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Abstract

Differing from the mouse Foxp3 gene that encodes only one protein product, human FOXP3
encodes two major isoforms through alternative splicing — a longer isoform (FOXP3 FL)
containing all the coding exons, and a shorter isoform lacking the amino acids encoded by

exon 2 (FOXP3 AE2). The two isoforms are naturally expressed in humans, yet their differences
in controlling regulatory T cell phenotype and functionality remains unclear. In this study, we
show that patients expressing only the shorter isoform fail to maintain self-tolerance and develop
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Immunodeficiency, Polyendocrinopathy, and Enteropathy X-Linked (IPEX) syndrome. Mice with
Foxp3exon 2 deletion have excessive follicular helper T (Tgy) and geminal center B (GC

B) cell responses, and develop systemic autoimmune disease with anti-dsDNA and anti-nuclear
autoantibody production, as well as immune-complex glomerulonephritis. Despite having normal
suppressive function in /n vitro assays, regulatory T cells expressing FOXP3 AE2 are unstable and
sufficient to induce autoimmunity when transferred into 7crb-deficient mice. Mechanistically, the
FOXP3 AE2 isoform allows increased expression of selected cytokines, but decreased expression
of a set of Foxp3 positive regulators without altered binding to these gene loci. These findings
uncover indispensable functions of the FOXP3 exon 2 region, highlighting a role in regulating a
transcriptional program that maintains Treg stability and immune homeostasis.

One Sentence Summary:

Tregs expressing a FOXP3 isoform lacking exon 2 are unstable and sufficient to induce a systemic
autoimmune disease.

INTRODUCTION

Regulatory T cells (Tregs) expressing the X-chromosome-encoded transcription factor
forkhead box P3 (FOXP3) are a specialized lineage of CD4™ T cells that provide a critical
mechanism to suppress T cell responses to self, the commensal microbiota, and dietary and
environmental antigens (1-4). Decreased or absent functional FOXP3 leads to widespread
autoimmunity and atopy caused by the absence of Treg cells.

Human and mouse FOXP3 genes are highly conserved in both amino acid sequence (with
87% overall identity) and gene structure. While the mouse Foxp3 gene only encodes a
single protein, the human FOXP3 gene encodes two major isoforms —a “full length”
isoform including all the coding exons as seen in mice, and an isoform lacking the
sequence encoded by exon 2 (referred to as FOXP3 FL and FOXP3 AE2 respectively
hereafter) due to alternative RNA splicing. The FL and AE2 isoforms of FOXP3 were
regarded as equally functional in mediating Treg differentiation and function, as ectopic
expression of each isoform separately or in combination causes CD4* T cells to acquire Treg
phenotypes and lose their cytokine-secreting capacity (5-7). Since /n vitro studies using
ectopic expression of FOXP3 AE2 or FOXP3 FL isoforms in CD4* T cells (5-7) may result
in supra-physiological expression levels and are not likely to represent the function of Tregs
in vivo, previous studies are still open to interpretation.

The Jin vivo study of isoform-specific regulation of Treg development and function is
hindered by the fact that the two alternatively spliced isoforms are co-expressed in

human Tregs. In patients with antineutrophil cytoplasmic antibody-associated vasculitis (8),
Hashimoto’s thyroiditis or Graves’ disease (9), giant cell arteritis (10), and coeliac disease
(11), FOXP3 AE2 isoform expression is upregulated to become the dominant isoform,
suggesting a possible correlation of this isoform with autoimmunity. Conversely, in patients
with rheumatoid arthritis, the ratio of FOXP3 AE2to FOXP3 FL mRNA is either decreased
(12, 13) or unchanged (14) compared to healthy controls. Similarly, FOXP3 FL but not
FOXP3 AE2 mRNA expression is significantly increased in peripheral blood mononuclear
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cells from coronary artery disease patients (15). Thus, an association of increased FOXP3
FL isoform with autoimmune and inflammatory diseases is suggested (16). With the
divergent conclusions of these patient studies, how the two major isoforms FOXP3 FL and
FOXP3 AE2 differ in regulating functionality and biology of Tregs remains unclear.

In vitro studies have shown that the FOXP3 exon 2 region is associated with lineage-
defining transcription factors ROR-a and ROR-vyt to suppress Th17 differentiation (17, 18).
The LXXLL motif of FOXP3 exon 2 has been shown to interact with ROR-a,, and the
expression of FOXP3 FL was necessary to block ROR-yt-mediated Th17 cell differentiation
in retroviral transduction experiments (19). However, increased Th17 differentiation was
only seen in morpholino antisense oligonucleotide-mediated deletion of both exons 2 and

7, but not exon 2 alone, from endogenous FOXP3 pre-mRNA in human CD4* T cells (20).
FOXP3 AE2AE?7 is a minor isoform incapable of mediating functional Treg development
(21), likely due to the fact that the exon 7 encoded leucine zipper domain is required for
FOXP3 dimerization and Treg function (22, 23).

Treg therapy and immunotherapy have been regarded as promising approaches to treat
autoimmune disease and chronic allergic inflammation (24-26). While quite effective in
mouse studies (e.g. (3, 27)), clinical studies on human diseases often give mixed, or even
limited, benefits (e.g. (28-30)). Delineating the impact of the FOXP3 AE2 isoform on
the stability and function of Tregs will not only shed light on the pathophysiology of
autoimmunity but is also important for advancing understanding of Treg therapies.

In this manuscript, we show that patients who only express the FOXP3 AE2 isoform
developed immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)
syndrome. Deletion of Foxp3exon 2 in mice did not impact thymocyte development, but
resulted in excessive Ty and GC B cell responses, with systemic autoimmune disease
featuring anti-dsDNA and anti-nuclear autoantibody production, as well as immune-complex
glomerulonephritis. /n7 vitro, FOXP3 AE2 Tregs has comparable suppressive ability to
FOXP3 FL Tregs, whilst FOXP3 AE2 Tregs /n vivo exhibited intrinsic defects in expression
of phenotypic molecules including CD25, FOXP3, and CTLA-4. When transferred into
Tcrb-deficient mice, purified FOXP3 AE2 Tregs lost FOXP3 expression and were sufficient
to induce systemic autoimmunity, similar to that seen in Foxp3 AEZ mice. The FOXP3
AE?2 isoform up-regulated selected inflammatory cytokines but downregulated a set of
Foxp3 positive regulators in Tregs, in the absence of changes in binding to gene loci. Our
studies establish a crucial role of FOXP3 exon 2 region in mediating Treg cell stability and
homeostasis of the immune system.

Patients expressing only the FOXP3 AE2 isoform develop IPEX syndrome

IPEX syndrome is a rare disease linked to mutations of FOXP3, a key transcription factor
required for the differentiation and function of Tregs. The dysfunction of Tregs is the main
pathogenic event leading to multi-organ autoimmunity and eczema. We identified four IPEX
patients carrying deletion mutations in exon 2 of the FOXP3gene (Table S1). While these
mutations result in a frame shift in exon 2-containing mMRNA and thus altered and truncated
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the amino acid sequence, the alternatively spliced FOXP3 AE2 isoform — excluding the
mutated exon 2 — is predicted to be intact. When peripheral blood mononuclear cells
(PBMCs) from patient #3 were stained with two anti-FOXP3 antibodies (clone 259D
recognizing a common epitope C-terminal of exon 2, and clone 150D specific for exon

2), a population of CD4* T cells (2.9%) stained positive for 259D but negative for 150D,
indicating expression of the FOXP3 AE2 isoform only (Fig. 1A). Compared to IPEX
patients, 4.4% CD4™ T cells in the healthy donor stained positive for 150D indicating
expression of the FOXP3 FL isoform (Fig. 1A). The population of CD4* T cells expressing
only the FOXP3 AE2 isoform in IPEX patients was more prominent when PBMCs were
activated with anti-CD3/anti-CD28 coated beads for 24 hr that upregulated FOXP3 and
CD25 expression (Fig. 1B). Patient CD4*FOXP3™ cells at rest expressed lower FOXP3 and
CD25 than cells from the healthy donors but upregulated to similar levels after activation
(Fig. 1C).

To further confirm the ability of the mutated FOXP3alleles in these patients to express the
FOXP3 AE2 isoform, we cloned the genomic DNA fragment spanning exon 1 to exon 7 into
the pcDNA3 vector with an N-terminal V5 epitope tag. Jurkat T cells were transfected with
the expression constructs and Western blots were performed with the cell lysates with an
anti-V5 antibody. While the genomic DNA fragment from the healthy donor encoded two
FOXP3 isoforms (exon 2* and exon 27), genomic fragments from three of the IPEX patients
(#1, 2 and 4) only produce the FOXP3 isoform lacking the exon 2 (Fig. 1D). Therefore,

in contrast with prior /n vitro analyses suggesting equal function of the isoforms (5-7),

the FOXP3 AE2 isoform is insufficient to maintain self-tolerance leading to autoimmune
responses seen in these IPEX patients.

