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Regulatory T cell development in the absence of

functional Foxp3
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Although the development of regulatory T cells (T, cells) in the thymus is defined by expression of the lineage marker Foxp3,
the precise function of Foxp3 in T, cell lineage commitment is unknown. Here we examined T, cell development and function
in mice with a Foxp3 allele that directs expression of a nonfunctional fusion protein of Foxp3 and enhanced green fluorescent
protein (Foxp32EGFP), Thymocyte development in Foxp32EGFP male mice and Foxp3°EGFP/+ female mice recapitulated that of
wild-type mice. Although mature EGFP* CD4* T cells from Foxp32EGFP mice lacked suppressor function, they maintained the
characteristic T, cell ‘genetic signature’ and failed to develop from EGFP~ CD4* T cells when transferred into lymphopenic
hosts, indicative of their common ontogeny with T, cells. Our results indicate that T, cell effector function but not lineage

commitment requires the expression of functional Foxp3 protein.

Naturally arising CD4*CD25" regulatory T cells (T, cells) represent a
distinct T cell lineage dedicated to maintaining self-tolerance®2. T, cells
develop in the thymus through a process involving the recognition of self
peptides in major histocompatibility complex (MHC) molecules on thy-
mic epithelial cells*=. T, cells express a T cell receptor (TCR) repertoire
enriched in self specificities, distinct from that of conventional T cells78.
Tyeg cells also express a distinct set of both cell surface and intracellular
molecules. Most prominent of these is the transcription factor Foxp3,
which is expressed only in the T, cell lineage and is thought to ‘program’
the suppressor function of T, cells. Loss-of-function Foxp3 mutations

l .I result in impaired CD4*CD25* Treg cell development, the lethal X-linked

lymphoproliferative disorder of the naturally arising scurfy mouse strain
and related genetically engineered murine models®>~'?, and the homolo-
gous human disorder IPEX syndrome (‘immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked’ syndrome)!3-1°.

The development of T, cells in the thymus is thought to be driven
by high-affinity interactions between TCRs on developing thymo-
cytes and self peptide-MHC complexes on thymic epithelial cells. The
affinity of such interactions is proposed to be somewhere between the
affinities of interactions triggering positive and negative selection of
thymocytes>®!°. In an ‘instructive’ or TCR-dependent model of T,,
cell differentiation, cell fate is dictated by TCR—peptide-MHC avid-
ity and there is no predetermined selection into the T, cell lineage.
TCR-peptide-MHC interactions of the appropriate avidity would
induce expression of Foxp3, which would then specify T, cell lineage
commitment by ‘programming’ T, cell effector function. In support
of such a model, the earliest stage at which Foxp3 expression is detected

is at the late CD4*CD8" stage of thymocyte development, and Foxp3*
cells are localized mainly in the thymic medulla. Both observations are
consistent with the induction of Foxp3 at the time of positive selection
or shortly thereafter. In addition, forced expression of Foxp3 converts
conventional T cells into cells with a regulatory phenotype!>17. These
data collectively suggest that Foxp3 is both necessary and sufficient for
Tyeg cell effector function.

However, a purely ‘instructive’ model has limitations. It does not
provide a mechanism by which Ty, cells resist negative selection after
encounter with high-affinity self ligands'®. It also fails to account for the
limited number of T, cells that develop in the thymi of TCR-transgenic
mice that also express cognate antigen, in which a large increase in T,
cell numbers might otherwise be expected. Such considerations suggest
that Ty, cell lineage commitment may require additional signals other
than those provided by TCR—peptide-MHC interactions during positive
selection. It is unclear whether Foxp3 expression is a ‘distal’ event that
is a consequence of the commitment of developing thymocytes to the
Teg cell lineage or if it initiates commitment to that lineage. Thus, the
position of Foxp3 in the T, cell developmental pathway and additional
factors that specify lineage commitment remain to be determined.
Given the strong bias of the T, cell repertoire toward self-recognition,
questions also arise regarding the fate of cells destined to develop into
Tieg cells when Foxp3 expression and/or function is adversely affected by
deleterious mutations. Are such cells eliminated during development by
the process of negative selection? If not, do they contribute to the result-
ing autoimmune pathology? In favor of such outcomes are the detection

of circulating T cells expressing inactive Foxp3 proteins in patients with
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Figure 1 Foxp32EGFP mice develop a fatal lymphoproliferative disease
similar to that of Foxp3-deficient mice. (a) Kaplan-Meier survival curves
of Foxp3*EGFP mice (n = 13) and Foxp3-deficient Foxp3%276X mice (n =
24; P=0.44). (b) Splenomegaly (top) and lymphadenopathy (bottom) in a
Foxp3~EGFP male mouse (15 d; right) relative to normal spleen and lymph
node size of a littermate control (left).

IPEX syndrome who have missense FOXP3 mutations and the observa-
tion that the autoimmune lymphoproliferative disease associated with
Foxp3 deficiency is more aggressive than that in experimental models
of acquired Ty, cell deficiency induced by neonatal thymectomy or by
depletion with antibody to CD25 (anti-CD25)119-21,

To determine the function of Foxp3 in Ty, cell lineage commitment
and to identify Foxp3-deficient Ty, cell precursors exported to the
periphery, we generated mice containing a cassette encoding a mutant
fusion protein of Foxp3 and enhanced green fluorescent protein (EGFP)
in the Foxp3 locus (Foxp32FGFP), EGFP* CD4" T cells lacked regulatory
function, and Foxp3*EGTP male mice developed a fatal autoimmune lym-
phoproliferative disease indistinguishable from that of other Foxp3-defi-
cient mice. Thymic expression of the mutant Foxp3-EGFP fusion protein
occurred at the same developmental stages and in a similar proportion of
cells as did that of Foxp3 protein in wild-type mice. EGFP* CD4* T cells
in Foxp3AFGFP mice had a cell surface phenotype and a gene-expression
profile that shared many features with those of wild-type Ty, cells and
were distinct from activated conventional T cells. Overall, our results dis-
sociate the essential purpose of Foxp3 in T, cell regulatory function from

its suggested requirement in initiating T, cell lineage commitment.

