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Proper thymocyte development is re-
quired to establish T-cell central toler-
ance and to generate naive T cells, both
of which are essential for T-cell homeosta-
sis and a functional immune system. Here
we demonstrate that the loss of transcrip-
tion factor Foxp1 results in the abnormal

development of T cells. Instead of gener-
ating naive T cells, Foxp1-deficient single-
positive thymocytes acquire an activated
phenotype prematurely in the thymus and
lead to the generation of peripheral CD4*
T and CD8* T cells that exhibit an acti-
vated phenotype and increased apopto-

sis and readily produce cytokines upon
T-cell receptor engagement. These re-
sults identify Foxp1 as an essential tran-
scriptional regulator for thymocyte devel-
opment and the generation of quiescent
naive T cells. (Blood. 2010;115:510-518)

Introduction

In the thymus, by recognizing major histocompatibility complex
(MHC)-self peptide complexes, CD4"CDS8* double-positive (DP)
thymocytes with functional T-cell receptors (TCRs) will undergo
positive and negative selection and differentiate into CD4 single-
positive (SP) or CD8 SP thymocytes.!?> SP thymocytes egress from
the thymus and become mature naive T cells in the periphery. Both
SP thymocytes and naive T cells are considered quiescent cells
without effector functions.? T-lymphocyte quiescence was thought
to be due to the lack of activation signals. Recent advances,
however, have shown that T-cell quiescence is not a default state,
but an actively maintained balance of stimulatory and inhibitory
signals including active transcriptional regulation, and both extrin-
sic and intrinsic mechanisms exist to control this complex quies-
cence program.*’ How the quiescent state of SP thymocytes is
achieved during thymocyte development is not understood.

Low- or high-affinity self-ligands induce distinct TCR binding
kinetics leading to differential downstream signaling events during
thymocyte differentiation.? ' How these differences in TCR signal-
ing lead to different functional outcomes in thymocyte differentia-
tion is still unclear. In particular, not much is known about
transcriptional regulation downstream of TCR signaling in thymo-
cytes. NFAT, NF-kB, and several other transcription factor fami-
lies, including Egr-1, Id3, E2A and Schnurri-2 (Shn-2) have been
studied in thymocyte development.!!-17 Yet to a large extent, their
downstream targets in thymocytes remain unknown. Krupple-like
factor 2 (KLF2), a zinc-finger transcription factor induced during
DP to SP thymocyte differentiation, has been reported to regulate
SP T-cell quiescence and survival.'® Later studies, however,
showed that KLF2 directly regulates the expression of the
sphingosine-1-phosphate (S1P) receptor S1P, the adhesion mole-

cule L-selectin (CD62L)," and several chemokine receptors.?
Therefore, it seems as if KLF2 controls the migration rather than
the quiescence of thymocytes.

Forkhead box (FOX) proteins are a large transcription factor
family with diverse functions in development, metabolism, organo-
genesis, and cancer.?! In the immune system, several forkhead
proteins have been shown to be critically involved in the develop-
ment and function of B and T lymphocytes.?>3? Foxpl, a member
of the “Foxp” subfamily, was originally cloned from a mouse
B-cell leukemia cell line and later demonstrated to be an essential
transcriptional regulator of B lymphopoiesis via direct regulation
of the B cell-specific Erag enhancer.?'*> However, Foxpl is
expressed in many other cell types including monocytes,3!-33.34
where it also appears to have an essential role in differentiation and
macrophage function.?

In this study, we address the role of Foxpl in T cells. We show
that its conditional deletion at the DP stage results in SP thymocytes
that abnormally acquire an activated phenotype in the thymus,
demonstrating that Foxpl is essential for the generation of quies-
cent naive T cells during thymocyte development.

Methods
Mice

All animals were maintained in specific pathogen-free barrier facilities and
were used in accordance with protocols approved by Institutional Animal
Care and User Committee at The Wistar Institute. C57BL/6J mice and B6
CD45.1 congenic mice were purchased from The Jackson Laboratory.
Cd4°r transgenic mice were purchased from Taconic.
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The Foxpl conditional targeting construct was designed to have short
(1.0 kb) and long (6.9 kb) arms of homology. The targeting strategy was
designed to use 2 site-specific recombinations in vivo: (1) Flp recombinase
to delete the neo marker from the mouse germline, and (2) Cre recombinase
to conditionally delete Foxpl exons 11 and 12 flanked by 2 loxP sites.
Generation of the conditionally targeted mouse used similar procedures as
described.?* FoxpI"* mice (129 background) were backcrossed with
C57BL/6 mice for at least 5 generations. Genotypes of FoxpI7*, Foxp1™
mice were determined by polymerase chain reaction (PCR) amplification.
The wild-type allele was identified by the production of a 370-base pair
PCR product and mutated Foxp1 allele was identified by the production of a
280-base pair PCR product with primer 1 (5'-CTCCTAGTCACCTTC-
CCCAGTGC-3") and primer 2 (5'-GAACACTGTCGAATGACCCTGC-
3"). FoxpI" mice were crossed with Cd4°™ transgenic mice to generate
Foxp1"'Cd4° and control Foxpl”*Cd4“ mice. In some experiments
Foxpl*'* Cd4° mice were used as control mice.