Foxp3 exon 2 deletion results in altered immune homeostasis.

To study the functional difference of the two FOXP3 isoforms, we deleted exon 2 of the
mouse Foxp3gene (Foxp3 AE2), while leaving intact the intronic regulatory elements (Fig.
S1A). Foxp3 AEZ mice were viable and morphologically normal with unaffected thymocyte
development (Fig. S1B,C). The percentage of FOXP3* CD4" cells and the expression

level of FOXP3 (mean fluorescent intensity, MFI) in the thymus of Foxp3 AEZ mice was
comparable to WT mice (Fig. S1D). Sequencing of the PCR amplified Foxp3transcripts
shows correct splicing/joining of exon 1 to exon 3 and Western blotting detected exon
2-deleted FOXP3 with the expected size in iTregs generated from naive CD4* T cells
isolated from Foxp3 AEZ mice (Fig. S1E-G).

In the periphery, however, Foxp3 AE2 mice had increased lymph node size and cellularity
(Fig. 2A), as well as expansion of B and T cells in peripheral lymph nodes, but not in
spleens, at 8 weeks of age (Fig. 2B). Foxp3 AEZ mice had an increased frequency of
activated CD62L'°CD44N cells, as well as elevated numbers of IFN-y and 1L-4 expressing
CD4* T cells (Fig. 2C&D). In contrast to previous studies implicating sequences within the
FOXP3 exon 2 region in the inhibition of 1L-17 expression (18), IL-17-expressing CD4*

T cells were unchanged in Foxp3 AE2 mice as compared to wild type mice (Fig. 2E). To
further study the effects of FOXP3 AE2 on Th17 differentiation, we isolated naive CD4*

T cells from WT or Foxp3 AEZ mice and cultured under Th17 differentiation conditions,
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with varying concentration of IL-6 for three days. While increasing IL-6 concentration
increased the percentage of Th17 cells, there were no differences between WT and Foxp3
AE2CD4* T cells (Fig. S2A). Consistent with previous studies showing that human FOXP3
exon 7, rather than exon 2, suppressed IL-17A production (20), we also demonstrated that

a morpholino oligo was able to significantly shift endogenous FOXP3 expression to the
FOXP3 AE2 isoform (Fig. S2B). While increasing I1L-6 from 10 ng/ml to 20 ng/ml in the
culture significantly increased RORC expression, shifting FOXP3 isoform expression with
the morpholino had no effects on RORC and /L17A expression (Fig. S2B). These data
demonstrate that Foxp3 AE2 mice have disrupted immune homeostasis with increased CD4*
T cell activation and inflammatory cytokine IFN-y and IL-4 production.

Foxp3 AE2 mice develop systemic autoimmune disease

Systemic autoimmune diseases are often characterized by the existence of autoantibodies
accompanied by increased follicular helper T cells (Try) and germinal center B cells (GC
B). Relative to WT mice, Foxp3 AEZ mice at 8 weeks of age showed a marked increase in
Ten (CD4YCXCR5*PD-1%) cells (Fig. 3A). Consistent with the expanded Ty population,
Foxp3 AEZ mice had significantly increased GC B cells (CD95*GL7*Bcl6™) (Fig. 3B),
enlarged spontaneous germinal centers (Fig. 3C), and elevated serum anti-dsDNA 1gG
concentration (Fig. 3D) that could be detected in the serum starting around 40 days of

age (Fig. 3E). The elevated anti-dsDNA autoantibodies in Foxp3 AE2 mice were mainly
IgG1 and IgM isotypes (Fig. S3A) with IgA comparable to WT mice (Fig. S3B). Similar to
hemizygous Foxp3 AE2 male mice, homozygous Foxp3exon 2 deletion (AE270™ female
mice also exhibited increased total cellularity and percentages of Tregs in peripheral lymph
nodes (Fig. S4A) and serum anti-dsDNA autoantibodies (Fig. S4B). However, heterozygous
Foxp3exon 2 deletion (AE2/) female mice resembled WT mice with respect to LN
cellularity and percentage of Tregs (Fig. S4A), levels of serum autoantibodies (Fig. S4B).
Foxp3 AE2et female mice also generated similar frequency of TFH and GC B cells to WT
mice 7 days after sheep red blood cell immunization (Fig. S4 C&D).

The presence of antinuclear antibodies and renal deposition of immune complexes are
hallmarks of systemic autoimmune diseases. Consistent with this, sera from two-month-old
Foxp3 AEZ mice strongly stained the nuclei of mouse 3T3 fibroblast cells (Fig. 3F).
Immunohistochemistry with frozen sections of kidney showed prominent IgG deposition

in the glomeruli (Fig. 3G) and hematoxylin and eosin staining indicated reduced Bowman’s
space of the glomeruli (Fig. 3H) in Foxp3 AEZ mice. The autoimmune disease in Foxp3 AE2
mice progressed with age. By 10 months of age, Foxp3 AE2 mice developed splenomegaly
in addition to further enlarged lymph nodes (Fig. S5A). About 50% of Foxp3 AEZ mice at
this age had skin lesions on the neck and face (Fig. S5B). Histological analysis of the skin
from Foxp3 AEZ mice revealed a skin pathology seen in cutaneous lupus erythematosus,
including epidermal hypertrophy, hyperkeratosis, and a dermal mononuclear cell infiltrate
(Fig. S5C). Consistent with increased mast cell counts in cutaneous lupus erythematosus
(31), number of mast cells in the skin of Foxp3 AEZ mice was also significantly increased
(Fig. S5D). Inflammatory infiltrates were also detected in the liver (Fig. S5E). Taken
together, our data demonstrate that Foxp3 AEZ mice developed a spontaneous systemic
autoimmune disease that resembles systemic lupus erythematosus.
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FOXP3 AE2 Tregs have reduced expression of phenotypic genes but normal suppressive

function

Despite having relatively normal thymic Treg development (Fig. S1D), Foxp3 AEZ2 mice
had significantly increased Treg frequency and proliferation in secondary lymphoid organs
(Fig. 4A&B). A significantly higher proportion of FOXP3 AE2 Tregs had dim staining

of FOXP3 compared to Tregs from WT mice, while mean fluorescent intensity (MFI) in
FOXP3 expression was similar, likely due to the presence of more activated Tregs in Foxp3
AEZmice (Fig. 4C). Tregs in Foxp3 AEZ mice (both hemizygous males and homozygous
females) showed significantly lower CD25, but comparable CTLA-4 and GITR, expression
compared to FOXP3 FL Tregs in WT mice (Fig. 4D). Similar to conventional CD4* T cells
(Fig. 2C), Tregs from Foxp3 AEZ mice were also more activated, with a higher proportion
of CD44NCD62L!° cells than in WT mice (Fig. 4E). Surprisingly, Tregs purified from
either Foxp3 AE2 or WT mice similarly suppressed proliferation of activated naive CD4*

T cells in vitro (Fig. 4F). Consistent with having normal suppressive function, purified
FOXP3 AE2 Tregs showed similar demethylation patterns in the Treg-specific demethylation
region (TSDR) to FOXP3 FL Tregs (Fig. S6A&B). These data suggest that the FOXP3 AE2
isoform are capable of mediating Treg differentiation and suppressive function, despite the
systemic autoimmunity observed in Foxp3 AE2 mice.