QL
@RESULTS

=T cell-suppressive function of Foxp32EGFP

We inserted DNA encoding EGFP followed by a stop codon in-frame
into the terminal exon 11 of Foxp3 at codon 397. The resultant allele
(Foxp3"EGFP) encoded a fusion protein expressed under control of the
endogenous Foxp3 promoter and enhancer elements (Supplementary
Figure 1 online). The Foxp3 33—amino acid C-terminal peptide that was
replaced with EGFP included residues involved in the binding of Foxp3
to DNA and to the transcription factor NFAT as well as the nucleus-local-
ization sequence, and the nucleotide sequence encoding it is the target
of loss-of-function mutations and deletions in patients with IPEX syn-
drome?>~?4, The Foxp3-EGFP fusion protein was localized to the cytosol,
consistent with the loss of the C-terminal nucleus-localization signal
(Supplemental Video 1 online). Male offspring carrying the Foxp3AFGFP
allele developed a fatal lymphoproliferative disease indistinguishable
from that of previously reported mutant mice (Foxp3¥276X) lacking
Foxp3 protein'? (Fig. 1). As is typical of Foxp3-deficient mice, because
of random inactivation of X chromosomes, Foxp3AEGFP/ * females devel-
oped normally and were free of disease (data not shown).

Both male and female mice with the Foxp32FGP allele had EGFP*
lymphocytes restricted to the T cell lineage, mainly the CD4* T cell
lineage with a minor component in the CD8* T cell population (Fig.
2a). Foxp3 localized together with EGFP, as detected by flow cytometry

and by real-time PCR analysis (Fig. 2a,b). Flow cytometry of EGFP*
CD4* T cells from Foxp3*EGFP male mice showed that they expressed
several cell surface markers characteristic of Treg cells, including CD25,
CTLA-4, GITR and CD44.

We analyzed the regulatory function of EGFP* CD4* T cells from
Foxp3*FGFP male mice by in vitro suppression assay and compared it with
that of T, cells isolated from male mice expressing a bicistronic cassette
encoding both Foxp3 and EGFP under control of the endogenous Foxp3
promoter (Foxp3EGtP)2> The Foxp3FSFP allele enabled specific expres-
sion of EGFP in all Foxp3* T, cells with no adverse effect on their func-
tion; Foxp3PGFP males were phenotypically normal (data not shown).
EGFP* CD4* cells from Foxp3tSFP but not Foxp3*FSFP male mice sup-
pressed proliferation of splenocytes (Fig. 2¢). In response to stimulation
with CD3- and CD28-specific antibodies, EGFP* and EGFP~ CD4* T
cells from Foxp3*FSFP male mice underwent minimal proliferation due
to generalized apoptosis (data not shown). This most likely reflected the
intense activation state of both populations in vivo, making them primed
for apoptosis after restimulation with mitogens in vitro. To circumvent
this limitation, we examined the proliferative responses of T cells from
Foxp32EGFP/* female mice. Whereas EGFP* CD4™ cells from Foxp3EGFP
mice did not proliferate in response to stimulation, EGFP™ CD4™ cells
from Foxp3AEGFP/* female mice showed substantial proliferation after
CD3 and CD28 crosslinking (Fig. 2d). These results demonstrated that
EGFP* CD4" T cells from Foxp32EGFP/* mice lacked typical Treg cell
suppressor function.

Thymic development in Foxp3EGFP mice

Examination of developing EGFP* thymocytes from Foxp3AFGFP
male mice showed that they were similar in several ways to EGFP* thy-
mocytes isolated from Foxp3EGFP controls. In mice of both genotypes,
most EGFP* cells were located in the thymic medulla (Fig. 3a). We first
detected EGFP expression at the CD4*CD8" double-positive stage of
development; it was mainly in the most mature TCRBMCD69+ double-
positive population (Fig. 3b). EGFPT CD4*CD8" single-positive thy-
mocytes in Foxp3*EGFP male mice resembled those of their Foxp3PGFP
counterparts (Fig. 3c). They had higher expression of GITR, CD25 and
CTLA-4, all markers associated with Ty, cell phenotype and function,
than did EGFP~ CD4" single-positive thymocytes. In addition, EGFP*
CD4* thymocytes from Foxp3*EGFP and Foxp3FGFP male mice had higher
expression of CD44 and CD62L (data not shown) and lower expression
of CD69 and CD24 than did EGFP~ CD4* single-positive thymocytes.
All four markers (CD44, CD62L, CD69 and CD24) are associated with
the late stages of phenotypic maturation, demonstrating that EGFP*
populations were distinct from EGFP~ thymocytes?>?”. Expression
of CD127 (interleukin 7 (IL-7) receptor-a.), reported to be lower in
peripheral T, cells?®2?°, was similarly lower in EGFP* CD4* thymocytes
from Foxp3°FSEP and Foxp3PGH male mice. CD103 (the o chain of the
integrin ;) identifies an effector Ty, cell subset, mediates T, cell
homing and limits migration®. The population expressing CD103 was
absent from the thymus but was present in the periphery of Foxp3°FGFP
male mice (Fig. 2a).