Flow cytometry, cell-surface staining, and cell sorting

Single-cell suspensions of thymuses, lymph nodes, spleens, and bone
marrow (2 femurs) were prepared. For each staining, at least 5000 events
were collected for analysis. The following antibodies were obtained from
eBioscience, Biolegend, or BD PharMingen: allophycocyanin—anti-CD4
(GK1.5), phycoerythrin (PE)-anti-CD44 (IM7), PE-anti-CD5 (53-7.3),
PE-anti-CD25 (PC61), PE-anti-CD127 (A7R43), PE-anti-CD122 (TM-
bl), PE—-anti-FasL (FML3), PE—cyanine 7 (cy7)-anti-Fas (Jo2), PE—anti-
TCRg (H57-597), fluorescein isothiocyanate (FITC)-anti-TCRV,2 (B20.1),
FITC-anti-TCR-V,3.2 (RR3-16), PE-anti-TCR-V,8.3 (B21.14), FITC-anti-
TCR-V,11.1.2 (RR8-1), FITC-TCR-V;5 (MH3-2), PE-anti-TCRV8.1.2
(MRS5-2), PE-anti-TCRV8.3 (CT-8C1), PE-anti-TCRV10 (B21.5), peri-
dinin-chlorophyll-protein complex (Percep)-cyS.5—anti-CD62L (MEL-14),
Percep—yS5.5—anti-CD8 (53-6.7), FITC—anti-CD3 (145-2C11), FITC—anti-
CD69 (H1.2F3), FITC-anti-CD8g (H35-17.2), FITC-anti-Qa2 (69H1-9-9),
biotin—anti-heat stable antigen (HSA) (M1/69), and Percep-cy5.5—
conjugated streptavidin. Cells were counted by trypan blue staining.
Nonspecific antibody binding was blocked with anti-CD16/CD32 anti-
bodies (2.4G2) before staining. Cell staining samples were analyzed by
either FACSCalibur or LSRII (BD PharMingen). Data were analyzed by
FlowJo software (TreeStar). A FACSVantage (BD PharMingen) was
used for cell sorting with a combination of various antibodies. The
sorted populations were more than 98% pure.

Peripheral T-cell purification, CFSE labeling, and cell
proliferation

Peripheral CD4* T and CD8* T cells from pooled spleens and lymph nodes
were isolated with the Dynabeads Mouse CD4 kit or FlowComp Mouse
CDS kit (Invitrogen Dynal AS). For carboxyfluorescein succinimidyl ester
(CFSE) labeling of peripheral T cells, purified CD4" T or CD8" T cells
were incubated at 107/mL with 1 to 1.5uM CFSE (Invitrogen/Molecular
Probes) for 8 minutes at room temperature, then washed twice in medium
with 10% fetal bovine serum. To examine the proliferation of purified
peripheral T cells to TCR stimulation, CFSE-labeled CD4" T or CD8*
T cells were stimulated with 0.1 to 1 pg/mL anti-CD3 antibodies
(145.2-C11) with or without 2 pwg/mL anti-CD28 antibodies (37.51) in
plates precoated with 0.3 mg/mL goat anti-hamster immunoglobulin G
(ICN Pharmaceuticals). The cells were cultured in Dulbecco modified
Eagle medium supplemented with 10% heat-inactivated fetal calf serum,
2.5mM L-glutamine, 50 U/mL penicillin, 50 pg/mL streptomycin, 10mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, and 5 X 107°M
2-mercaptoethanol. CFSE profiles were examined at 24 or 48 hours
of culture.

Cytokine intracellular staining

For peripheral T cells, freshly isolated spleen cells were stimulated for
4 hours with 5 ng/mL phorbol 12-myristate 13-acetate (PMA) plus 1 pg/mL
ionomycin, or 2 pg/mL anti-CD3 plus 2.5 pg/mL anti-CD28 antibodies.
For fluorescence-activated cell sorting (FACS)-sorted CD8 SP thymo-
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cytes, the cells were stimulated with 50 ng/mL PMA plus 500 ng/mL
ionomycin for 4 hours. Brefeldin A (BD PharMingen) was added for the last
2 hours of the cultures for stimulation. Intracellular staining for interferon y
(IFN-v), interleukin-2 (IL-2), and IL-4 was performed using the Cytofix/
Cytoperm Kit (BD Pharmingen).