Since Foxp3 AE2 mice displayed systemic autoimmunity, the observed Tregs phenotypes
could be attributed to an inflammatory environment. To determine the cell intrinsic effects
of the FOXP3 AE2 isoform on Treg phenotype in the absence of systemic inflammation, we
examined Tregs in heterozygous Foxp3exon 2 deletion (Foxp3 AE2€Y female mice. Due to
random X chromosome inactivation, these mice have two populations of Tregs, expressing
either FOXP3 AE2 or FOXP3 FL, but not both (Fig. 5A). Consistent with the expected 1:1
ratio of FOXP3 FL Tregs to FOXP3 AE2 Tregs due to random X inactivation, there were
roughly equal numbers of the two Treg populations in the thymus of Foxp3 AE2H€! female
mice (Fig. 5A). However, FOXP3 AE2 Tregs only accounted for 20-25% of total Tregs

in secondary lymphoid organs (Fig. 5A). The reduced percentage of the FOXP3 AE2 Treg
population was also seen in mucosal tissues such as lung and gut (Fig. 5A). To eliminate

the possible impact of biased X chromosome inactivation on the homeostasis of FOXP3
AE2 Tregs, we generated mixed bone marrow chimeras, where sub-lethally irradiated male
RagZ2-deficient recipients were adoptively transferred with 1:1 mixed bone marrow from WT
and Foxp3 AEZ2 male mice. Despite similar numbers of FOXP3 FL and FOXP3 AE2 Tregs
being generated in the thymus (Fig S7A), FOXP3 AE2 Tregs in the peripheral lymphoid
organs only accounted for 20-25% of total Tregs (Fig. S7B). A reduced frequency of
FOXP3 AE2 Tregs in the periphery of heterozygous Foxp3 AE2 female mice was also
observed in a heterozygous healthy women carrying one allele with ¢.305delT mutation in
the FOXP3exon 2 (32). Notably, similar to the frequency of FOXP3 AE2 Tregs in Foxp3
AE2e female mice, the frequency of Tregs expressing only the FOXP3 AE2 isoform was
~17% of total Tregs in circulation from this heterozygous ¢.305delT carrier (32). These data
further suggest that our Foxp3 AE2 mice are a valid model to study the biology of FOXP3
AE2 isoform in Treg development and function.
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Unlike Tregs from Foxp3 AE2 mice (Fig. 4C), FOXP3 AE2 Tregs from Foxp3 AE27et
female mice showed a significant reduction in FOXP3 expression, with over 50% staining
dim for FOXP3, with significantly lower MFI compared to FOXP3 FL Tregs in the same
mice (Fig. 5B). In addition to even lower CD25 expression, CTLA-4 and GITR expression
were also significantly reduced compared to FOXP3 FL Tregs from the same Foxp3
AE2e female mice (Fig. 5C). They also displayed a less activated phenotype with a lower
proportion of CD44MNCD62L° cells than FOXP3 FL Tregs (Fig. 5D) in contrast to more
activated FOXP3 AE2 Tregs in Foxp3 AEZ mice (Fig. 4E). These data indicate that deletion
of Foxp3exon 2 results in intrinsic defects in expression of Treg phenotypic genes.

FOXP3 exon 2 region is required for Treg stability

Despite purified CD25M FOXP3 AE2 Tregs having normal suppressor function in vitro (Fig.
4F), as well as largely normal demethylated TSDR (Fig. S6A&B) compared to FOXP3 FL
Tregs, our observation that FOXP3 AE2 Tregs had reduced expression of CD25 and FOXP3
(Fig. 4&5) and frequency in the periphery of Foxp3 AE2€! female mice may suggest

that FOXP3 AE2 Tregs have reduced stability. To test our hypothesis that FOXP3 AE2
Tregs had a reduced ability to maintain FOXP3 expression and lineage identity, we FACS
sorted FOXP3 AE2 and FOXP3 FL Tregs based upon eGFP and Thy1.1/Thy1.2 expression
from mixed bone marrow chimera mice, and transferred purified Tregs into 7crb deficient
mice at a 1:1 ratio (Fig. 6A). The expression of eGFP (encoded by a transgenic bacterial
artificial chromosome transgene (33)) strongly mirrored endogenous FOXP3 expression
with similar Nrp1* percentages for both FOXP3 FL and FOXP3 AE2 Tregs (Fig. SSA-C).
After transfer, the identity of FOXP3 AE2 and FOXP3 FL Tregs in recipient mice can be
tracked based upon Thy1.1/Thy1.2 and FOXP3 expression. Total Thyl.1* (FOXP3 AE2
Treg-derived) and Thy1.1~ (FOXP3 FL Treg-derived) cells within the CD4*TCRB* donor
population maintained a 1:1 ratio over the 4-week period (Fig. 6B), suggesting that the
overall survival rate of FOXP3 AE2 Treg-derived cells was not decreased compared with
FOXP3 FL Treg-derived cells. However, the percentage of FOXP3™ cells in the Thy1.1*
cell population quickly decreased to less than 20%, while over 55% of Thy1.1~ FOXP3

FL Treg derived cells retained FOXP3 expression (Fig. 6C). At the end of the 4-week
period, ~75% FOXP3™* cells were FOXP3 FL Treg derived (Fig. 6D upper panels) whereas
~75% FOXP3™ cells are FOXP3 AE2 Treg-derived (Fig. 6D lower panels). The instability of
FOXP3 AE2 Tregs was not rescued when naive CD4* T cells were co-transferred with Tregs
(Fig. S9), and the percentage of FOXP3 AE2 Tregs (3G3*150D~) was reduced from 57%
before transfer to ~ 20% 4 weeks after cell transfer.

To further determine the stability of FOXP3 AE2 Tregs in a more physiological
environment, we crossed Foxp3 AE27eL:R26L-5L-YFP female mice (C57BL/6 background)
with 7g:Foxp3GFP-Cre male mice (129S background) to obtain F1 male mice carrying either
Foxp3 AEZ allele of Foxp3 FL (WT) alleles (Fig. 6E). The Foxp3-Cre—mediated excision
of the floxed STOP cassette upstream of YFP at the Rosa26 locus results in constitutive,
heritable expression of YFP, even for Tregs that have lost Foxp3 expression (Ex-Tregs,
YFP*FOXP37). Foxp3 AE2 mice had significantly more YFP* cells that were dim or
negative for FOXP3 than Foxp3 FL (WT) mice, suggesting the preferential loss of FOXP3
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expression in FOXP3 AE2 Tregs (Fig. 6E). Taken together, these data indicate that FOXP3
AE2 Tregs are unstable and easily lose FOXP3 expression, and thus Treg lineage identity.

Sufficiency of FOXP3 AE2 Tregs to induce systemic autoimmunity

Komatsu et al. demonstrated that ex-FOXP3 cells undergo transdifferentiation into
pathogenic TH17 cells leading to more severe autoimmune arthritis after immunization

(34). The fact that thymus-derived Tregs express self-reactive TCRs (35, 36) suggested

the possibility that FOXP3 AE2 Tregs could become autoreactive effectors upon loss of
FOXP3 expression, leading to autoimmunity. To test this hypothesis, we transferred FACS
sorted FOXP3 AE2 Tregs into 7cro-deficient recipient mice. Control recipient mice received
purified FOXP3 FL Tregs or FOXP3 FL + FOXP3 AE2 Tregs at 1:1 ratio as depicted in

Fig. 7A. Three months after cell transfer, recipient mice that received FOXP3 AE2 Tregs
developed anti-dsDNA IgG autoantibodies, as well as anti-nuclear antibodies (Fig. 7B&C).
Consistent with the report showing that Tregs lost FOXP3 expression after transferring into
T cell deficient mice (37), we also observed that approximately 60% of CD4*TCRB* donor
cells became Foxp3~ in the recipient mice that received either FOXP3 FL Tregs alone or
mixed with FOXP3 AE2 Tregs (Fig. 7D). The FOXP3 AE2 Treg-transferred group, however,
had expanded CD4*TCRB*FOXP3* and FOXP3™ cells (Fig. 7D), a phenomenon similar to
what was seen in hemizygous male and homozygous female Foxp3 AEZ mice (Fig. 4A and
Fig. S4A). Significantly higher percentages of Tgy and Tgg cells (Fig. 7E), as well as GC B
cells (Fig. 7F), were also observed in FOXP3 AE2 Treg-transferred recipient mice.

Tcerb-deficiency represents a harsh environment for transferred Treg cells due to an absence
of 1L2 and other factors from conventional CD4" T cells important for maintaining the

Treg niche. To exclude the possibility that the induction of autoantibody in FOXP3 AE2
Treg-transferred Tcrb-deficient mice was due to a lack of conventional CD4* T cells, we
co-transferred 2 x 108 FOXP3 AE2 or FOXP3 FL Tregs with 8 x 108 naive CD4* T cells
into 7crb-deficient recipient mice (Fig. S10A) and tracked anti-dsDNA autoantibody in
these mice. Four weeks after the cell transfer, sera from mice that received FOXP3 AE2
Tregs and naive CD4" T cells had significantly higher reactivity to dsDNA than that from
mice received FOXP3 FL Tregs and naive CD4* T cells (Fig. S10B&C). Four months after
the cell transfer, the anti-dsDNA 1gG titer in mice received naive CD4* T cells with FOXP3
AE2 Tregs reached the level seen in 4 month-old Foxp3 AE2 mice (Fig. S11A). Histological
studies revealed that these mice had reduced Bowman’s space (Fig. S11B) with significant
“wire loop” lesions of the glomeruli (Fig. S11C). Interestingly, both FOXP3 AE2 and
FOXP3 FL Tregs were able to prevent the development of naive CD4* T cell-induced colitis.
The mice received naive CD4* T cells plus FOXP3 AE2 Tregs had similar body weight,
colon length and microstructure as the mice that received naive CD4* T cells plus FOXP3
FL Tregs (Fig. S11D-F). Thus, transferring FOXP3 AE2 Tregs into a T cell-deficient host
recapitulated the phenotype seen in Foxp3 AEZ mice.