The total thymic cellularity of Foxp32*FSFP male mice was lower than
that of age-matched Foxp3FSFP control mice (63 x 10° cells versus 112 x
10° cells, respectively; P < 0.005; n = 9 mice per group). This lower
number was similar to that reported in published studies of Foxp3-
deficient mice on the same genetic background (BALB/c) and may
relate to the intense stress response and disease severity in these mice!2.
Although overall thymic size was smaller in Foxp3*EGFP male mice, the
frequency of EGFP™ thymocytes in the relevant subpopulations was
higher. Foxp32EGFP male mice had a threefold-greater percent EGFP*
double-positive thymocytes (0.23% = 0.02% versus 0.07% = 0.01%;
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Figure 2 Characterization of peripheral T cells in Foxp3*EGFP male mice. (a) Fl
GITR and CD103 on lymph node T cells from Foxp3*EGFP male mice. Numbers

ow cytometry of the expression of Foxp3, CD25, CD44, CD62L, CTLA-4,
in quadrants and below bracketed lines indicate percent cells in each gated

population. (b) Real-time PCR analysis of Foxp3 mRNA expression in sorted EGFP+ and EGFP~ CD4* T cells from Foxp32EGFP male mice. Foxp3 mRNA

is normalized to HprtI mRNA (encoding hypoxanthine guanine phosphoribosyl

transferase); the amount of Foxp3 mRNA in EGFP~ CD4* cells is assigned

an arbitrary value of 1. (c) Proliferation of ‘suppressor’ EGFP* CD4* cells sorted from Foxp32EGFP or Foxp3EGFP mice cultured alone or with ‘responder’
splenocytes (ratios, horizontal axis); responder cells remained constant at 8 x 10% cells per well. Cells were stimulated with soluble anti-CD3 and proliferative
responses were assessed by [3HIthymidine incorporation. (d) Proliferation of EGFP~ and EGFP* CD4* cells from Foxp3AEGFP™+ or Foxp3EGFP/+ female mice
stimulated with anti-CD3 and anti-CD28 (a-CD3 + a-CD28), assessed by [3HIthymidine incorporation. Data represent mean = s.e.m of three replicates (c,d)

and are representative of two to four experiments each (a—d).

P <0.005) and a twofold-greater proportion of EGFP* CD4* single-positive
thymocytes (5.73% = 0.34% versus 3.38% = 0.15%; P < 0.005; n =9

single-positive thymocytes was similar in both groups.

In Foxp3AEGFP/Jr female mice, random X chromosome inactiva-
tion resulted in expression of the Foxp3*EGFP allele in half of the cells
selected into the Ty, cell lineage. Thus, we directly compared the devel-
opment of EGFP* thymocytes in Foxp3°FSTP/+ female mice with that
in age-matched Foxp3EGFP/* female mice. This comparison avoided the
confounding effect of massive peripheral T cell activation in Foxp32EGFP
male mice on thymocyte development and the Ty, cell surface phe-
notype. The overall size of the thymus and percent EGFP* cells in
the double-positive compartment were similar in Foxp3*ESFP/* and
Foxp3ESFP!+ female mice (Fig. 3d). Although the percent EGFP* cells
in the CD4* single-positive compartment was lower in Foxp3AEGFP/+
than in Foxp3EGFP/ * female mice (1.46% = 0.23% versus 2.27% = 0.25%,
respectively; P = 0.03; n = 10 mice for both groups), the total number
of EGFP™ cells in the respective CD4* single-positive populations was
not significantly different (P = 0.11; Fig. 3d). EGFP* and EGFP~ CD4*
single-positive thymocytes from Foxp3*ESFP/+ female mice had higher
expression of GITR, CTLA-4, CD25,CD44 and CD62L (Fig. 3e). There
was also less surface CD127, CD69 and CD24 on EGFP*™ and EGFP~
Foxp3* cells in Foxp3AEGFP/* female mice. These results collectively
identified EGFP* thymocytes of Foxp32FGFP and Foxp3AEGFP/* mice as
being intimately related to developing T, cells and suggested that in
the absence of functional Foxp3 protein, the development of EGFP* T

la.l mice for both groups) relative to control mice. The percent EGFP* CD8*
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cells proceeds, at least to the point at which Ty, cell effector function
is ‘programmed” Implicit in these data is the suggestion that T, cell
lineage commitment occurs independently of Foxp3 expression.

The periphery of Foxp3*EGFP/+ female mice was depleted of EGFP*
Ty cell precursors relative to EGFP™ Ty, cells. The lower percentage
of EGFP* CD4* single-positive thymocytes in Foxp32EGFP/* female
mice suggested that elimination of defective T, cell precursors might
have begun in the thymus. We investigated this possibility by staining
thymocytes with annexin V and 7-amino-actinomycin D. We noted a
fourfold increase in late apoptotic cells (positive for annexin V and 7-
amino-actinomycin D) among EGFP* CD4" single-positive thymocytes
from Foxp32EGFP/* mice relative to that of Foxp3EGFF/* control mice
(Fig. 3f). These findings are consistent with the hypothesis that lack of
Foxp3 results in lower survival of Ty, cell precursors in the context of
an otherwise Ty, cell-sufficient host.