Apoptosis and in vitro regulatory T-cell suppression assays

Immediately after isolation from the mice, thymocytes, spleen, and lymph
node cells were first stained with various cell-surface markers, washed, then
stained with FITC—anti—annexin V (eBioscience). The cells were washed
and incubated on ice with 0.5 pg/mL propidium iodide (PI; Invitrogen) for
15 minutes right before analysis.

To examine T-cell apoptosis in vitro, purified peripheral CD4* T or
CD8™" T cells were cultured in medium with or without 10 pg/mL anti-FasL
antibody (MFL3; eBioscience) for 24 hours, and analyzed for annexin V
and PI staining. To induce activation-induced cell death, purified T cells
were activated with 1 pg/mL anti-CD3 and 2 pg/mL anti-CD28 for 2 days
and then cultured in the presence of recombinant human IL-2 for
3 additional days. On day 5 the cells were restimulated with 2 pg/mL
anti-CD3 for 24 hours with or without 10 pg/mL anti-FasL antibody, then
analyzed for annexin V and PI staining.

For in vitro regulatory T-cell suppression assay, responder CD4*CD25~
T cells were FACS-sorted from 10-week-old FoxpI7*Cd4“ mice and
labeled with CFSE. CFSE-labeled responder T cells (7 X 10°) were cul-
tured in medium alone or with FACS-sorted CD4*CD25* T cells (regula-
tory T [Treg] cells) from Foxp 1" Cd4°™ or Foxp 1"t Cd4 mice at a variety
of Treg to responder ratios (1:2, 1:4, 1:8) in the presence of 0.05 pwg/mL
anti-CD3 and irradiated wild-type splenocytes (4 X 10°) in 24-well plates.
After 4 days of culture, cells were prepared for flow cytometric analysis of
responder cell division and cytokine production. Cells were stimulated for
4 hours in the presence of PMA (50 ng/mL), ionomycin (1uM), and
brefeldin A. Cells were then stained with anti-CD4 and anti-CD25
before being fixed and permeabilized and stained with anti—IFN-vy.

Real-time reverse-transcription PCR

CD5"" DP thymocytes from 4- to 5-week-old Foxpl™*Cd4c* or
FoxpI"Cd4¢ mice were FACS-sorted. RNA was purified and real-time
reverse-transcription PCR was performed as described.? The primers
used to detect the expression of Ragl and Rag2 genes are as follows:
forward, 5'-CTGTGGCATCGAGTGTTAACAAC-3' and reverse, 5'-
GGAGGCAGCCATGTTGG-3" for Ragl; forward, 5'-CTGGCCT-
TCAGTGCCAAAATAAG-3" and reverse, 5'-GGCTATGTTATGAC-
CCACTGTTAC-3' for Rag2.

Immunoblot analysis

Thymocyte subsets as well as peripheral CD4* T and CD8" T cells were
purified from C57BL/6, Foxpl*'*Cd4C=, Foxpl?*Cd4“®, or Foxpl"Cd4c
mice by FACS-sorting or Dynabeads purification. Lysates of 1.5 X 10° cells
of each cell population were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. Foxpl-specific monoclonal antibody
1G1, goat anti-Foxpl polyclonal antibody (P20; Santa Cruz Biotechnol-
ogy), and anti—B-actin (Santa Cruz Biotechnology) were used for
immunoblotting.

Intrathymic transfer

FACS-sorted CD5'% DP thymocytes (9-10 X 10°) from 4-week-old
Foxpl"+Cd4c or Foxpl"'Cd4° mice were transferred in 20 pL of
sterile phosphate-buffered saline into the thymuses of wild-type B6
CD45.1 recipient mice that were sublethally irradiated (5 Gy). Thymo-
cytes of recipient mice were analyzed at days 3, 5, and 6 after transfer.

Mixed bone marrow chimeras

Bone marrow cells from Foxpl™*Cd4c (CD45.17CD45.2%) and
FoxpI"Cd4€ (CD45.1- CD45.2") mice were depleted of CD4%,
CD8*, CD3*, B220", and NKI.1* cells by FACS-sorting using a
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Figure 1. Generation of the conditional Foxp1 allele. (A) Diagram of the targeting
vector containing Foxp1 exons 11 to 14. (B) Southern blot analysis to identify
embryonic cell lines carrying the targeted Foxp1 locus. Xbal-digested (left) and
Spel-digested (right) genomic DNA from embryonic stem cells, hybridized to the
2 probes in the short and long arms, respectively. (C) PCR analysis of heterozygous
mice confirms germline transmission. Shown is a PCR result indicating the cointegra-
tion of the 3’ downstream loxP site (370 bp) and wild-type allele product (280 bp)
using primers 1 and 2.

combination of PE-conjugated antibodies, and were mixed at an
approximately 1:1 ratio before being transferred intravenously into the
lethally irradiated (9 Gray) B6 CD45.1 recipient mice. The mixed
chimeras were analyzed 6 to 10 weeks after reconstitution.

