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Abstract: The CD4*25"Foxp3* T regulatory (T-reg) cells are naturally-born in thymus and they are critical for maintain-
ing the tolerance to self and non-self antigens. Foxp3 is the master-regulatory gene of development and function of this
cell subset. Using two mouse strains that share the same MHC class |1 (H-2%) haplotype, we found that Foxp3 is early ex-
pressed in the CD3%4'8725""44" (DN3/4) double negative thymocytes. Furthermore, Foxp3 showed a differential kinetics
of expression in the thymus of these two strains that were controlled through the rates of proliferation and apoptosis of T-
reg precursors, but not by epigenetic alterations at the Foxp3 gene promoter. Faster T-reg proliferation and lower apopto-
sis were associated with higher Foxp3® thymic cell output. Also, faster proliferating T-reg precursors showed lower ex-
pression of CD3/TCR complex, leptin receptor, Bad, and Caspase3 early in the DN stage of differentiation. Despite a dif-
ferential T-reg thymic output in these two mouse strains, the size of peripheral CD4*25"Foxp3* T-reg compartment was
homeostatically normalized. However, the Foxp3*T-reg suppression tested in an autoimmune mouse model for diabetes
was stronger in mice with a higher T-reg thymic output. These findings demonstrate a differential thymic development
and suppressive capacity of Foxp3* T-reg cells in two genetic backgrounds regardless the MHC II haplotype. This raises
the question of whether a differential suppressogenic capacity of the T-reg compartment may affect the susceptibility to

autoimmune disorders in individuals from different ethnic groups.
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INTRODUCTION

The “professional” CD4*25" T regulatory cells (T-regs)
represent a subset of T lymphocytes that differentiate in
thymus as the “guardians” of immune system [1]. The T-regs
control the immunoreactivity to self and foreign antigens,
and at the same time maintain homeostasis of T-cell com-
partment in peripheral lymphoid organs [2-5]. Although the
CD4"25" T-regs represent only 5-10% of the entire CD4 T-
cell population, subtle alterations in their frequency and
function associate with higher incidence of autoimmune dis-
orders[6-12].

The CD4"25" T-reg cells express high levels of I1L-2Ro.
chain (CD25) on the cell surface [13]. They are anergic by
themselves and do not secrete IL-2, but they require IL-2 for
thymic development and expansion in the peripheral lym-
phoid organs [14-17]. Several other surface receptors ex-
pressed on Tregs like CTLA-4, OX40 (TNFRSF4), gluco-
corticoid induced TNF receptor super family member
(GITR), TNFR2, 4-1BB, PD1, CD103 (a.EB7 integrin), Toll
Like Receptors (TLR) and galectin-10, were described [18-
22]. However, the Foxp3 gene encoding for the Scurfin
(SFN) fork head- wmged hellx transcription factor is the most
reliable marker for CD4*25" T-reg cells [23-25]. A mutated
SFN  variant is responsible for alterations in
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the T-reg compartmentassociated with X-linked autoimmune
disorders in scurfy mice and IPEX/XLAAD syndrome (Im-
mune Dysregulation, Polyendocrinopathy, Enteropathy, X-
linked) in humans [26].

In general, patients with autoimmune diseases have a
reduced number of Foxp3™ T-reg cells such as those with
hepatitis C virus-associated mixed cryoglobulinemia [27],
autoimmune liver disease[28], juvenile idiopathic arthritis
[29, 30], systemic lupus erythematosus [23, 31], Kawasaki
disease [32], and psoriatic arthritis [30]. It is believed that a
low frequency of circulating T-reg cells in these patients is
the result of their impaired clonal expansion in the peripheral
lymphoid organs [28, 33]. In contrast, no significant reduc-
tion in the peripheral, circulating T-reg cells was observed in
patients with autoimmune diseases like multiple sclerosis
[33, 34], autoimmune diabetes [35, 36], and spondyloarthri-
tis [30]. Even more contrasting, patients with Sjogren syn-
drome showed an increased number of T-reg cells [37], and
those with rheumatoid arthritis [38-42] and myasthenia gra-
vis [38, 39] showed either reduced or unaltered number of T-
reg cells. However, little is known about the function and
size of T-reg compartment in autoimmune diseases in rela-
tion to Foxp3 expression and the genetic background.

This study provides evidence that two mouse strains with
different genetic backgrounds (BALB/c and BlO D2) and
sharing the same MHC class 1 haplotype (H-2% have differ-
ent kinetics of CD4"25" Foxp3 T-reg thymic development
resulting in a different Foxp3™ thymic output and suppres-
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sogenic function in periphery. The rates of T-reg prolifera-
tion and apoptosis in thymus were found as a major mecha-
nism leading to the differential Foxp3™ thymic output in
these two mouse strains. Despite a differential Foxp3™ T-reg
thymic output in these strains, the size of peripheral CD4"
Foxp3" T-reg compartment was homeostatically normalized,
although the threshold of suppressogenicity was not. Higher
suppressogenicity of T-reg cells was strongly correlated with
higher amount of Foxp3 protein at the single-cell level.