FOXP3 AE2 regulates inflammatory cytokines and Foxp3 positive regulators without
changes in genomic binding

To explore the molecular mechanisms of FOXP3 AE2 Treg instability, we used RNA-seq
to compare the transcriptional profile of FOXP3 AE2 and WT Tregs. 342 genes were
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up-regulated and 275 genes down-regulated with greater than 1.5-fold change (FDR <

0.05) in FOXP3 AE2 Tregs compared with WT Tregs (Fig. 8A and Supplementary Data
File 1). Genes up-regulated in FOXP3 AE2 Tregs were enriched in inflammatory response
and allograft rejection pathways (Fig. 8B). Notably, expression of a set of inflammatory
cytokines such as /fng, /14 and //9was increased in FOXP3 AE2 Tregs (Fig. 8C). Using
CRISPR-based screening, a recent study identified a set of 25 FOXP3 positive regulators
and Treg-specific deletion of the positive regulator Usp22 destabilized FOXP3 expression
leading to spontaneous autoimmunity (38). The majority of these FOXP3 positive regulators
were found to be down-regulated in FOXP3 AE2 Tregs (Fig. 8D).

Next, we performed FOXP3 ChlP-seq to determine whether the FOXP3 AE?2 isoform had
changed DNA binding specificity. Out of total 16,828 binding peaks, 655 peaks (3.89%)
were enriched in FOXP3 AE2 Tregs and 325 peaks (1.93%) were enriched in WT (FOXP3
FL) Tregs (p < 0.05, Fig. 8E and Supplementary Data File 2). Despite increased expression
of cytokine genes in FOXP3 AE2 Tregs (Fig. 8C), neither FOXP3 AE2 isoform nor FOXP3
FL isoform bound to these gene loci. On the contrary, FOXP3 had binding peak(s) at all the
Foxp3 positive regulators (Fig. 8F) but Dmap1 locus, mostly at the promoter of the genes
(Supplementary Data File 3). No significant differences of FOXP3 AE2 and FOXP3 FL
bindings to these loci were identified (Fig. 8F and Supplementary Data File 3) as shown at
the promoter regions of Usp22and Cbfb (Fig. 8G). Our results suggest that FOXP3 AE2 and
FOXP3 FL isoforms regulate their target gene expression independent of DNA binding.

DISCUSSION

Self-tolerance is maintained by thymic-derived FOXP3*CD4™ T cells (2, 39). In this study,
we demonstrated that patients expressing only the FOXP3 AE2 isoform in CD4* T cells
due to deletion mutations in exon 2 of the FOXP3 gene developed IPEX syndrome.
Consistent with this observation, mice with Foxp3exon 2 deletion had increased Tgy and
GC B responses and developed systemic autoimmune disease with increased anti-dsDNA
autoantibodies, glomerular immune complex deposition, and nephritis. Although capable of
suppressing CD4™ T cell proliferation /n vitro, FOXP3 AE2 Tregs have intrinsic defects

in FOXP3 and CD25 expression, and when transferred into 7crb-deficient recipient mice
lost FOXP3 expression and induced systemic immunity as seen in Foxp3 AE2 mice. While
FOXP3 AEZ2 is sufficient to generate suppressive Tregs, it is less efficient at either inducing
or maintaining expression of several genes that reinforce FOXP3 expression. We speculate
that this decreased function leads to decreased Treg stability and an increased inflammatory
environment that may further potentiates the switch to a less stable T regulatory cell
phenotype. Our findings emphasize a critical requirement for the exon 2 encoded region

of FOXP3 in maintaining the lineage stability of Tregs and immune homeostasis /in vivo.

The majority of the FOXP3 mutations that cause IPEX syndrome alter the DNA-binding
Forkhead (FKH) domain followed by the N-terminal proline-rich (ProR) domain and the
leucine-zipper (LZ) domain (40, 41). Affected males typically die within the first or
second year of life if not treated with immunosuppressive agents or by hematopoietic stem
cell transplantation. The deletion mutations in the FOXP3exon 2 region were reported
previously (32, 40, 42—-47). Most patients with these mutations showed typical IPEX
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syndrome days to weeks after birth. The ability of these mutant alleles to produce the
FOXP3 AE2 isoform in early reports was not examined, but one report showed that the
patient with ¢.227delT mutation had no detectable CD4*CD25*FOXP3* Tregs (44). We and
a recent case report (32) demonstrated that patients with deletion mutations in the FOXP3
exon 2 region are able to generate Tregs expressing only the FOXP3 AE2 isoform. Similar
to what we saw in Foxp3 AE2 mice, the circulating FOXP3*CD127!° population in the P2
patient with ¢.305delT mutation was expanded 2 times compared with the healthy donor
(32). This individual was largely healthy until 40 years of age when he developed psoriatic
arthritis and late-onset diabetes. The wide range of FOXP3™* Treg frequencies seen in the
patients with deletion mutation in FOXP3exon 2 suggests a yet to be uncovered mechanism
that regulates the expression/stability of the FOXP3 AE2 isoform in the absence of the
FOXP3 FL isoform and likely severity of the disease.

FOXP3 binds to thousands of genomic sites (48, 49) and interacts with hundreds of partners
(50) to activate or repress gene expression in Treg cells. Several recent studies demonstrated
that missense point mutations in the DNA binding FKH domain changed the mutated
FOXP3 binding to Batflocus (51) and Th2 cytokine locus (52), leading to impaired Treg
function and autoimmunity. Despite increased cytokine expression and decreased Foxp3
positive regulatory genes, we did not identify altered binding specificity of FOXP3 AE2 at
these gene loci. It has been shown that FOXP3 may regulate gene expression independent
of direct DNA binding and the N-terminal proline-rich domain (ProR, exon 1 — exon 3)

is important in FOXP3-mediated transcriptional regulation (53). The interaction of ProR
with class | HDAC:s is critical for FOXP3-mediated //2 suppression (53). However, co-
immunoprecipitation showed that FOXP3 AE2 isoform is equally capable of interacting with
HDAC1 and HDAC3 as FOXP3 FL isoform (Fig. S12), suggesting that FOXP3 exon 2
region regulates Tregs transcriptome without direct interaction with HDACs.

Our study demonstrates that lack of FOXP3 exon 2 results in reduced FOXP3 and CD25
expression in human FOXP3 AE2 Tregs but are restored upon activation (Fig. 1). Likewise,
reduction of FOXP3 and CD25 expression on FOXP3 AE2 Tregs is alleviated in the
autoimmune Foxp3 AE2 mice (Fig. 4) comparing to that in heterozygous mice that do

not develop autoimmunity (Fig. 5). The hypomethylation of the Treg-sepcfic demethylated
region (TSDR) (Fig. S6), suppressive function (Fig. 4F), and protein and mRNA stability
(Fig. S13) are also comparable between FOXP3 FL and FOXP3 AE2 Tregs. These data
suggest that FOXP3 AE2 can support Treg development and function. However, RNA-seq
analysis showed that majority of FOXP3 positive regulators identified by CRISPR screen
(38) are down-regulated (Fig. 8D). Although the moderate reduction in these positive
regulators does not result in functional deficiency of FOXP3 AE2 Tregs as severe as
USP22 (38) and RUNX1/CBFB (54) deficient Tregs, we speculate that the reduction in

all these genes would overtime reduce FOXP3 AE2 expression and destabilize Tregs.
FOXP3 AE2 Tregs also have increased expression of inflammatory cytokines and the
increased inflammatory environment that may further potentiates the switch to a less stable
T regulatory cell phenotype.

