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Expression of full-length FOXP3 exceeds other isoforms in thymus

and stimulated CD4 +T cells
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To the Editor

Different isoforms of the transcription factor FOXP3
orchestrate gene expression and function in human
CD4 +T cells. Mutations of the FOXP3 gene can cause fatal
autoimmunity even when an alternatively spliced transcript,
which is predominantly expressed in blood, is unaffected [1].
Herein, we found that FOXP3 induction initially includes
preferential expression of exon 2 in the thymus and in stimu-
lated naive T cells in advance of a more balanced isoform
ratio. Thus, the control of T-cell functions by FOXP3 may
depend on timely processing of FOXP3 transcripts.

The transcription factor FOXP3 is indispensable for
the development and maintenance of anti-inflammatory
CD4 +regulatory T (Treg) cells. Mutation of the FOXP3
gene leads to failure of Treg cell-mediated tolerance against
self-antigens and causes autoimmunity early in life, charac-
terized as IPEX (immunodysregulation, polyendocrinopa-
thy, enteropathy, X-linked syndrome) [2]. Human but not
murine Treg cells express isoforms, that lack coding exon
2 (FOXP3A2) or exon 2 and 7 (FOXP3A2A7) in addi-
tion to full-length FOXP3 (FOXP31l) [3, 4]. Exclusion of
FOXP3 exon 7 abrogates FOXP3fl-mediated induction of
Treg-cell functions and promotes the differentiation of pro-
inflammatory Th17 cells [5]. In contrast, over-expression of
FOXP3A2 in CD4 +T cells promotes Treg-cell functions in
cooperation with FOXP3fl [6]. Notably, FOXP3fl appears to
be crucial for the induction of its own transcription as [IPEX
mutations within FOXP3 exon 2 abrogate FOXP3 expression
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and Treg-cell development [3]. However, spatio-temporal
expression levels of FOXP3fl and FOXP3A2 and their
function for Treg-cell development in the thymus remained
unknown so far.

To test whether alternative splicing of FOXP3 exon 2
differs during Treg-cell development, we analyzed FOXP3
isoform expression in human thymi (median age: 4 months).
We found that FOXP3 transcripts mainly included exon 2
and that FOXP3f] is the predominantly expressed isoform
in human thymocytes detected by real-time PCR using
splice-specific primers and immunoblots using antibod-
ies (clone eBi07979) that bind to all FOXP3 isoforms,
respectively (Fig. 1, A and B). Consistently, flow cytometry
analysis showed that thymocytes stained with antibodies
that recognize FOXP3 exon 2 (clone 150D/E4) and total
FOXP3 (clone 236A/E7, that recognizes a non-spliced
FOXP3 region) display fluorescence intensity (FI) ratios
similar in scale to HEK-293 cells overexpressing FOXP3fl
(Fig. 1C). In contrast, reduced FOXP3 FI ratios of peripheral
Treg cells resemble the pattern in HEK-293 cells transfected
with FOXP3A2 proportionally. Thus, exclusion of FOXP3
exon 2 is diminished and enhanced FOXP3fl expression is
associated with Treg-cell development in the thymus. These
results are corroborated by single-cell RNAseq data [7], that
found FOXP3exon2 +/FOXP3exon2- transcript ratios are
higher among thymocytes compared to blood cells (Fig. 1D).