Histopathology

Lungs, livers, and kidneys were removed from 24-week-old mice. Needle
perfusion was performed on each organ using 10% formalin. Samples were
formalin-fixed, paraffin-embedded, and stained with routine hematoxylin
and eosin staining before tissue histology. Photomicrographs were taken at
both X 10 and X40 magnifications.
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Statistics

Two-tailed Student 7 tests were used to calculate P values for all the
relevant figures.

Results

Reduced cell number and activated phenotype of peripheral
Foxp1-deficient T cells

In T lymphopoiesis, we found that Foxpl was expressed at all
developmental stages from double-negative (DN) cells in the
thymus to mature naive T and regulatory T (Treg) cells in the
periphery, and the full-length FoxplA was found to be the most
highly expressed isoform (supplemental Figure 1A, available on
the Blood website; see the Supplemental Materials link at the top of
the online article).

Foxpl-null mice die at embryonic day 14.5 due to heart valve
and outflow tract anomalies.** To determine the function of Foxpl
in T cells, we generated a conditionally targeted strain (Figure 1
and supplemental Figure 1B). Floxed Foxpl (Foxplf) mice were
crossed with Cd4€™ transgenic mice in which the Cre recombinase
is under the control of a Cd4 promoter and starts to be expressed at
the CD4*CD8" (DP) stage of thymocyte development.®® Accord-
ingly, we found that DP thymocytes and peripheral CD4" T and
CD8" Tcells from FoxpI"Cd4¢ mice were devoid of Foxpl
expression (supplemental Figure 1C-D), demonstrating efficient
deletion of Foxpl in both CD4 and CD8 T cells.

Compared with those in the control Foxpl?*Cd4c* mice, the
total numbers of CD4™ T and CD8* T cells in Foxp!7"{Cd4¢™ mice
were normal at weeks 4 to 5, but became significantly lower with
age (Figure 2A). And we found that almost all T cells from
FoxpI"fCd4¢ mice had an activated phenotype with uniformly
high expression of CD44 (Figure 2B). Also with age, the percent-
age of CD62LY CD4" T cells increased in FoxpI"Cd4°™ mice
(Figure 2B). Although CD62L expression on CD8" T cells was
comparable between FoxpI"'Cd4 and the control mice at all ages
(Figure 2B), we found that the percentages of CD122hsh CD8*
T cells and the percentages of CD69Positive CD4™ T as well as CD8*
T cells increased in FoxpI7Cd4C mice with age (supplemental
Figure 2A-B). These results demonstrate that in the absence of
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overt antigen challenge, peripheral Foxpl-deficient T cells exhibit
an activated phenotype and have reduced cellularity.

Peripheral Foxp1-deficient T cells respond like activated T cells
and have increased apoptosis

To determine whether Foxpl-deficient T cells are functional, we
examined their capacity to produce cytokines ex vivo. Without
TCR stimulation, neither Foxpl-deficient nor the control T cells
produced any cytokines examined (data not shown). However,
upon transient ex vivo stimulation by anti-CD3 plus anti-CD28
antibodies, or by phorbol 12-myristate 13-acetate (PMA) plus
ionomycin, higher percentages of Foxpl-deficient CD4* T cells
produced IL-2 (Figure 3A), but not IFN-y or IL-4 (data not
shown). Higher percentages of Foxpl-deficient CD8* T cells
were found to produce IL-2 and IFN-y under both stimulation
conditions (Figure 3A).