Human FOXP3 isoforms arise from alternative RNA splicing, and Tregs that express
predominately the FOXP3 AE2 isoform exist even in healthy donors. The frequency of
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this population is increased in the PBMC of patients with anti-neutrophil cytoplasmic
antibody-associated vasculitis (AAV) (8) and giant cell arteritis (10), accounting in many
cases for over 80% of the Treg population (8). The ratio of FOXP3 AE2 mRNA to total
FOXP3 mRNA increases from ~30% in the PBMC of healthy donors to ~65% in that from
patients with Graves’ disease and Hashimoto’s thyroiditis (9). The imbalanced expression of
FOXP3 AE2 to FOXP3 FL isoform is likely more prominent in the diseased tissue. FOXP3
AE2 mRNA is nearly 17 times more than FOXP3 FL mRNA in CD4* T cells isolated from
small intestinal biopsies of patients with active coeliac disease while only ~ 3 times in those
from healthy controls (11). Taken together, these data indicate that increased FOXP3 AE2
isoform expression is strongly associated with autoimmune diseases.

The interaction between FOXP3 exon 2 region and RORa and RORyt was shown to be
important for FOXP3 to suppress IL-17 expression and Th17 differentiation (17, 18). Yet
our results demonstrate significantly increased IFN-y and IL-4, but not IL-17, expression

in CD4* T cells in Foxp3 AE2 mice at 8 weeks of age. Naive CD4 T cells isolated

from Foxp3 AE2 mice does not show enhanced Th17 differentiation over a wide range of
IL-6 concentration in vitro (Fig. S2A). This discrepancy was not because the FOXP3 AE2
isoform does not exist in mice. Using a morpholino antisense oligo to force splicing of
FOXP3 to AE2 isoform in human cells had no impact on Th17 differentiation (Fig. S2B

and (20)), while forced AE7 isoform in human cells strongly favored Th17 differentiation /n
vitroand increased AE7, but not AE2 level, correlating with IL-17A expression in vivo (20).
These results suggest that suppression of IL-17 expression and/or Th17 differentiation is not
a major function for FOXP3 exon 2, but rather the instability of FOXP3 AE2 Tregs leads to
interruption of immune homeostasis.

There are limitations in our study as our research focuses on mouse models to study the
function of the FOXP3 AE2 isoform. Comparing to the IPEX patients carrying deletion
mutations in the FOXP3exon 2 region, our Foxp3 AEZ mice have much milder autoimmune
disease. One important difference between these patients and Foxp3 AEZ mice is that

these deletion mutation alleles produce both FOXP3 AE2 mRNA and FOXP3 FL mRNA
containing the mutated exon 2, while our mice with germline exon 2 deletion only produce
Foxp3 AEZ mRNA. In patients, the mutated FOXP3 FL mRNA might interfere with the
translation of the FOXP3 AE2 mRNA, resulting in reduced production of FOXP3 AE2
protein. Furthermore, the mutated FOXP3 FL mRNA could be translated into peptides
containing exon 1, partial exon 2 and frame shifted amino acids after the deletion point. The
partial FOXP3 * frame shifted peptides would likely interact with the FOXP3 AE2 isoform
and interfere with their function. How the frame shifted/truncated peptide (depending on
the position of the deletion, and how far the shifted reading frame reaching the stop codon)
impacts number and function of the Tregs needs to be further defined. Another limitation is
that our Foxp3 AEZ mice, despite being an indispensable tool to study FOXP3 AE2 function
in vivo, would not provide information on how FOXP3 isoforms are regulated. Are there any
benefits of the expression and balance of the two isoforms as seen in humans? How are the
expression and balance of the two isoforms regulated in health and disease? Glycolysis may
control the expression of the FOXP3 FL isoform, possibly through the binding of Elonase-1
to FOXP3regulatory elements (57), although that would not explain the fact that the two
isoforms are generated by pre-mRNA alternative splicing. It is currently unclear whether
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the increased FOXP3 AE2:FOXP3 FL ratio seen in several autoimmune diseases (8-11)

is determined by genetic disposition, thus leading to the development of autoimmunity, or
whether the inflammatory environment of autoimmunity shifts the expression of FOXP3
isoforms. The fact that IFN-y plus butyrate treatment tends to increase FOXP3 AE2:FOXP3
FL protein ratio in PBMCs from patients with coeliac disease (but not from healthy donors)
suggests the balance of the two FOXP3 isoforms might be determined by both genetics and
environment.

Treg therapy is a promising approach to treat autoimmune diseases (24-26). While relatively
effective in mouse studies to prevent or even reverse type 1 diabetes (27, 55, 56), clinical
studies in the context of human disease often give mixed, or even limited, benefits (28—
30). The possible shift of FOXP3 isoforms from FL to AE2 due to the inflammatory
environment in the patients and thus results in instability of the Tregs would certainly
affect the efficacy of Treg therapy. The transdifferentiation of ex-Tregs into self-reactive
effector T cells might make the transferred Tregs detrimental rather than beneficial. The
instability/transdifferentiation of Tregs expressing predominant the FOXP3 AE2 isoform
should be an important factor to be considered in future studies of Treg therapy. We
speculate that manipulating FOXP3 alternative splicing to enhance Treg stability and/or
function could be exploited as a therapeutic approach for immune-mediated diseases and
cancer immunotherapy.

MATERIALS AND METHODS

Study design

The aim of this study was to reveal the functional differences between the two major
splicing isoforms of FOXP3 — FOXP3 FL and FOXP3 AE2 — that are normally expressed in
human Tregs. We analyzed FOXP3 expression in several IPEX patients with nucleotide(s)
deletion in FOXP3exon 2 region by FACS and Western blot to determine the FOXP3 AE2
isoform expression. We generated a mouse line with Foxp3exon 2 deletion to determine
the function of FOXP3 AE2 Tregs. /n vitro Treg suppression assay and FACS analysis were
used to compare the differences between FOXP3 AE2 and FOXP3 FL Tregs. Enzyme-linked
immunosorbent assay (ELISA) and fluorescent immunohistochemistry were performed to
determine anti-dsDNA 1gG and antinuclear antibodies (ANA) in serum. Adoptive cell
transfer and lineage tracing were used to show that FOXP3 AE2 Tregs were unstable and
sufficient to induce autoimmunity when transferred into TCRB-deficient mice. RNA-seq
and ChlP-seq analyses showed that mouse FOXP3 AE2 Tregs had changed transcriptomic
program that is largely independent of its DNA binding capability. The number of mice and
statistics used in the studies are included in the figure legend.

Cell culture media

T cells were cultured in RPMI 1640 (Gibco Life Technologies, 11875-093) supplemented
with 10% FBS (Atlanta Biologicals, S11150), 100 unit/ml penicillin (Hyclone, S\V30010),
100 pg/ml streptomycin (Hyclone, SV30010), 50 pM B-mercaptoethanol, 10mM

HEPES buffer (gibco/life technologies, 15630-080), 1mM sodium pyruvate (Gibco Life
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Technologies, 11360-070), 1X MEM non-essential amino acids (Gibco Life Technologies,
11140-050).

NIH3T3 cells were cultured in DMEM (Gibco Life Technologies, 11965-092)
supplemented with 10% FBS (Atlanta Biologicals, S11150), 100 unit/ml penicillin
(Hyclone, SVV30010), and 100 pg/ml streptomycin (Hyclone, SV30010).

Antibodies for FACS analysis

FITC anti-mouse Ki-67 (clone SolA15, 11-5698-82) and PE anti-mouse Foxp3 (clone
NRRF30, 12-4771) are from eBioscience. APC anti-mouse CD4 (clone GK1.5, 100412),
PerCP/Cy5.5 anti-mouse CD4 (clone GK1.5, 100434), APC/Cy7 anti-mouse CD4 (clone
GK1.5, 100414), PE anti-mouse CD4 (clone GK1.5, 100408), FITC anti-mouse CD4

(clone GK1.5, 100406), PerCP/Cy5.5 anti-mouse B220 (clone RA3-6B2, 103236), FITC
anti-mouse CD8 (clone 5.3-6.7, 100706), APC anti-mouse CD8 (clone 5.3-6.7, 100712),
APC/Cy7 anti-mouse CD38 (clone 90, 102727), biotin anti-mouse CXCR5 (clone L138D7,
145510), PerCP/Cy5.5 anti-mouse CD44 (clone IM7, 103032), FITC anti-mouse CD44
(clone IM7, 103006), APC anti-mouse CD62L (clone MEL-14, 104412), PE anti-mouse
CD62L (clone MEL-14, 104408), APC anti-mouse CD73 (clone TY/11.8, 127209), PE
anti-mouse CD95 (clone SA367H8, 152607), APC anti-mouse Nrp-1 (clone 3E12, 145206),
PerCP/Cy5.5 anti-mouse PD-1 (clone 29F.1A12, 135208), PE anti-mouse CD90.1 (Thy1.1,
clone OX-7, 202524), FITC anti-mouse GITR (clone YGITR 765, 120205), APC anti-
mouse IL-4 (clone 11B11, 504106), PE anti-mouse IL-4 (clone 11B11, 504104), APC
anti-mouse IFN-y (clone XMG1.2, 505810), Alexa Fluor® 647 anti-mouse IL-17a (clone
TC11-18H10.1, 506912), APC/Cy7 anti-mouse TCRp (clone H57-597, 109220), APC anti-
mouse TIGIT (clone 1G9, 142105), FITC anti-mouse GL7 (clone GL7, 144604), Alexa
Fluor® 488 anti-mouse/rat/human FOXP3 (clone 150D, 320012), APC-Cy7-straptavidin
(405208), PE-straptavidin (405204), FITC-straptavidin (405202) are from BioLegend. APC
anti-mouse FOXP3 (clone 3G3, 20-5773-U100) are from TONBO biosciences.