EGFP* CD4* cell proliferation and survival

EGFP* CD4" T cells in spleens and lymph nodes of Foxp3*ESFP males
were present in larger absolute numbers and as a larger fraction of the
total CD4* T cell population than those of Foxp3FGFP male mice (Fig.
4a,b). There was much greater population expansion of EGFP* CD4* T
cells in tissues involved in the autoimmune lymphoproliferative disorder
in Foxp3AFGFP male mice, including lung and liver (Fig. 4c,d). To deter-
mine whether these observations reflected greater in situ proliferation of
EGFP* CD4" T cells in Foxp3*ESFP male mice, we injected 15-day-old
Foxp3*ESFP male mice with bromodeoxyuridine (BrdU) and assessed BrdU
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Figure 3 Thymocyte development in Foxp32EGFP mice. (a) Localization of EGFP* cells in thymic sections from Foxp32EGFP and Foxp3FGFP male mice,

assessed by staining with anti-GFP (green), anti-CD4 (blue) and anti-I-A9 (red). C, cortex; M, medulla. Scale bars, 150 um. (b) Analysis of EGFP expression

in the double-positive and CD4* single-positive thymocyte populations of Foxp3AEGFP and Foxp3EGFP male mice. Left two plots, EGFP expression in double-
positive thymocytes. Middle two plots, CD69 and TCRf expression on CD45*EGFP* and CD45*EGFP~ double-positive thymocytes. Right plot, EGFP

expression in CD4* single-positive thymocytes. Numbers in dot plots represent

percent of total in each gate. (c) Expression of cell surface markers associated

with the Ty, cell phenotype and with thymocyte maturation on EGFP* CD4* thymocytes from Foxp3"EGFF mice (green lines) and Foxp3ESFP mice (red lines)
and EGFP- CD4+ thymocytes from Foxp3GFP mice (gray shading). (d) EGFP and Foxp3 expression in double-positive and CD4* single-positive populations
from Foxp32EGFP+ and Foxp3EGFPH+ female mice. Dot plots (left) indicate gating; in Foxp3AEGFP/+ mice, the fusion protein is detected simultaneously with
anti-EGFP and anti-Foxp3. Right, mean (+ s.e.m.) numbers of EGFP* cells (top) and Foxp3* cells (bottom) in double-positive, CD4* single-positive and

total thymocyte populations. (e) Expression of cell surface markers associated with the Ty, cell phenotype and with thymocyte maturation on Foxp3* EGFP*
CD4*, Foxp3* EGFP- CD4+ and Foxp3~ EGFP- CD4* thymocytes from Foxp3*EGFP/+ female mice. (f) Incidence of apoptosis (mean = s.e.m.) for EGFP*
thymocytes from Foxp32EGFP/+ and Foxp3EGFP/+ female mice, assessed by staining with annexin V and 7-amino-actinomycin D (7-AAD). *, P < 0.05. Data are
representative of two to four experiments with three to four mice per group for each experiment.

incorporation in their lymphocytes. We found a higher percentage of
BrdU* EGFP* than BrdU* EGFP™ T cells in both peripheral lymphoid
tissues and infiltrated organs, indicating that EGFP* CD4* T cells prolifer-
ated more in situ (Fig. 4e). In contrast, both the EGFP* and EGFP~ CD4*
T cell populations in Foxp3*FS*P male mice had similar frequency of pro-
grammed cell death, as detected by staining of freshly isolated lymphocytes
for activated caspase 3 (Fig. 4f). The staining for activated caspase 3 of both
populations was much higher than that of conventional and T, cells in
Foxp3EGFP male mice, however, probably reflecting the heightened acti-
vation state of T cells in Foxp3*FSFP male mice. These findings suggested
that the accumulation of EGFP™ T cells in Foxp3*FSFP male mice is due
to a net proliferative advantage over EGFP~ T cells.

In addition to their heightened proliferation, EGFP* T cells from the
spleen and lymph nodes of Foxp3AFSFP male mice had higher produc-
tion of T helper type 1 (Ty1) and Ty2 cytokines than did their EGFP~
counterparts (Fig. 4g,h). Dual staining with monoclonal antibodies
specific for IL-4 and interferon-y (IFN-y) showed that most EGFP*
T cells produced one or the other cytokine, suggesting that they had
already differentiated into T1 or T2 effector cells (data not shown).
In contrast, EGFP* T cells produced less IL-2 than did EGFP™ T cells
(Fig.4g,h). These results indicated that EGFP* T cells might account
for a substantial proportion of the exaggerated Tyl or Ty2 cytokine
production characteristic of Foxp3 deficiency'?.

Flow cytometry of EGFP* CD4" peripheral T cells from Foxp3AEGEP/+
females showed that like their counterparts from male mice, they
expressed several cell surface markers characteristic of T,,, cells, includ-
ing CD25, CTLA-4, GITR and CD44 (Fig. 5a) and produced little IL-2
and more IL-4 and IFN-y than did EGFP~ CD4™" T cells (Fig. 5b). These
results confirmed that the phenotypic and functional characteristics of
CD4* T cells expressing the nonfunctional Foxp3-EGFP fusion protein
were cell autonomous and were not simply a function of the dysregu-
lated immune environment associated with Foxp3 deficiency. However,
the peripheral lymphoid tissues of Foxp3*EGFP/+ females had many fewer
EGFP* T cells than those of Foxp3EGFP/* heterozygous female control
mice (Fig. 5¢). This was more accentuated in nonlymphoid organs (data
not shown) and was associated with heightened apoptosis, as demon-
strated by more detection of activated caspase 3 in freshly isolated EGFP*
CD4* T cells from Foxp32ESFP/+ females (Fig. 5¢). Notably, the EGFP*
T cells from Foxp32ESFP/* females underwent more programmed cell
death than did EGFP~ T cells from the same mice or EGFP* and EGFP~T
cells from control Foxp3FGFP/* female mice. These results suggested that
T cells expressing the nonfunctional Foxp3-EGFP fusion protein were at
a survival disadvantage relative to their normal Ty, cell counterparts.