Studies have shown that activated T cells are more responsive
than naive T cells upon TCR stimulation.’” We found that higher
percentages of Foxpl-deficient T cells proliferated and up-
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Figure 3. Peripheral Foxp1-deficient T cells respond like activated T cells and
have increased apoptosis. (A) Total spleen cells from 4-week-old Foxp 17+ Cad4Cre
and Foxp17Cd4Cr mice were stimulated with anti-CD3 plus anti-CD28 antibodies or
PMA plus ionomycin for 4 hours and analyzed for IL-2 and IFN-y production by
intracellular staining. The data are gated on CD4" T or CD8" T cells, and are
representative of various time points (weeks 4, 8, and 21) in at least 3 independent
experiments. (B) Purified CD4* T or CD8 T cells from 4-week-old Foxp 17+ Cd4Cre
and Foxp1”Cd4Ce mice were labeled with CFSE and stimulated with 1 pg/mL
anti-CD3 antibodies for 2 days. Cell proliferation was analyzed by measuring the
CFSE profile. Data are representative of 2 independent experiments. (C) Thymic and
lymph node cells from 8-week-old Foxp17*Cd4C and Foxp1"'Cd4c mice were
analyzed for apoptosis by annexinV and Pl staining. The bars represent the
percentages of annexin V* PI~ cells in gated CD4* or CD8" T cells. Data represent
average * SD of the data of 8-week-old mice, n = 4. *P < .05; **P < .01.
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regulated CD69 and CD25 expression than did the control cells to
suboptimal stimulation by anti-CD3 antibodies without costimula-
tion (Figure 3B and supplemental Figure 3A). These results suggest
that Foxpl-deficient T cells in the periphery are not naive cells
masked with an activated phenotype. They produce cytokines
rapidly and respond like activated T cells.

To understand the mechanism underlying the reduced numbers
of Foxpl-deficient T cells in the periphery, we examined apoptosis
of Foxpl-deficient T cells by annexin V staining. We found that in
the periphery but not in the thymus, the percentages of annexin V—
positive but propidium iodide (PI)-negative CD4* T and CD8*
T cells were significantly higher in Foxp1”Cd4¢™ mice than in the
control mice (Figure 3C), indicating that Foxpl-deficient T cells
have increased apoptosis in the periphery. We examined Fas and
FasL expression and found that only Fas expression was slightly
increased in Foxpl-deficient T cells (supplemental Figure 3B). To
determine whether the increased apoptosis of Foxpl-deficient
T cells is mediated by Fas-FasL interaction, we used a blocking
anti-FasL antibody that prevented activation-induced cell death of
both control and Foxpl-deficient T cells in vitro (supplemental
Figure 3C). When cultured in vitro in medium alone, higher
percentages of both Foxpl-deficient CD4* T and CD8" T cells
underwent apoptosis (supplemental Figure 3D). However, apopto-
sis could not be prevented by adding the blocking anti-FasL
antibodies (supplemental Figure 3D).

Our previous study showed that Foxp1 regulates expression of
Rag genes in B- but not in T-lineage cells.?? In accordance, we
found no differences in the expression of Rag genes between
Foxpl-deficient and control DP thymocytes (supplemental Figure
4A). We also examined the distribution of the TCR repertoire and
found that the percentages of all the TCR V, and Vg families
examined were almost identical in the periphery of FoxpI7{Cd4¢re
and the control mice (supplemental Figure 4B). These results
suggest that although Foxpl-deficient T cells have an activated
phenotype and increased apoptosis, it is unlikely due to biased
generation or selective survival of a particular subpopulation of
T cells during T-cell development in the absence of Foxpl.

Despite the overtly activated Foxp1-deficient T cells, we did not
find any significant infiltration of lymphocytes in multiple organs
of 24-week-old FoxpI7fCd4° mice examined by histopathologic
analysis, and the structure of those organs remained normal
(supplemental Figure 5).

Foxp1-deficient Treg cells are generated normally and are
functional

Treg cells have been shown to be essential for maintaining the
homeostasis of peripheral T cells.>?¢ We asked whether the
activated phenotype of Foxpl-deficient T cells could be due to the
abnormal development of Treg cells. By surface staining of CD4
and CD25 and intracellular staining of Foxp3, we found normal
Treg cell generation in the thymus of FoxpI7Cd4 mice (Figure
4A). Although the percentages of Treg cells were higher in the
periphery of FoxpI”Cd4c* mice, the absolute numbers of Treg
cells were the same as those in the control mice at all ages due to
the reduced cellularity of CD4" T cells in FoxpI"Cd4®® mice
(Figure 4B). In the suppression coculture to examine Treg cell
function, we found that Foxp1-deficient Treg cells inhibited IFN-y
production in the responder CD4" T cells as well as the control
Treg cells, indicating that Foxp1-deficient Treg cells are functional
(Figure 4C).
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Figure 4. Foxpi-deficient Treg cells develop normally and are functional.
(A) Staining of cell-surface CD4 and CD25 and intracellular Foxp3 in the thymuses,
lymph nodes, and spleens of 10-week-old Foxp 17+ Cd4° and Foxp1"Cd4Cr mice.
The percentages of CD25*Foxp3* cells in CD4* T cells were shown. Data are
representative of 2 independent experiments. (B) Total cell numbers of Treg cells in
the thymuses, lymph nodes, and spleens of Foxp 17+ Cd4C™ and Foxp 1"Cd4° mice
at different ages. Bars represent average + SD, weeks 4-5: n = 5, weeks 8-10:
n =7, and weeks 21-22: n = 5. (C) In Treg cell suppression cocultures, CFSE-
labeled control CD4* T cells were incubated with various ratios of Treg cells from
Foxp 1"+ Cd4C° or Foxp1"'Cd4° mice. The IFN-y production by control CD4* T cells
was analyzed by intracellular staining. Data are representative of 2 independent
experiments.