Mice and genotyping

Breeding and maintenance of the mouse colony, and all experiments involving animals were
approved by the IACUC of Indiana University School of Medicine. Both female and male
mice were used between the age of 8 to 16 weeks except for experiments in Fig. 6 (only
heterozygous females used as males have only one X chromosome) and Fig. 6E (F1 males
for lineage tracing, see below for details). For adoptive cell transfer experiments, sex and age
matched donor and recipient mice were used. All the mice were maintained in SPF animal
facilities (ambient temperature 70-72°F, humidity 50%, light/dark cycle 12/12hr).

Foxp3exon2 deletion mice were generated with CRISPR-Cas9 system. The upstream guide
RNA matches 5’CCATTGTTGCTACCGTGTGAGACS’ of intron 1. The downstream guide
RNA matches 5’ GGTATGGAATCGGAGCAGGCTGG3’ of intron 2. Ninety nine bp of
intron 1 and 16 bp of intron 2 that are adjacent to exon 2 were deleted along with exon 2.
Four founder lines were obtained and showed the same phenotypes. Foxp3exon2 deletion
mice were backcrossed to wild-type C57BL/6 for 9 generations. Genotyping PCR was
carried out with primer set of Foxp3-ScF1 (5’CTCCCAATCCTCATCCCGATAG 3’) and
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Foxp3-ScR1 (5’TGGACGCACTTGGAGCACAG3’). PCR amplified one 552bp band for
the wildtype Foxp3 allele and one 331bp band for the Foxp3 exon 2 deletion allele.

Terb?™IMom mice that are deficient in beta T-cell receptor were purchased from the Jackson
Laboratory (Stock No: 002118). Rag2 knockout (Rag2™1-1C9m) mice were obtained from the
Jackson Laboratory (Stock No: 008449).

Foxp3-DTR/eGFPtransgenic mice (also named DEREG, stock No: 32050) and Foxp3-
eGFP/iCretransgenic mice (stock No: 023161) were obtained from the Jackson Laboratory.
Foxp3-DTR/eGFP mice were used to sort Tregs based upon eGFP expression. Male Foxp3-
eGFP/iCre mice (129S background) were crossed to Foxp3 AE2t: R26-stop-e YFP female
mice to generate F1 generation. The resulted F1 male mice were Foxp3-eGFP/iCre;R26-
stop-e YFPwith either Foxp3 AEZ or Foxp3 FL under same genetic background (half
C57BL/6 and half 129S) and thus can be used in lineage tracing of the stability of FOXP3
AE2 Tregs and FOXP3 FL Tregs.

Naive CD4 T cell isolation and iTreg induction

Mouse naive CD4 T cells (CD4*CD25-CD62L*) were purified with CD4*CD62L* T Cell
Isolation Kit Il (Miltenyi Biotec, 130-093-227). For iTregs induction, 24-well plate was
coated with 400 pl of 1 ug/ml anti-mouse CD3e in phosphate-buffered saline solution (PBS)
per well at 37°C for 4 h, followed by rinse with PBS. Naive CD4 T cells were diluted at

0.3 x 108 /ml in complete RPMI 1640 supplemented with 1 pg/ml of anti-CD28, 5ng/ml of
recombinant human TGF, and 20ng/ml of recombinant human IL-2 and were cultured for 3
to 5 days.

Peripheral Treg sorting

Treg in vitro

CDA4* T cells were first enriched from lymphocytes of lymph nodes and spleens from Foxp3
FL (WT),;DEREG or Foxp3 AE2;DEREG mice with MoJoSort mouse CD4 T cell isolation
kit (BioLegend, 480006). Enriched CD4 T cells were then stained with anti-mouse CD4 and
Tregs were sorted based upon eGFP expression and CD4 staining.

suppressive assay

FOXP3 FL and FOXP3 AE2 Tregs (CD45.2) were sorted as described above from three

of each WT and Foxp3 AEZ mice. CD4*CD19~CD8~CD44-CD25~ cells were sorted out
from CD45.1 mice as responder cells and labeled with CellTrace™ Violet (ThermoFisher,
C34557). Tregs were mixed with 1.0 x 10° responder cells at ratios from 1:1 to 1:128 with
Tregs only and responders only as controls. Mixed cells were cultured in 96 well round
bottom pate in the presence of 2.5 x 10° irradiated APCs and 2.5ug/ml soluble anti-CD3 for
3 days. On day 3, cells were stained with anti-CD4- BV605, anti-CD45.1-PECy7 (responder
cells), anti-CD45.2-PE (Tregs) and LIVE/DEAD™ Fixable Near-IR dye (ThermoFisher,
L10119). Dilution of CellTrace Violet in the responder cells were examined with flow
cytometry. Percentage of repression = (To-T[jj)/To, where Ty is percentage of proliferated
cells without Tregs (responders only); Tjj) is percentage of proliferated cells at a given
Treg:responder ratio.
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Immunofluorescent detection of anti-nuclear antigen IgG

Poly-L-lysine coated cover slip (Neuvitro, GG-18-PLL) was placed in each well of a 12-well
plate, and NIH-3T3 cells were then seeded and cultured overnight. Cells on the cover slip
were fixed with 1ml of 4% formaldehyde diluted in PBS at room temperature for 10 min,
and washed with ice-cold PBS. Cells were permeabilized with 1ml of 0.1% TritonX-100

in PBS for 10min followed by wash with PBS. After blocked with blocking buffer (2%
BSA, 0.1% Tween-20, and 10% normal RAT serum in PBS) at room temperature for 1 h,
cells were incubated successively with serum diluted in dilution buffer (1% BSA , 0.1%
Tween-20 in PBS) at 4°C overnight, FITC-Rat-anti-mouse 1gG (BioLegend, 406001) at
room temperature for 1h, and 100 nM Rhodamine Phalloidin (Cytoskeleton, PHDR1) at
room temperature for 30 min. Cells were washed for 3 times with PBS after each incubation
and mounted on glass slide with Vectashield Mounting Medium with DAPI and sealed with
nail polish.

Immunohistochemistry

To detect immune complex deposition in kidney, mouse kidneys were embedded in OCT
compound (TED PELLA, 27050) and frozen on dry ice followed by cryosection at 12 pm
thickness. Sections were fixed and permeabilized with ice-cold acetone for 5 min and air
dried at room temperature. Sections were then washed 2X with PBS and 2X with PBST
(0.1% Tween-20 in PBS) followed by blocking with block buffer (2% BSA, 0.1% Tween-20,
and 10% normal RAT serum in PBS) at room temperature for 1 h. After two time of wash
with PBST, sections were incubated with 5 ug/ml Texas red-Wheat Germ Agglutinin (Life
technologies, W21405) and 2 ug/ml FITC-RAT anti-mouse IgG (BioLegend, 406001) at
4°C overnight. Sections were then washed for three times with PBS and mounted with
Vectashield Mounting Medium with DAPI.

Histological analysis

Kidney, colon, and liver were fixed in 4% formaldehyde diluted in PBS. Fixed samples were
embedded in paraffin and the sections were stained with hematoxylin and eosin (H&E) and
Periodic acid-Schiff (PAS).

Flow cytometry analysis

For cytokine staining, lymphocytes were stimulated with 50 ng/ml PMA and 500 ng/ml
ionomycin for 5 h. Monensin (Biolegend, 420701) was added 2 h after stimulation.