T-cell antigen receptor (TCR) stimulation is known to
induce transient FOXP3 transcription in naive CD4 +T
cells and increased FOXP3 exon 2 expression is associated
with an activated T-cell phenotype in chronic disease [8, 9].
To investigate differential alternative splicing in response
to stimulation, we analyzed FOXP3 isoform expression
in human naive CD4 +T cells stimulated with anti-CD3
antibodies (clone UCHT1). We found that FOXP3 expres-
sion is swiftly induced and that transcripts with FOXP3
exon 2 exceed those lacking FOXP3 exon 2 (Fig. 1E).
Moreover, initial induction of FOXP3fl was detectable by
faint bands within 3 h after stimulation of naive T cells by
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Fig. 1 Full-length FOXP3 isoform is predominantly expressed in human thymocytes and exceeds induction of other isoforms in TCR-stimulated
naive CD4 +T cells
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immunoblotting, whereas strong bands for both, FOXP3fl
and FOXP3A2 were observed after 24 h stimulation
(Fig. 1F). More expression of FOXP3fl in comparison to
other isoforms was confirmed by flow cytometry analysis
(Fig. 1G). FOXP3 exon 2 detection exceeded recognition of
total FOXP3 in naive T-cell populations and single-cell FI
ratios increased after 3 h stimulation. Vice versa, detection
levels reversed in naive T-cell populations and single-cell FI
ratios decreased after 24 h stimulation, indicating a delayed
expression of FOXP3A2 in TCR-stimulated naive CD4+T
cells. Consistent with an activation-induced FOXP3 isoform
profile, the portion of FOXP3 exon 2 among total FOXP3
expression increased from CD4 + CD45RA + CD62L + naive
T-cell populations to CD4 + CD45RA-CD62L + and
CD4 + CD45RA-CD62L- effector T-cell populations
(Fig. 1H). Notably, isoform ratios increased stronger in T
cells with low, compared to high, expression of CD25 and
FOXP3, indicating a crucial role of the full-length isoform
upon FOXP3 induction.

In conclusion, we show that initial FOXP3 induction
implicates the expression of FOXP3fl during thymic Treg-
cell development, whereas little FOXP3A2 is present at first.
The predominant expression of FOXP31] in the thymus fits to
the notion that mutations of FOXP3 exon 2 can cause IPEX
[1]. Thus, our results offer an explanation why FOXP3A2
cannot compensate for the loss of FOXP3fl and indicate a
pivotal role of FOXP3 exon 2 during the development of
Treg progenitor cells in the thymus. Moreover, a preced-
ing induction of higher FOXP3fl/FOXP3A2 ratios in stimu-
lated naive CD4 + T cells may explain impaired regulation
of T-cell responses in IPEX patients with FOXP3 exon 2
mutations, underlining isoform-specific functions and the
necessity for the expression of both FOXP3fl and FOXP3A2
to maintain a Treg-like cell phenotype [6]. In line with these
results in human T cells, unstable Foxp3 gene expression and
subsequent autoimmunity has been reported in mice with a
genetic ablation of Foxp3 exon 2 [3]. Thus, FOXP3fl appears
to be important as the pioneering isoform for transcriptional
control, that may suggest refined gene therapy strategies for
IPEX patients to restore physiological splicing ratios of
FOXP3 exon 2.

Human CD4 + T cells were isolated from blood of
healthy donors (Miltenyi) and thymocytes from tumor-
free individuals were analyzed following cell strainer fil-
tration (100 pm, Sarstedt) of thymus samples collected in
the Institute of Legal Medicine at the University Medical
Center Hamburg-Eppendorf. A) Quantification of FOXP3
transcripts including (FOXP3exon2 +) or excluding (FOX-
P3exon2-) exon 2 in human blood T cells or human thy-
mocytes was performed by real-time PCR on StepOnePlus
instrument (Applied Biosystems) using RNA extraction
(RNeasy, Qiagen), cDNA generation (SuperScript IV VILO,
ThermoFisher) and specific primers for FOXP3 transcripts