Foxp1i-deficient T cells acquire the activated phenotype during
DP to SP thymocyte transition

We examined peripheral T cells in 2-week-old Foxp1"fCd4¢™ mice
and found that Foxpl-deficient T cells already had an activated
phenotype (data not shown), suggesting that Foxpl-deficient
T cells probably start to acquire the activated phenotype during
early T-cell development in the thymus. Therefore, we examined
the thymocytes in Foxp17Cd4¢ mice. The CD4/CD8 profile and
total cell numbers of DP, CD4 SP, and CD8 SP thymocytes in
Foxp 7' Cd4C mice were normal compared with those in control
mice (Figure SA-B). We also examined several cell surface markers
that reflect thymocyte activation and maturation.’® Regardless of
their age, we found that the expression of TCRg, CD3, and CD5 in
DP and SP thymocytes was comparable between Foxpl"(Cd4¢r
mice and the control mice (Figure 5C and data not shown).
However, CD44 levels were higher, whereas CD62L levels were
lower in Foxpl-deficient SP thymocytes than in the control SP
thymocytes (Figure 5C). In addition, we found that both Foxpl-
deficient CD4 SP and CD8 SP thymocytes expressed a slightly
lower level of HSA but a higher level of Qa-2 (more obvious in
Foxpl-deficient CD4 SP thymocytes) (Figure 5C). These results
indicate that Foxp1-deficient CD4 SP and CD8 SP thymocytes have
an activated phenotype and they are mature thymocytes.
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It has been shown that SP cells in the thymus are a mix of
thymocytes and recirculating activated peripheral T cells that are
CD44high 39 To distinguish whether the high CD44 expression in
Foxpl-deficient SP thymocytes is acquired during thymocyte
differentiation or is due to recirculating CD44hieh T cells from the
periphery, we performed intrathymic transfers of CD5©% DP
thymocytes into congenic hosts and examined the phenotype of the
newly generated SP thymocytes (Figure 6A). Three days after
intrathymic transfer, some of the transferred DP thymocytes had
differentiated into SP thymocytes (Figure 6B). We found that the
CD44 expression was increased in both Foxpl-deficient CD4 SP
and CD8 SP thymocytes compared with control SP thymocytes
(Figure 6B). It has been reported that newly generated SP
thymocytes reside in the thymus for 4 to 5 days before they
egress.”® Therefore our results clearly define that the activated
phenotype of Foxpl-deficient T cells is first acquired during the
transition from DP stage to SP stage. We also examined IFN-y
production in FACS-sorted CD8 SP thymocytes ex vivo and found
that a higher percentage of Foxpl-deficient CD8 SP thymocytes
produced IFN-vy than did the control cells (Figure 6C).

Foxp1-deficient T cells acquire an activated phenotype by a
cell-autonomous mechanism

To determine whether the abnormal development of Foxpl-deficient
T cells is by a cell-intrinsic or -extrinsic mechanism, we reconstituted
lethally irradiated wild-type congenic mice with mixed bone marrow
cells from FoxpI”Cd4“ and control Foxpl™'*Cd4“ mice. At 6 to
10 weeks after reconstitution, we analyzed the generation and
phenotype of donor T cells in the mixed chimeras. In the thymus,
the generation and CD4/CDS profile of Foxpl-deficient thymo-
cytes was normal (Figure 7A,C).

Expression of CD44 and CD62L in both Foxpl-deficient and
control DP thymocytes was low/negative (data not shown). How-
ever, both Foxpl-deficient CD4 SP and CD8 SP thymocytes had
increased expression of CD44 and decreased expression of CD62L
(Figure 7B), suggesting that Foxpl-deficient thymocytes acquire
an activated phenotype by a cell-intrinsic mechanism independent
of their environment.

In the periphery of mixed chimeras, Foxpl-deficient T cells
exhibited an activated phenotype (Figure 7B). In agreement with
the results from Foxp 1" Cd4°™ mice (Figures 2-3), the percentages
and cell numbers of peripheral Foxp1-deficient CD4" T and CD8"
T cells in mixed chimeras were reduced (Figures 7A,C and data not
shown), and they produced cytokines rapidly (Figure 7D). In both
the thymus and the periphery, Foxpl-deficient T cells (except DP
thymocytes) were larger than the control cells (Figure 7E).