Cells were then stained with antibodies for the surface molecules followed by fixation

with 4% formaldehyde diluted in PBS at room temperature for 10 min. Fixed cells

were permeabilized and stained with fluorescence labeled antibodies. For FOXP3 staining,
surface stained lymphocytes were fixed at 4°C overnight with 1X Fixation/Permeabilization
buffer (eBioscience 00-5123) diluted in Fixation/Permeabilization Diluent (eBioscience
00-5223). Cells were then stained with FOXP3 antibody in Permeabilization Buffer
(eBioscience 00-5523).
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Enzyme-linked immunosorbent assay for anti-dsDNA antibodies

Coating buffer (5 ug/ml of sheared salmon sperm DNA and 1mM EDTA in PBS) and
dilution buffer (1% BSA, 1mM EDTA, 0.05% Tween20 in PBS) were made fresh before
use. Flat-bottom 96-well plates were coated with coating buffer at 4°C overnight. Plates
were blocked at room temperature for 30 min and then incubated successively with 50 pl
per well of diluted serum at 4°C overnight, 1ug/ml biotin-goat anti-mouse 1gG at room
temperature for 1 h, diluted Avidin-HRP at room temperature for 30 min with shaking.
Plates were washed 3X with wash buffer (1mM EDTA and 0.05% of Tween20 in PBS) after
each incubation. Color was developed with 1-step Ultra TMB-ELISA (Thermo Scientific,
34028) and stopped with stop solution (2N H,SO,4). Absorbance at 450 nm was read within
30 min.

Bulk RNA-seq

ChlP-seq

Differentiated Tregs were snap frozen in liquid nitrogen and shipped on dry ice to
Otogenetics Corporation. Illumina sequencing library were prepared from polyA mRNA

by the company with Q.C. 100bp paired-end sequencing of the library were performed

on HiSeq2500 (Illumina, Inc.). The bcl2fastq2 Conversion software were used to convert
base call (bcl) files to FASTQ files, and trim adapter sequence at the same time. The

reads were mapped to the mouse genome using STAR (v2.5) RNA-seq aligner with the
following parameter: “--outSAMmapqUnique 60” and uniquely mapped sequencing reads
were assigned to mm210 genes using featureCounts (from subread v1.5.1) with the following
parameters: “-s 0 —p —Q 10”. The data was filtered using read count per million (CPM) > 0.5
in more than 2 of the samples, normalized using TMM (trimmed mean of M values) method
and subjected to differential expression analysis using likelihood ratio test method in edgeR
(v3.20.8).

Differentiated Tregs were crosslinked and chromatin was isolated by using the truChIP
Chromatin Shearing Kit with Formaldehyde (Covaris). Briefly, 5 million cells were fixed
with 1% paraformaldehyde for 10 mins, the reaction was quenched by using the quenching
buffer. After washing with PBS twice, the cells were lysed for 10 mins with rotation at

4°C. Nuclei were collected by centrifugation at 17000g for 5 mins at 4°C. The pellet was
washed twice with wash buffer. The washed nuclei were resuspended in shearing buffer

and the chromatin was sheared with an AFA Focus-ultrasonicator for 30 mins. Chromatin
immunoprecipitation against 5 pg polyclonal rabbit anti-FOXP3 antibody was performed
with Magna ChIP A/G Chromatin Immunoprecipitation Kit (Milipore Sigma) according to
manufacturer’s protocol. The precipitated DNA and input DNA samples were processed and
sequenced by BGI Americas Corporation. 50bp single-end sequencing was performed on
Illumina NextSeq 2000. The reads were mapped to the mm10 mouse genome using Bowtie2
(v2.4.4) and duplicated reads were removed using Picard (v.2.18.26). BigWig files were
generated using bedtools (v2.2.9) and bedGraphToBigWig (v2.8) which were normalized by
total number of reads per 10 million reads.
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Statistics analysis

Statistical was analyzed by using GraphPad Prism (GraphPad Software) and presented as
means + SEM. Unpaired Student ¢tests, multiple ftest, and one-way or two-way ANOVA
analysis with Bonferroni post-hoc test were used in data analysis. A p value <0.05 was
considered statistically significant. ns: p>0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001,
****: p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of FOXP3 AE2 isoform in IPEX patients with deletion mutations within
exon 2 of FOXP3 gene.

(A) Flow cytometric analysis of FOXP3 AE2 isoform expression in IPEX patient #3.
PBMCs from the patient and a healthy donor were stained with two anti-FOXP3 antibodies.
Clone 150D is exon 2-specific while clone 259D recognizes an epitope after exon 2
common for both isoforms. Cells were analyzed either ex vivo (Rest) or stimulated with
anti-CD3/anti-CD28 coated beads for 24 hours (Activated). Gated on CD4* T cells. (B)
Flow cytometric analysis of CD25 expression on CD4* T cells before and after activation.
(C) Expression of FOXP3 and CD25 by Tregs (gated on CD4*259D") from healthy control
(green line) and patient #3 (blue line) before or after activation. Gray lines were 259D cells.
Numbers in the parenthesis represent mean fluorescence intensity (MFI). Similar results as
in A-C were obtained with PBMCs from patient #2. (D) Deletion mutations in FOXP3 exon
2 identified in IPEX patients #1, #2 and #4 lead to expression of only the FOXP3 AE2
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isoform. Genomic DNA fragment containing exons 1-7 of the FOXP3 gene from a healthy
control and patients #1, #2, and #4 were cloned into the pcDNA3-NV5 vector in-frame with
an N-terminal V5 epitope tag (upper panel). Jurkat T cells transfected with the expression
constructs were examined by Western blot with an anti-V5 antibody.
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Figure 2. Altered immune homeostasis in Foxp3 AE2 mice at 8 weeks of age.
(A) Size and cellularity of lymph nodes and spleen in WT and Foxp3 AEZ mice. (B) Flow

cytometric analysis of B220* B cells, CD4* and CD8" T cells in peripheral (pLN) and
spleen of WT and Foxp3 AE2 mice. (C) Expression of CD62L and CD44 in CD4* T cells of
WT and Foxp3 AEZ mice. (D) Expression of IL-4 and IFN-y in CD4* T cells ex vivo from
pLN of WT and Foxp3 AEZ mice. (E) Expression of IL-17 in CD4* T cells ex vivo from
pLN of WT and Foxp3 AEZ mice. Data represent mean + SEM from one of = 2 experiments.
ns: not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001 by multiple #tests (A - D) or
two-tailed ~test (E).
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Figure 3. Foxp3 exon 2 deletion results in a systemic autoimmune disease.
(A) Flow cytometric analysis of CD4*PD-1"CXCRS5™ follicular helper T cells (Tgy) in

peripheral lymph nodes of WT and Foxp3 AEZ mice. (B) Flow cytometric analysis of
B220*GL-1*CD95*Bcl6* germinal center B (GC B) cells in peripheral lymph nodes of WT
and Foxp3 AE2 mice. (C) Spontaneous germinal centers in WT and Foxp3 AEZ mice were
examined by immunohistochemistry. Representative images (left) and quantification of GCs
(right). (D) ELISA quantification of anti-dSDNA 1gG in the serum of WT and Foxp3 AE2
mice (n = 6-7). (E) Time course of anti-dsDNA 1gG in the serum of Foxp3 AEZ mice.

Sera from WT and Foxp3 AE2 mice at indicated ages were diluted at 1:500 (n = 10 mice).
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(F) Representative images of serum anti-ANA IgG (at 1:160 dilution of serum) detected
with fixed mouse 3T3 fibroblast cells. Mouse serum: sera collected from WT or Foxp3
AE2 mice were used as primary antibody and FITC anti-mouse 1gG was used as secondary
antibody to detect the existence of anti-ANA IgG in sera. (G) Immunofluorescence of
kidney glomerulus sections showing 1gG deposits in Foxp3 AEZ2 mice. WGA: wheat germ
agglutinin. (H) Kidney glomerulus sections stained with hematoxylin and eosin (H&E).
Data represent mean £ SEM (A-B) or mean + SD (D&E) from one of = 2 independent
experiments. **: p < 0.01; ***: p < 0.001; ****: p < 0.0001 by two-tailed #test (A-C) or
two-way ANOVA with Bonferroni post-hoc test (D&E).