Next we examined the capacity of EGFP~ T cells to convert to EGFP*
T cells after transfer of the former into a lymphopenic environment.
We transferred equal numbers of EGFP* and EGFP~ CD4" T cells from
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Figure 4 Population expansion of EGFP* CD4* T cells from Foxp3*EGFP male mice. (a-d) Frequency and absolute numbers (mean + s.e.m.) of EGFP* CD4+*
T cells in spleen (a), Imyph nodes (b), lung (c) and liver (d) of Foxp3*EGFP and Foxp3FGFP male mice. (e) Percent BrdU-labeled cells among EGFP* and
EGFP-CD4* T cells in lung and mesenteric lymph nodes (MLN) of Foxp3*EGFP male mice. (f) Staining for activated caspase 3 (mean + s.e.m.) in EGFP* and
EGFP- CD4* T cells freshly isolated from spleens of Foxp3*EGFP and Foxp3EGFP male mice. (g,h) Staining (g) and percent stained cells (h) for lymphocytes
isolated from lymph nodes of Foxp32EGFP male mice, then stimulated for 4 h with phorbol 12-myristate 13-acetate plus ionomycin and stained intracellularly
with antibodies specific for IFN-y, IL-2 and IL-4. (g) Numbers in quadrants indicate percent cells in each. (h) Percent cells staining for IFN-y, IL-2 and IL-4
among EGFP* CD4+* cells (E*) and EGFP~ CD4* cells (E). In e,h, small horizontal lines indicate mean; each dot represents one mouse. *, P< 0.01; **, P<
0.0001. Data represent two to four experiments with three to four mice per group per experiment.

Foxp3*FGFP male mice into SCID (severe combined immunodeficient)
mice and assessed proliferation of the adoptively transferred lympho-
cytes and development of colitis (precipitated by the lack of T, cells)?L.
Adoptively transferred EGFP~ T cells expanded their populations in SCID
hosts, and SCID recipients of EGFP~ T cells developed colitis, as demon-
strated by diarrhea, weight loss and pathological findings within 6-8 weeks
(Fig. 6a and data not shown). SCID recipients of EGFP~ T cells contained,
on average, less than 0.5% EGFP* T cells in the spleen or mesenteric lymph
nodes (Fig. 6b and data not shown). In contrast, adoptively transferred
EGFP* CD4* T cells failed to proliferate in SCID hosts, were undetectable
in peripheral lymphoid organs and did not cause colitis. Further analysis
showed the presence of very few EGFPT CD4" T cells in the lungs of SCID
recipients (Fig. 6b). A few EGFP~ CD4* T cells were also present in the
lung and spleen, probably representing the population expansion of the
few contaminating EGFP~ T cells in the transfer population.

To determine if the failure of EGFP* CD4" T cells to expand their
populations in a lymphopenic environment reflected a requirement for
EGFP~ CD4" T cells in this process, we gave SCID mice EGFP~ CD4*
T cells alone or together with EGFP* CD4" T cells at a ratio of 1:0.2.
Only mice receiving EGFP~ CD4" T cells alone or in combination with
EGFP* CD4" T cells developed colitis (Fig. 6¢). The latter group had
EGFP* CD4* T cells in their spleens at ratios that approached the ratio
of EGFP* CD4* T cells in the transferred population. However, we did
not detect EGFP™ CD4% in mesenteric lymph nodes draining the colitic
lesions. We detected a few EGFP* CD4* T cells in the lung (Fig. 6d).
These data collectively indicated that in a lymphopenic environment,
EGFP~ CD4* T cells acted as distinct population that did not freely
convert into EGFP* CD4™ T cells. They also demonstrate a dependence
of EGFP* CD4* T cells on EGFP~ CD4" T cells for survival in a lym-
phopenic environment.

‘Genetic signature’ of Foxp32EGFP T cells

To determine whether EGFP* CD4™" T cells in Foxp3*EGFF mice shared
a common molecular ‘signature’ with Ty, cells, we did a comparative
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microarray analysis of four different cell populations derived from
spleens and lymph nodes of Foxp3FSFP and Foxp32EGFF male mice. We
prepared total RNA from purified cells, amplified it and used it to gen-
erate probes for Affymetrix 430 2.0 chips. We identified the subset of
probe sets whose expression increased or decreased by twofold or more
in any comparison. We also compared our results with published gene
expression profiles of Ty, cells and conventional T cells®2,

We first compared the expression profiles of EGFP* CD4™ cells from
Foxp32ESFP and Foxp3PSFF mice with those of conventional EGFP~ CD4*
T cells from Foxp3FSFP mice. We identified a total of 514 probe sets cor-
responding to 413 unique genes as being common to EGFP™ CD4" cells
from Foxp3°EGFP and Foxp3ESFP mice. Of these, 242 genes were overex-
pressed and 171 were underexpressed relative to their expression in con-
ventional T cells. ‘Interrogation’ of the probes using published gene array
data® with the latter set at 1.5- and 2-fold cutoffs showed concordance
rates of 72% and 56%, respectively (Supplementary Table 1 online).