Discussion

In this study, we found that instead of generating normal quiescent
naive T cells, Foxpl-deficient SP thymocytes became prematurely
activated in the thymus and acquired effector functions. High Qa-2
expression and low HSA expression in Foxp1-deficient SP thymo-
cytes indicated that such cells were mature SP thymocytes.
However, the down-regulation of CD62L and higher expression of
CD44 in such cells, their larger cell size, and the capacity of
Foxpl-deficient CD8 SP thymocytes to produce IFN-vy all indicate
that these cells were hyperactivated. The results suggest that there
is an abnormal activation or differentiation of the thymocytes in the
absence of Foxpl. The mixed bone marrow chimera experiments
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Figure 5. Foxp1-deficient CD4 SP and CD8 SP thymo-

cytes have an activated phenotype. (A) Thymic CD4 A

and CD8 staining profile of 4-week-old Foxp 17+ Cd4Cre

and Foxp1""Cd4Ce mice. Data are representative of

various time points (weeks 4, 5, 8, 10, 21, 22) in at least 4

. Foxp1i Cd4

4 independent experiments. (B) Total cell numbers of DP,
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demonstrate that this abnormal thymocyte activation/differentia-
tion is cell intrinsic.

Stable expression of high levels of CD44 is induced only after
naive T-cell activation.** One potential explanation for high levels
of CD44 in Foxpl-deficient SP thymocytes is that Foxpl, which
can function as a repressor,*! may directly regulate CD44 transcrip-
tion. On the other hand, it is also possible that the high levels of
CD44 expression in Foxpl-deficient T cells are due to an indirect
alteration of transcriptional regulation as a consequence of abnor-
mal thymocyte activation/differentiation. Further studies are needed
to understand the mechanism underlying this phenotypic change in
Foxp1-deficient SP thymocytes.

The down-regulation of CD62L in Foxpl-deficient SP thymo-
cytes seems to be transient. In the periphery of Foxp 17Cd4% mice,
the percentage of CD62L°¥ cells increased mainly in Foxpl-
deficient CD4" T cells but not CD8" T cells with age. Bromode-
oxyuridine experiments showed that peripheral Foxpl-deficient
T cells proliferated at a greater rate than control naive T cells (data
not shown). These results, together with the finding that higher
percentages of peripheral Foxpl-deficient T cells expressed CD69,
suggest that there is an ongoing homeostatic-driven T-cell prolifera-
tion in FoxpI7'Cd4° mice, which may further contribute to the
activated phenotype and the effector functions of Foxpl-deficient

T cells. The results also indicate that the down-regulation of
CD62L in the absence of Foxpl is most likely secondary.

The number of SP thymocytes is usually used as an indicator for
aberrations in thymic positive or negative selection. In our study,
despite an overt activated phenotype of Foxpl-deficient SP thymo-
cytes, the total cell numbers of Foxpl-deficient SP thymocytes
were comparable with the controls. In addition, we did not detect
obvious differences in apoptosis between control and Foxpl-
deficient thymocytes ex vivo, although it should be noted that in the
thymus there is usually a rapid phagocytosis and clearance of
apoptotic cells that could obscure any differences in apoptosis.
Nevertheless, because our study was conducted in a polyclonal
T-cell background, we cannot rule out the possibility of altered
positive or negative selection. TCR ligation by low-affinity self-
ligands promotes positive selection, whereas TCR ligation by
high-affinity self-ligands induces negative selection.*?** It has
been reported that expression levels of CD5 on SP thymocytes
directly parallel the avidity of the selecting TCR-self-ligand
interaction in the thymus.*> In our study, we did not observe any
change in the CDS5 expression levels in Foxpl-deficient SP
thymocytes, suggesting that selection of TCRs with biased avidities
is unlikely. Our study suggests that in normal thymocyte differentia-
tion, after TCR signals initiate the differentiation program in DP
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Figure 6. Foxp1-deficient T cells acquire the activated
phenotype during the differentiation from DP stage to
SP stage. (A) Diagram of intrathymic adoptive transfer.
(B) CD44 expression of donor thymocytes 3 days after the
intrathymic transfer by staining. Data are representative of
various time points (days 3, 5, and 6) in at least
2 independent experiments. The histogram with solid gray
represents Foxp1"+Cd4C mice, the histogram with dark
line represents Foxp1”Cd4C mice. (C) Foxp1-deficient
CD8 SP thymocytes readily produce IFN-y ex vivo.
FACS-sorted CD8 SP thymocytes from 6-week-old
Foxp1"+Cd4Cre and Foxp1"Cd4Cre mice were stimulated
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thymocytes, downstream transcriptional control by Foxpl1 is likely
negatively regulating thymocyte activation/differentiation, which
would lead to the proper generation of quiescent SP thymocytes
and naive T cells.

