural killer, and B cell reconstitution and differentiation, suggest that



Figure 6. CD4LVFOXP3 cells can ameliorate gut

infiltration of CD3+/CD4+ T cell populations in FOXP3

KO hu-mice

(A) Representative immunohistochemistry (IHC) analysis of

colon histology (CD3+/CD4+). (B) The quantification of

CD3+/CD4+ T cells detected in colon in week 16 (n = 12–16,

median). Data are representative of four independently

repeated experiments. Significance determined by one-

way ANOVA followed by Tukey’s multiple comparison

tests. ***p < 0.001.
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thismodel is suitable for antigenic challenges toward which the impact
of Tregs could be evaluated. Therefore, based on their robustness and
reproducibility, FOXP3KO hu-mice could be used in the pre-clinical
safety assessment. This model could address, for example, whether
Treg-like cell products will affect the host immune system, especially
in fighting against pathogens and tumor antigens. Currently, different
products are candidates for Treg based cell therapy and are in the clinic
or at different stages toward clinical trial development, including
expanded Tregs and other gene-engineered Treg-like cell products
such as CD4IL10 cells26 and CAR-Tregs.27,28 Our invaluable FOXP3KO
humanized mice with multilineage human cell engraftment and
phenotypic features of the prototype of genetic autoimmunity, may
Molecular Therapy: Methods &
be ideal for testing other engineeredTreg-cell ther-
apy products and generating relevant pre-clinical
data comparing different products. These assess-
ments could include different cell doses, or the
possibility to expand or eliminate Treg products
vivo, as we show here using basiliximab.

Moreover, HSPCs based hu-mice models are crit-
ical tools in the pre-clinical examination of
treatments aimed at other genetic diseases and
other non-genetic diseases, including cancer and
hematologic malignancy.29,30 For example, seve-
ral bispecific antibodies and immune checkpoint
blockade inhibitors were tested in HSPC-based
hu-mice models to confirm the safety and efficacy
in human immune system.31 Moreover, CRISPR-
Cas9 disruption of other genes contributing to the
immune regulation, such as CTLA-4 and CD25
and the generation of CRISPR-Cas9-edited
HSPC-based hu-mice models could serve as ideal
pre-clinical mice models for other genetic auto-
immune diseases characterized by Tregopathy.32

Treg-based therapy is growing in the field of cell
and gene therapy. Initially, FOXP3 was identified
as a master regulator of Tregs and shown to pro-
vide suppressive function by inducing Treg
related gene expression network such as CD25
and CTLA-4.33 LV FOXP3 gene transfer and
CRISPR-Cas9-mediated gene editing are still
investigated to generate Treg-like cell products.9,34 Moreover,
FOXP3 gene transfer is shown to stabilize Treg-like phenotype and
function of TCR-transduced Tregs35 and CAR-Tregs.36 Therefore,
the necessity of suitable humanized animal model could enhance
the clinical applications of Treg-related cell products.

In conclusion, the data presented significantly contributes to support
nonclinical studies toward the clinical use of CD4LVFOXP3 cells in the
first-time in human ongoing trial to treat patients with IPEX syn-
drome. Further, these data support the possibility of future pre-clin-
ical use in the examination of other more common immune-mediated
diseases caused by insufficient or dysfunctional Tregs.
Clinical Development Vol. 31 December 2023 9
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Figure 7. CD4LVFOXP3 cells can be reduced by basiliximab in vivo

(A) Schematic representation of the experimental setup. Percentage of human (h)CD45+/CD3+/CD4+/CD8+/NGFR+ cells in (B) PB and (C) spleen (n = 6, mean + SEM). (D)

Multilineage engraftment of hu-mice injected with CD4LVFOXP3 cells with basiliximab (n = 6, mean + SEM). Data are representative of two independently repeated

(legend continued on next page)
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MATERIAL AND METHODS
Screening of sgRNA by ICE analysis

The FOXP3 gene was disrupted by CRISPR-Cas9-mediated non-ho-
mologous end-joining. Freshly isolated cord blood-derived CD34+

hematopoietic stem cells from male donors were obtained through
the Stanford Binns Program as previously described.37 After thawing,
CD34+ hematopoietic stem cells (2e5 cells/condition) were expanded
for 2 days with StemSpan SFEM II medium (Stem Cell Technologies)
supplemented with cytokine cocktails (100 ng/mL Flt3L, 100 ng/mL
SCF, 100 ng/mL TPO, 100 ng/mL IL-6, 35 nM UM-171, and 0.75
m M SR-1). The RNP complex was created by incubation of the
sgRNA targeting FOXP3 (TriLink Biotechnology or Synthego) with
SpCas9 protein (Integrated DNA Technologies) at room temperature
for 15 min. The RNP complex was electroporated into HSPC with
program DZ-100 by nucleofector 4D (Lonza); transfected cells were
expanded for additional 2 days. As an unmodified control, CD34+

HSPC were cultured in parallel without transfection of RNP complex.
Genomic DNAwas extracted from the HSPC and INDEL frequencies
were analyzed by ICE software (Synthego).

FOXP3KO hu-mice

Twomillion HSPCs were edited with the RNP complex created by in-
cubation of the sgRNA targeting FOXP3 (CRISPR Gene Knockout
Kit, Synthego) with SpCas9 protein (Integrated DNA Technologies)
at room temperature for 15 min. HSPCs were electroporated with
RNP complex using program DZ-100 on the LONZA 4D-Nucleofec-
tor unit. Transfected cells were expanded for additional 2 days.
FOXP3KO HSPCs (150,000 cells) were dissolved in 30 mL PBS and
intrahepatically transplanted to the neonatal NSG mice (days 2–3)
after sublethal irradiation (1 Gy). Twelve weeks after injection,
CD4LVFOXP3 cells (106 cells) generated from the same cord blood
donor were injected peritoneally. PB samples were obtained biweekly
by saphenous vein bleeding from 8 week after HSPC transplantation.
At 16 weeks after injection, mice were sacrificed and spleen were
analyzed by fluorescence-activated cell sorting (FACS). The experi-
mental protocol was approved by Stanford University’s Administra-
tive Panel on Lab Animal Care.