We then compared EGFPT and EGFP~ CD4" cells in each mouse and
derived a gene set common to both comparison groups. By incorporat-
ing into the analysis comparison of EGFP* and EGFP~ CD4* cells from
Foxp3AEGFP mice, the contribution of the generalized T cell activation
state in these mice (which involved both cell populations) to the results
was minimized, as many of the genes associated with the T, cell ‘genetic
signature’ were also expressed in activated T cells. With this approach, we
identified a total of 163 probe sets corresponding to 133 unique genes
as being common to EGFP* CD4* T cells in Foxp32EGFF and Foxp3PGrP
mice (Supplementary Table 2 online). Of these, 83 genes were overex-
pressed and 50 were underexpressed relative to their expression in the
respective EGFP~ CD4* cells. ‘Interrogation’ of the identified probe sets
using the published array data? with the latter set at 1.5- and 2-fold
cutoffs showed concordance rates of 71% and 49%, respectively. These
results indicated that a plurality of the genes identified were constituents
of a T, cell ‘genetic signature’ shared across different data sets.

Examination of the identified common genes resulted in several
findings (Fig. 7). First, the shared ‘genetic signature’ of EGFP* CD4*
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T cells in Foxp3"ESFP and Foxp3PSFP mice included most of the genes
identified as being characteristic of the T, cell lineage, including
(among others) I12ra, Ctla4, Itgae, Cd83, Gpr83, Gzmb, Ikzf2, Icos, Il112,
Il1r11,Klrgl, S100a4, S100a6, Tiaml, Tnfrsf4, Tnfrsf9 and Tnfrsf18 (refs.
32-35; Fig. 7a and Supplementary Table 1). Examination of the rela-
tive expression of each gene in EGFP* CD4* T cells from Foxp3EGFP
and Foxp3AEGFP mice suggested that the phenotype of cells from the
latter mice was closer to that of CD25" activated Tyeq cells (lower
l .I expression of Cd25, Gpr83 and Itgae and higher expression of Il1rl1
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IL-4 and IFN-y by EGFP* CD4* T cells in Foxp3*EGFP* female mice. Small
and absolute numbers (mean + s.e.m.) of EGFP* CD4* T cells in lymph nodes

of Foxp3MEGFP/+ and Foxp3EGFP/+ female mice (left and middle), and frequency of activated caspase 3 in EGFP+ and EGFP~ CD4+ T cells freshly isolated from

two to four experiments with three to four mice per group per experiment.

and Icos). The subset of genes that remained overexpressed in EGFP*
CD4" T cells from Foxp3EGFP and Foxp3EGFP mice after the contri-
bution of EGFP~ CD4™" T cells from Foxp3FGFP and Foxp3°EGFP mice
was ‘filtered out’ (Supplementary Table 2) included several canoni-
cal markers of the Treg cell ‘genetic signature’, such as Ctla4, II2ra,
Itgae, 1110, Socs2, Trafl, Nfil3 and Nrpl. Another gene of interest that
emerged from the second analysis was Bhlhb2; deficiency in this gene is
associated with autoimmunity and lymphoproliferation®. Expression
of genes encoding cell signaling regulators, such as Dusp4, and those

Figure 6 EGFP- CD4* T cells from Foxp3AEGFP
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Figure 7 EGFP* CD4* T cells from Foxp3*EGFP and Foxp3EGFP male

mice share a common ‘genetic signature’. (a) Overlap of gene-expression
profiles of EGFP* CD4* T cells from Foxp3AEGFP and Foxp3EGFP male mice.
Commonly expressed genes are identified by comparison of the expression
profiles of EGFP* CD4+ T cells from Foxp3AEGFP and Foxp3EGFP male mice
with that of EGFP~ CD4* T cells from Foxp3tGFP male mice. Top, comparison
groups and number of genes shared. (b) Genes differentially expressed

in EGFP* CD4* T cells from Foxp3*EGFP and Foxp3EGFP male mice. Data
represent mean ‘fold change’, derived from three independent experiments
each representing mRNA pooled from four to ten mice. P < 0.05 (Student’s
unpaired two-tailed T test).

encoding orphan steroid receptors linked the regulation of T cell
development, including Nr4al, Nr4a2 and Rora’7, was also enriched
in EGFP* CD4" T cells from Foxp3FSFP and Foxp3AFSFP mice. Among
the genes underexpressed in EGFP* CD4* T cells from Foxp3EGFP and
Foxp3EGFP mice were Tcf7, 1171, Sema4a, Pdlim4 and Btbd14a (Fig. 7a
and Supplementary Table 1).