In our study, we have largely used heterozygous Foxpl?™Cd4Cre
mice as controls. However, we also compared Foxpl™'*Cd4®* and
FoxpI"*Cd4° mice to determine whether Foxp1l may exert a gene
dosage effect on T-cell development. We found that only CD8*
T cells from Foxpl7*Cd4® mice had a slightly increased CD44
expression in the periphery with higher percentages of the cells
producing IFN-y upon ex vivo stimulation (supplemental Figure
6), indicating that CD8" T-lineage cells are more sensitive to the
regulation of Foxpl gene dosage.

Recently 2 elegant studies reported that T cell-specific
deletion of another forkhead protein, Foxol, leads to impaired
T-cell survival and spontaneous T-cell activation.?®-3° Although
both Foxpl-deficient and Foxol-deficient T cells have a similar
activated phenotype, the underlying mechanisms seem to be
different. Foxol has been shown to regulate the expression of
CD62L and IL-7Ra directly.?3046 In Foxpl-deficient T cells,
we did not detect any down-regulation of IL-7Ra (data not
shown). As demonstrated by intrathymic transfer experiments,
the abnormal activation/differentiation of Foxp1-deficient T cells
initiates as early as during the transition from the DP to the SP

stage in the thymus. However, Foxol-deficient thymocytes seem
to develop quite normally.?%-3° Because TCR transgenic Foxol-
deficient T cells have a typical naive phenotype, the slight
increase of Foxol-deficient TCRgM CD4 SP and CD8 SP
thymocytes in a polyclonal T-cell background more likely
results from the recirculation of activated peripheral T cells.?%-3
IL-7Ra transgenic expression has been shown to rescue periph-
eral T-cell numbers in TCR transgenic (OT-1I) Foxol-deficient
mice, but it does not correct the T-cell activation phenotype on a
polyclonal background.’® Thus, although the mechanisms re-
main unclear, there are clear functional differences between
these 2 transcription factors in T cells.

Several thymocyte-derived populations, namely nonclassical
MHC class I T cells, CD8aa™ T cells, natural killer T cells, and
CD4"CD25" Treg cells, display an activated or partially activated
phenotype in wild-type animals.*’** However, the phenotype of
Foxpl-deficient T cells does not seem to reflect an expansion of
any of these cell populations. We found that Foxp1-deficient CD8™*
T cells were CD8a™ T cells (data not shown). The fact that
Foxpl-deficient CD8" T cells did not express CD122 in the young
mice, or NK1.1 in mice of any age (supplemental Figure 2A and
data not shown), suggests they are unlikely to be nonclassical MHC
class I T cells.
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Figure 7. Foxp1-deficient T cells acquire an activated
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Interestingly, even though both Foxpl-deficient CD4" T and
CD8" T cells exhibited an activated phenotype and were func-
tional, we did not find obvious infiltration of such activated cells in
the nonlymphoid organs, and the mice did not show any obvious
signs of autoimmune diseases (supplemental Figure 5 and data not
shown). In the absence of Foxpl, Treg cells seemed to develop and
function normally. Because the total cell number of Foxpl-
deficient Treg cells was normal, whereas the total cell numbers of
Foxpl-deficient CD4" T cells and CD8* T cells decreased in the
periphery, the ratios between Treg cells and non-Treg T cells in the
periphery were increased. Because the repression function of Treg
cells is dependent on the Treg cell/non-Treg T-cell ratio, this may
be one reason why the mice have not developed autoimmune
disease in the absence of Foxpl. Foxpl and Foxp3 belong to the
same Foxp subfamily with a highly conserved DNA binding
domain and it is possible that the 2 transcription factors share some
target genes. At this stage we do not know whether normal numbers
of Foxpl-deficient Treg cells in FoxpI”Cd4®® mice are due to
Foxp3 compensating for the loss of Foxpl, or because of the
changed environment resulting from the abnormal development of
Foxpl-deficient non-Treg T cells.

In summary, our results demonstrate that during thymocyte
development, after TCR signals initiate the differentiation of DP
thymocytes, transcriptional regulation is involved in the generation

of quiescent SP thymocytes. Specifically, we have identified Foxp1
as a novel participant in the transcriptional network that is
important for thymocyte development and the proper generation of
quiescent naive T cells.
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