LV production

Transfer vector plasmid (pLVFOXP3) was modified to enhance the
safety including the modification of WPRE element (replacement to
mut6WPRE) fromtheoriginal bidirectional vector.8 LVvectorwaspro-
duced by co-transfection of transfer vector plasmids (pLVFOXP3) and
helper plasmids including pMDLg/pRRE(gag/pol), pILVV01(REV),
pMD2G(VSVG), and pAdVantage as described previously.8

Cell transduction

PBMCs were isolated by Ficoll-Paque PLUS from healthy donors’
Buffy coat (purchased at the Stanford Blood Bank) or umbilical
experiments. All phenotypes were performed by FACS. Significance determined by one

Bacchetta and colleagues generated FOXP3 KO hu-mice transplanted with human HSP

with FOXP3KO-HSPCs developed lymphoproliferation and T cell infiltration of the gut.

regulatory functions.

Molecular Th
cord blood (obtained through the Stanford Binns Program). CD4+

T cells were positively isolated by MACS isolation kit. Two million
CD4+ T cells were activated by TransAct (Miltenyi Biotechnologies,
research grade) at a concentration of 1:100 at day 0. Lentiviral vectors
were added at a multiplicity of infection of 20 at day 2. Transduced
CD4+ T cells were re-stimulated by TransAct at the concentration
of 1:500 at day 11. Transduced CD4+ T cells were expanded for addi-
tional 10 days and harvested on day 21 for the further in vitro and
in vivo readouts.

Proliferation and suppression assays

For the proliferation assay, CD4+ T cells labeled by CellTrace CFSE
(Life Technologies) were activated by Dynabead Human T cell Acti-
vator CD3/CD28 at 1:25 bead:cell ratio. Ninety-six hours after stim-
ulation, proliferation of CD4+ T cells were counted by FACS.

For the suppression assay, responder CD4+ T cells (50,000 cells) are
labeled with CFSE and suppressor CD4+ T cells (12,500–50,000 cells)
are labeled with CellTrace Violet (LifeTechnologies) were co-cultured
at different concentrations (1:0.25–1:1) after activation by Dynabead
Human T cell Activator CD3/CD28 at 1:25 bead: cell ratio. Ninety-six
hours after stimulation, proliferation of responder CD4+ T cells were
counted by FACS.

ELISA

CD4+ T cells were cultured at a density of 1 million cells/mL in a
round bottom 96 well plate and activated using the Dynabead Human
T cell Activator CD3/CD28 (Gibco) at a 1:25 bead: cell ratio. Culture
supernatant was collected at 24 h (IL-2) and 72 h (IL-4, IL-10, IFN-g,
IL-17A, and IL-22) after stimulation. Cytokine concentrations
including IL-2, IL-4, IL-10 and IFN-g were measured by Human
OptEIA ELISA kit (BD Bioscience). Cytokine concentrations
including IL-17A and IL-22 concentrations were measured by Hu-
man DuoSet ELISA kit (R&D Systems).

FACS

CD4+ T cells were re-suspended in FACS buffer (PBS supplemented
with 0.5% BSA and 2 mM EDTA) and stained using an antibody
cocktail for 30 min, see Table S3 for antibody list. After surface stain-
ing, intracellular staining (FOXP3) was done by Foxp3/Transcription
Factor Staining buffer set (eBioscience). Data were acquired by
FACSAria II (BD Biosciences) and analyzed by FlowJo 10.4 software
(FlowJo LLC).

Reduction of CD4LVFOXP3 cells by basiliximab

HSPCs (150,000 cells)were intrahepatically transplanted into neonatal
NSGmice (days 2–3) after sublethal irradiation (1Gy). Tenweeks after
HSPC injection, CD4LVFOXP3 cells (5 � 106 cells) generated from the
same cord blood donor were injected intraperitoneally. At 72 h after
-way ANOVA followed by Tukey’s multiple comparison tests. *p < 0.05, **p < 0.01.

Cs in which FOXP3 gene was knocked out using CRISPR-Cas9. Mice transplanted

Injection of CD4LVFOXP3 engineered Tregs into FOXP3KO hu-mice restored in vivo
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CD4LVFOXP3 cell infusion, 25 mg basiliximab was injected into mice
that received CD4LVFOXP3 cells. Seven days after basiliximab injection,
PB and the spleen were harvested and analyzed by FACS.

Statistics

GraphPad Prism Software ver7.0 (GraphPad software) was used for
statistical analyses. All statistical analyses were performed with the
two-tailed Student t-test or Mann-Whitney U test. Mice survival
was analyzed with the log rank test. A p values of <0.05 was consid-
ered significant.

Study approval

Buffy coats samples of healthy subjects were obtained from Stan-
ford Blood Center in accordance with institutional review board
guidelines. Umbilical cord blood samples were provided from
Binns Program for Cord Blood Research and approved by Stanford
Internal Review Board. The in vivo experimental protocols were
approved by Stanford University’s Administrative Panel on Lab
Animal Care.

DATA AND CODE AVAILABILITY
The data that support the findings of this study are available from the
corresponding author upon request.
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