Sci Immunol. Author manuscript; available in PMC 2022 December 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Du et al. Page 27
A CD4*TCells 40~ B FOXP3* Cells  40- >k C —WT —4E2 25+ 8-
W a8 il B i WT 158 o | FoxFe Ll
o E il (s i
(0] A20- o > o O
] 2 J' S T 2°7 % +
& = = o9 8
E o £ 154 2@
104 ; %} o 'E 44
2 ¥ | 2*lFoxrs* %ol =
103 '(—;30 Dim 010' [T
B 2 ol | 2o 32
e ] i I B
101] z® i / 57 &
. 20 :/ O
109} e, 102 AT -
° 10! 102 103 104 0 100 101 102 10% 10t () 105 0 100 _ 100 105 Q 0
CD4 pLN mLN Spleen C pLN  mLN Spleen = ——=FOXP3 WT 4E2 WT 4E2
D _—wr—e o —WT —AE2 4o —WT —E2 5 » [E FOXPstcels s
/A FOXP3~ *kk ] FOXP3™| ~—~ FOXP3™ | o % ’ 1 **
{1/ & 1 > 1 \ t & o 55 —
9 2g{0 g | <101 g | |24 © 8 240 4
g1/ S < 8 X 5 &
= 1] P s 1 8 s ® o 2
[ o 84 a =
e 1/ ge{° e 1/ 2 2 93 = 304
© = Z [ = 9o
Smo, Z . Ewo £ 6 § c d
= ©1 T 4- = & i S T 2- & 20+
g 60 s E 60 E 4+ g = _(E)
1 o Y o
z® Ko Zz ] < 2 =E1 3 101
20 o 204 = 24 wn [a]
T 10 108 o 10% 0 103 10¢ 10° ol—— 105010° 10° 10° 10° () | 0—
—CD25 WT 22 ~——CTLA4 WT4E2 —GITR WT AE2 WT 4E2
F 1:1 1:2 1:4 1:8 1:16 1:32 No Tregs 100+
176 300 442 651 86 %04, 928 -O-AE2 Tregs
g ‘\Jj 0\380- -O-FL Tregs
[e]
: w/\ JJ\AM 5
] @
b o
1004
N } 11.8 i } 33.3 i } 40.5 | } 56.9 | : 82.3 | } 89.7 i } 92.3 i M &
T o] -
60 :1 w -
S &
z 404 » N\A
20 0dr——F—7—T———7"—C
171 1/2 1/4 1/8 1/161/32 0

-3

> CellTrace Violet - Treg/Responder ratios

Figure 4. FOXP3 AE2 Tregs display more activated phenotypes, reduced phenotypic markers,
but similar suppressive function.

(A) Flow cytometric analysis of Treg frequencies in secondary lymphoid organs of WT and
Foxp3 AEZ mice. (B) Proliferation of Treg cells in WT and Foxp3 AEZ mice as marked
with Ki-67 expression. (C) Mean fluorescent intensity (MFI) of FOXP3 and percentage

of FOXP3PiM in Treg cells of WT and Foxp3 AE2 mice. (D) Mean fluorescent intensity
(MFI) of CD25, CTLA-4 and GITR in Treg cells of WT and Foxp3 AEZ mice. (E) Flow
cytometric analysis of CD44 and CD62L in Treg cells of WT and Foxp3 AE2 mice. Data

in (A - E) represent mean + SEM from one of = 2 independent experiments. **; p < 0.01;
***: p < 0.001; ****: p < 0.0001 by multiple #tests (A & B) or two-tailed #test (C —

E). (F) Suppressive function of Foxp3 AE2 Tregs vs Foxp3 FL Tregs in vitro. Tregs were
FACS purified from Foxp3 AE2;BAC-Foxp3¢CFF and Foxp3 FL; BAC-Foxp3¢CFP mice. Data
represent mean = SEM (n = 3 mice) from one of 2 independent experiments. Means were
compared by two-way ANOVA with Bonferroni post-hoc test. No difference in suppression
by FOXP3 AE2 and FOXP3 FL Tregs.
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Figure 5. Intrinsic defects of FOXP3 AE2 Tregs in heterozygous Foxp3 exon 2 deletion female
mice.

(A) FOXP3 FL and FOXP3 AE2 Treg populations in heterozygous Foxp3exon 2 deletion
(AE2eY female mice at the age of 2 months. Thym: thymus; pLN: peripheral lymph
nodes; Spl: spleen; mLN: mesenteric lymph nodes; PP: Peyer’s Patches; IEL: intraepithelial
lymphocytes of the gut; LPL: lamina propria lymphocytes of the gut. (B) Expression of
FOXP3 in FOXP3 FL and FOXP3 AE2 Tregs in AE2/"¢! female mice. (C) Mean fluorescent
intensity (MFI) of phenotypic Treg markers CD25, CTLA-4, and GITR in FOXP3 FL and
FOXP3 AE2 Tregs in AE2"¢! female mice. Grey line: FOXP3™ cells; Red line: FOXP3 FL
Tregs; Blue line: FOXP3 AE2 Tregs. (D) Flow cytometric analysis of CD44 and CD62L

in Treg cells expressing either the FOXP3 FL (red) or FOXP3 AE2 (blue) isoform in

pLN of AE27¢! female mice. Data represent mean + SEM from one of > 2 independent
experiments.*: p < 0.05 **: p < 0.01; ***: p < 0.001; ****: p < 0.001 by paired two-tailed
ttest.
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Figure 6. Instability of FOXP3 AE2 Tregs.
(A) Experimental design to examine stability of FOXP3 FL and FOXP3 AE2 Tregs. FOXP3

AE2 Tregs (Thyl1.1*) and FOXP3 FL Tregs (Thy1.2*) were sort purified from mixed bone
marrow chimeras. The Tregs were mixed at a 1:1 ratio, adoptively transferred (i.v.) into
Tcrb deficient mice, and their identity was tracked by flow cytometry. (B) Percentage of
Thyl.1* (FOXP3 AE2 Treg derived) and Thy1.1~ (FOXP3 FL Treg derived) donor cells in
the blood over the 4 week period. (C) Percentage of Thy1.1* (FOXP3 AE2 Treg derived)
and Thy1.1~ (FOXP3 FL Treg derived) donor cells still remaining FOXP3* over time. (D)
Flow cytometric analysis of FOXP3 expression in FOXP3 AE2 and FOXP3 FL Treg derived
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donor cells four weeks after transfer. (E) Tracking Treg stability using lineage tracing mice.
Data represent mean £ SEM (n = 4 mice for B-D; and n = 3 mice for E) from one of 2
independent experiments. **: p < 0.01; ***: p < 0.001 by two-tailed #test.
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Figure 7. FOXP3 AE2 Tregs are sufficient to induce autoantibody and enhanced T and GC B

cell response.

(A) Experimental design. FOXP3 FL and FOXP3 AE2 Tregs were purified by FACS sorting.
1 x 108 purified Tregs were adoptively transferred into 7crb deficient recipients by tail

vail injection. Recipient mice were analyzed 3 months after cell transfer. (B) ELISA
quantification of anti-dsDNA 1gG in the serum of the recipient mice. (C) Representative
images of serum anti-ANA 1gG (at 1:80 dilution of serum) in the recipient mice detected
with fixed mouse 3T3 fibroblast cells. Mouse serum: sera collected from recipient mice
receiving indicated Tregs were used as primary antibody and FITC anti-mouse 1gG was used
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as secondary antibody to detect the existence of anti-ANA 1gG in sera. (D) Percentage of
donor cells and percentage of donor cells still remaining FOXP3* in the spleen of recipient
mice. (E) Ty (left panels) and Tgg (right panels) in the spleen of recipient mice. (F)
Germinal center B cells in the spleen of recipient mice. Data represent mean + SEM (n = 3
mice) from one of 2 independent experiments. ns: not significant; *: p < 0.05; **: p < 0.01;
****: p <0.0001 by two-way ANOVA (B) or one-way ANOVA (D — F) with Bonferroni
post-hoc test.
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Figure 8. FOXP3 isoforms regulate target gene expression mostly independent of DNA binding.
(A) Volcano plot and hierarchical clustering heatmap showing differential gene expression

in FOXP3 AE2 Tregs. (B) Up-regulated genes in FOXP3 AE2 Tregs are enriched in
inflammatory response and allograft rejection gene sets. (C) Heatmap (RNA-seq) and RT-
gPCR showing up-regulation of cytokines in FOXP3 AE2 Tregs. (D) Heatmap of Foxp3
positive regulators in FOXP3 AE2 and FOXP3 FLTregs. (E) FOXP3 binding peaks enriched
in FOXP3 AE2 vs WT (FOXP3 FL) Tregs (change = 1.5 folds, p < 0.05). (F) Heatmap of
FOXP3 AE2 and FOXP3 FL binding (LogCPM) to the loci of Foxp3 positive regulators

in (D). (G) Representative plots of FOXP3 ChlIP-seq reads from FOXP3 AE2 and FOXP3
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FL (WT) Tregs at the Usp22and Cbifb gene loci. n = 3 mice/group for both RNA-seq and
ChlIP-seq analysis. Data in (C) represent mean £ SEM (n = 3 mice) with p by two tailed
ttest.
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