that include exon 2 (Hs01092118_gl1, ThermoFisher) or
exclude exon 2 (Hs03987537_ml, ThermoFisher) to quan-
tify FOXP3exon2 +and FOXP3exon2- mRNA, respectively.
Relative gene expression was normalized to house-keeping
gene hypoxanthine—guanine-phosphoribosyltransferase
(Hs02800695_m1, ThermoFisher) (n=6); fold expression
in relation to FOXP3exon2 + (left) and isoform ratios (right)
are shown; unpaired t-test and one-sample Wilcoxon test
for relative values was performed for statistical analysis.
B) Immunoblotting of thymus lysates from three individu-
als (5x 107 thymocytes/lane A-C) probed for anti-FOXP3
(clone eBi07979, ThermoFisher) and followed by incubation
with peroxidase-conjugated secondary antibody (rabbit anti-
mouse, ThermoFisher). Lysate from HEK-293 cells trans-
fected with pcDNA3.1 + plasmid encoding FOXP3fl (Lipo-
fectamine 3000 Transfection Reagent, ThermoFisher) was
used for size comparison. Chemiluminescence of substrate
(ECL Select Western Blotting Detection Reagent, Amer-
sham) was detected with ChemiDoc instrument (BioRad)
and relative quantity of bands was assessed using Image
Lab (Bio-Rad); paired t-test was performed for statistical
analysis. C) Flow cytometry analysis of human CD4 +T
cells and thymocytes (gating strategy depicted in Sup-
plementary Fig. 1A) using antibodies for FOXP3 exon 2
(clone 150D/E4, ThermoFisher), which binds specifically
exon 2, and FOXP3 total (clone 236A/E7, ThermoFisher),
which recognizes a non-spliced region of exon 3 to exon 6,
in CD4 + cells (clone: RPA-T4, BioLegend). A single-cell
parameter [(FOXP3 exon2 fluorescence intensity)/(FOXP3
total fluorescence intensity)] was derived to compare FOXP3
isoform ratios in samples [9]. The average of single-cell
fluorescence intensity (FI) ratios in relation to blood sam-
ples is shown (n=4); FOXP3fl and FOXP3A2 transfected
HEK-293 cells (Supplementary Fig. 1B) are shown for com-
parison; unpaired t-test was performed for statistical analy-
sis. D) FOXP3 exon 2 transcript usage map (pile-up track,
gray) with calculated exon2 + /exon2- ratios of differential
abundances of FOXP3exon2 + and FOXP3exon2- mRNA in
transcript per million and genomic coordinates (blue) from
publicly available RNAseq data files for human PBMCs
(www.10xgenomics.com/datasets, whole transcriptome
analysis v1.1, Cell Ranger 4.0.0) and human thymocytes
(GSE148978_RAW), respectively. All samples were ana-
lyzed as pseudo-bulk experiments as identification of tran-
script per million of single cells was prevented by limited
reads per cell. Naive CD4 +T cells from healthy donors were
isolated (Naive CD4 + T Cell Isolation Kit, Miltenyi) and
induction of FOXP3 isoforms following TCR stimulation
with 3 pg/ml plate-bound anti-CD3 antibody (clone UCHT]1,
Invitrogen) in serum-free media (X-VIVO 15, Lonza) was
analyzed at indicated time points by E) real-time PCR and
two-way ANOVA followed by Sidak’s multiple compari-
sons test (n=15), F) immunoblotting (1 X 10° cells/lane) and
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densitometry with one-way ANOVA followed by Tukey’s
multiple comparisons test (n=4) and G) representative
flow cytometry analyses as described above, values indicate
population size and mean fluorescence intensities (MFI) of
samples (left) and population averages of FI ratios (right)
(n=3). H) Mean values of single-cell parameter [FI([FOXP3
exon2)/FI(FOXP3 total)] for peripheral CD4 + T-cell popu-
lations with differential expression of CD45RA (clone:
UCHLI1, BioLegend), CD62L (clone: DREG-56, BioLe-
gend) and CD25 (clone: M-A251, BioLegend) is shown;
one-way ANOVA followed by Tukey’s multiple compari-
sons test was performed for statistical analysis (n=3). Val-
ues are expressed as mean + SEM; *P <0.05, **P<0.01,
*##%P <0.001, #***P <0.0001.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-024-01715-8.
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