We gained insight into Foxp3-dependent gene expression by com-
paring the ‘genetic signatures’ of EGFP* CD4" T cells from Foxp3FGFP
and Foxp3*FSFP mice. Unexpectedly, few genes characteristic of the
T,eg cell ‘genetic signature’ were overexpressed in EGFP* CD4* T cells
from Foxp3PGFP and Foxp32FGFP mice. More typical was the relative
enrichment of transcripts not associated before with the T, cell
‘genetic signature’, including those encoding a B cell transcription
factor (Bach2), p53-regulated PA26 nuclear protein (Sesnl), large
tumor suppressor (Lats2), complement protein—regulator decay-
accelerating factor (Daf) and an inhibitory regulatory Smad protein
(Smad7). In contrast, EGFP* CD4* T cells from Foxp32FGFP mice over-
expressed genes encoding many cell cycle regulators, consistent with
their intense proliferation (Supplementary Table 3 online). There was
notable overexpression in EGFP* CD4" T cells from Foxp3*FSFP mice
of genes associated with a cytotoxic effector program, including the
granzyme-encoding genes Gzma, Gzmb and Gzmk, Lilrb4 (encoding
the inhibitory receptor gp49b), Slamf7 (encoding Cracc), Nkg7, Lgals3
(encoding galectin 3) and, with lower expression, Fas! (encoding Fas
ligand) and Cd160. Consistent with such a profile is the overexpression
in EGFP* CD4™" T cells from Foxp3*ESFP mice of Thx21, encoding the
transcription factor T-bet, a key regulator of Ty;1 differentiation and
IFN-y production in CD4* T cells and the cytotoxic effector programs
of CD8*, natural killer and natural killer T cells®®. EGFP* CD4* T
cells from Foxp32EGFP mice also overexpressed many genes encoding
cytokines, most notably Il4, Ifng and I121 and, in smaller amounts, Ebi3
(encoding IL-27) and Tnfsf14 (encoding LIGHT), consistent with our
functional data (Figs. 4,5). EGFP* CD4* T cells from Foxp3*EGFP mice
also had a profile of expression of genes encoding chemokines and
chemokines associated with tissue-infiltrating inflammatory T cells;
the gene encoding the chemokine receptor CXCR6 (Cxcr6), linked to
the trafficking of T cells that mediate type 1 inflammation, and genes
encoding the inflammatory chemokines CCL1 (CclI), CCL3 (Ccl3),
CCL4 (Ccl4), and CCL5 (Ccl5) were overexpressed in EGFPT CD4* T
cells from Foxp32EGFP mice®.

DISCUSSION

Here we have shown that in the absence of functional Foxp3 protein,
thymocytes destined to develop into T, cells proceeded to develop into
mature T cells that despite lacking regulatory function shared several
characteristics with T, cells, including similar thymic development,
exclusive expression of aTCRs, ‘genetic signature’ and cell surface
phenotype, and a lack of spontaneous conversion from conventional
T cells during homeostatic proliferation. The equal number of EGFP*
cells at the double-positive stage of development in Foxp3*ESFP/+ and
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Foxp3EGFP/* female mice indicated that T,¢g cell lineage commitment
occurred before Foxp3 expression. EGFP* T cells in both Foxp3AFGFP
male and Foxp3*FSFP/+ female mice continued down this developmen-
tal pathway and displayed a mature cell surface phenotype characteristic
of functional Ty, cells. Although Foxp3 may have some function in
determining the amount of expression of surface molecules, as sug-
gested by other data, the T, cell-like phenotype was independent of
Foxp3. Thymi of Foxp3*ESFY"* and Foxp3EGFP/* female mice contained
equal numbers of Foxp3* T cells, indicating that Foxp3 did not directly
influence either the positive or negative selection of T, cells. A few
mature Ty, cell precursors in the thymi of Foxp3AEGFP/+ female mice
showed signs of apoptosis, and there were many fewer of such cells in
the periphery. This suggested that the function of Foxp3 in T, cell sur-
vival islinked to the development of T, cell effector function. Whether
this putative survival function is intrinsic to Ty, cells or is the result of
Foxp3-induced resistance to other mechanisms of tolerance cannot be
determined from our studies.

Some of the attributes that distinguished EGFP* CD4" T cells in
Foxp3*EGFP mice from wild-type Tieq cells can be directly linked to loss
of Foxp3 function. Prominent among these were a lack of suppressive
activity and enhanced Ty;1 and T2 cytokine production; Foxp3 conveys
regulatory activity and suppresses cytokine production after its ectopic
expression in conventional T cells**#2, However, although Tyeg cells do
not produce IL-2 after activation and Foxp3 suppresses II2 transcrip-
tion after its ectopic expression in T cells, activated EGFP™ CD4* T
cells from Foxp3*EGFP male mice had much less IL-2 expression than
did EGFP~ CD4* T cells from the same mice. The idea that this was not
due to intense activation and cytokine polarization in the context of a
dysregulated immune system was indicated by the finding that EGFP*
CD4* T cells from Foxp3°ESFP/+ female mice had a similar propensity for
less production of IL-2. These results suggested that lower production of
IL-2 may be an attribute of cells committed to the Ty, cell lineage that
may be further accentuated by Foxp3.

Consistent with the ‘bias’ of the TCR repertoire of Ty, cells toward
self-reactivity, proliferating EGFP* CD4* T cells in Foxp32EGFP male
mice were present in tissues targeted by the autoimmune response,
including lung and liver. Although antibody-mediated depletion of T,,,,
phenotype is less severe than the lethal autoimmune lymphoprolifera-
tive process unleashed by Foxp3 deficiency in mice and humans or by
toxin-mediated depletion of Ty, cells in mice192143, Our results would
suggest that Foxp3 deficiency results in the emergence of a particularly
autoaggressive subset of lymphocytes comprising cells originally des-
tined to develop into Ty, cells. However, adoptively transferred EGFP*
CD4" T cells from Foxp32EGFP mice failed to precipitate disease in the
target organs of lymphopenic hosts on their own, indicative of a require-
ment for additional lymphocytic elements to foment autoimmunity and
tissue infiltration.

After transfer into lymphopenic hosts, EGFP~ CD4" T cells from
Foxp3*EGFP mice did not appreciably convert to EGFP* CD4" T cells
during homeostatic proliferation. In addition, homeostatic prolifera-
tion of transferred EGFP* CD4™" T cells occurred only in the presence
of cotransferred EGFP~ CD4" T cells. Notably, the population expan-
sion of Ty, cells in a lymphopenic environment is also dependent on
conventional T cells, reflecting a potential requirement for conventional
T cell-derived IL-2 (ref. 44). In contrast to their greater production of
IL-4 and IFN-y, EGFP* CD4* T cells from Foxp3*EGFP mice were less
effective in their production of IL-2, a phenotype also shared by T,
cells. IL-7, a cytokine critical for effective homeostatic proliferation of
CDA4™ T cells, is dispensable for T, cell homeostatic population expan-
sion, as the latter expand their populations normally in IL-7-deficient

l .I cells is associated with the precipitation of autoimmunity, the resultant

hosts*>. Consistent with this observation was the finding that EGFP*
CD4* T cells from Foxp3“FSFP mice had very low expression of IL-7
receptor-a.

Gene-expression-profile analysis showed that most transcripts associ-
ated with the Ty, cell ‘genetic signature’ were present in EGFP* CD4* T
cells expressing the nonfunctional Foxp3-EGFP fusion protein; these data
indicated that expression of such transcripts and, by extension, the T,
genetic program are mostly independent of functional Foxp3 protein.

Some T, cell-associated transcripts, including Itgae, had higher expres-
sion in T, cells than in EGFP* CD4* T cells from Foxp3*FS™ male mice,

Te;
suggestingg that Foxp3 may upregulate the expression of these transcripts.
In contrast, many genes involved in cell cycle regulation and in proinflam-
matory and cytotoxic T cell activity were overexpressed in EGFP* CD4* T
cells from Foxp3*FSFP male mice. This profile can be interpreted as being
a further differentiated form of an already existent cytotoxic function of
Teg cells that is necessary for their suppressor activity*o—8,

Finally, the development and disposition in normal hosts of Ty,
cell precursors that fail for some reason to upregulate Foxp3 expres-
sion in the thymus is an issue of inherent relevance to the pathogenesis
of autoimmunity. The lack of disease in Foxp3*FSFP/* female mice or
mothers of patients with IPEX syndrome has been interpreted to reflect
the capacity of functional Ty, cells in such hosts to mediate dominant
tolerance!>13-15. Our findings extend the understanding of tolerance in
carrier females by showing that the periphery is depleted of autoreactive
Tieg cell precursors with mutated Foxp3 alleles. Whether such cells could
develop and persist in certain conditions and contribute to autoimmune
disease requires further investigation.

METHODS

Mice. Foxp3EGFP and Foxp3K276X mice were generated as described!'22>. For
the generation of Foxp3*EGFP mice, Foxp3 genomic DNA was isolated from a
bacterial artificial chromosome clone (Genome Systems) and was subcloned
into the plasmid vector pKO (Lexicon). An Hpal restriction site was created
by site-directed mutagenesis of codons 396 and 397 in exon 11 of Foxp3 (from
GTGCGA to GTTAAC). EGFP ¢DNA followed by a stop codon was inserted
in-frame after codon 396 (which continued to encode valine) by blunt-ended
ligation at the newly created Hpal site. A phosphoglycerate kinase-neomycin-
resistance (PGK-neo") cassette was also inserted at the EcoRI site in intron 9 of
Foxp3 in the same orientation as Foxp3 and was flanked by two loxP sites to allow
excision by Cre-mediated recombination. The targeting construct also included a
diphtheria toxin gene for negative selection against randomly inserted targeting
constructs. Targeting plasmids were introduced by electroporation into SCC10
embryonic stem cells, which were subjected to G418 selection. Resistant clones
were screened by Southern blot analysis and successfully targeted clones were
injected into C57BL/6 blastocysts. Chimeric males were mated with ‘Cre-deleter’
female mice on the BALB/c background that had an allele with constitutive,
ubiquitous expression of Cre recombinase*’. N; female mice heterozygous for the
Foxp3"EGFP allele (minus the PGK-neo™ cassette) were identified by genotyping.
All Foxp3 mutant mouse strains were backcrossed for eight to twelve genera-
tions onto the BALB/c background. Mice were housed in specific pathogen—free
conditions and were used according to the guidelines of the institutional Animal
Research Committees of the University of California in Los Angeles and the
Medical College of Wisconsin.

PCR analysis. Screening of the Foxp32EGFP and Foxp3EGFP alleles was achieved by
PCR amplification with the following EGFP-specific sense primers: forward, 5'-
CGGCAAGCTGACCCTGAAGT-3'; reverse, 5'-GGATGTTGCCGTCCTCCTTG-
3'. PCR-based discrimination of wild-type and mutated alleles was accomplished
by analysis of the presence of residual loxP sequence retained in the respec-
tive allele after Cre-mediated excision of the PGK-neo" cassette. Primers used
were 5'-GCGTAAGCAGGGCAATAGAGG-3' (sense) and 5'-GCATGAGGT-
CAAGGGTGATG-3' (antisense). Real-time PCR for Foxp3 expression was done
as described!?. Foxp3 expression was normalized to that of the gene encoding
hypoxanthine guanine phosphoribosyl transferase.
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