MATERIALS AND METHODOLOGY
Mice

One-month-old, female BALB/c and B10.D2 (H-2°) mice
were purchased from Jackson Laboratories. The TCR-HA
and RAG2 KO, RIP-HA transgenic (Tg) mice used in the
adoptive cell co-transfer experiments are currently main-
tained in our facilities. Mice were housed at USUHS in a
pathogen-free facility according to federal and local regula-
tions.

Cell Purification

The CD4" thymocytes and splenocytes from pools of
mice (n = 4-6) were negatively sorted on mouse CD4 en-
richment columns (R & D Systems, Minneapolis, MN) ac-
cording to the manufacturer’s protocol. A second passage of
CD4" cells on mouse CD8 enrichment columns (R & D Sys-
tems) yielded negatively-sorted CD4°8" DN thymocytes. The
purity and viability of thymic populations was more than
90% as determined by FACS and trypan blue exclusion
method. The CD4'25" thymocytes and splenocytes were
isolated on MS MACS paramagnetic columns (Miltenyi Bio-
tech Inc., Auburn, CA). Briefly, the negatively-sorted
CD4'8 single positive (SP4) or CD4°8 double negative
(DN) cells were incubated with anti-CD25-PE Ab-dye con-
jugate for 10 min, washed, and further incubated anti-PE Ab-
microbeads for 15 min. The cells were sorted on magnetic
columns (Miltenyi Biotec) into a CD25 fraction (cell flow
through) and a CD25" fraction (T-regs, column bound cells).
In some experiments, the DN thymocytes were stained with
anti-CD44 and CD25 Ab-dye conjugates and sorted by a
FACSAria instrument/FACSDiva software (Becton Dickin-
son) into DN1-4 or CD4"25" subpopulations at 97-98% pu-

rity.
RT-PCR and Quantitative Real-Time RT-PCR

Total RNA and cDNA from CD25" and CD25  thymo-
cytes was prepared using NucleoSpin RNA 11 kit (BD Bio-
sciences Clontech, Palo Alto, CA) and Qiagen One Step RT-
PCR kit (Qiagen Inc., Valencia, CA) respectively, as previ-
ously described [43]. The primers for murine Foxp3 were:
(forward 5’CAGCTGCCTACAGTGCCCCTAG3’, and re-
verse 5’CATTTGCCAGCA GTGGGTAG3’ [23], Fas (for-
ward CGCTGTTTTCCCTTGCTGCAG, reverse ACAGG
TTG GTGTACCCCCAT) [44], Fas-L (forward CACTGAC
CCCTCTAAAGAAGAA, reverse TTGAATACTGCCCCC
AGGTA) [45]. The specific primers for Bcl-2, Bcl-X,, Bad,
Bax, and Caspase 3 were previously described [43]. Four
nanograms of total RNA were used to prepare first-strand
cDNA using a Qiagen One Step RT-PCR kit (Qiagen, Va-
lencia, CA) at 35 and 40 cycles of amplification following
the manufacturer’s protocol. 25uL of each PCR product was
then electrophoresed in 1.5% agarose gel containing ethid-

The Open Autoimmunity Journal, 2009, Volume 1 65

ium bromide, and the amount of each amplicon was calcu-
lated using the Scion Image software analysis (Scion Corp.,
Frederick, MD) based on the integration of the percent of
pixels and band intensity after normalization against the
corresponding B-actin band [43]. To measure the expression
level of Foxp3 by quantitative real-time RT-PCR, the RNA
was extracted from various thymic populations using Total
RNA Purification System (Invitrogen). Some 500 ng RNA
was used to synthesize the first cDNA strand using the High
Capacity cDNA Archive kit (Applied Biosystems). PCR
amplification mixtures containing the Applied Biosystems
Universal PCR MasterMix Buffer (25 ul), cDNA template
(22.5ul), Foxp3 and 18S rRNA primers (2.5 ul), respec-
tively. Quantitative RT-PCR measurements were performed
on an ABI Prism 7700 with SDS 1.9.1 Software (Applied
Biosystems). The melting-curve analysis has confirmed the
specificity of PCR amplifications. The relative mRNA levels
were estimated by the standard method using 18S rRNA as
reference.

Cytofluorimetry

Thymocytes or splenocytes (2x10°) were surface, intra-
cellularly, or intra-nuclearly stained with various antibody-
dye conjugates, their isotype controls, or with Annexin V-PE
conjugate according to the manufacturer’s instructions (BD
PharMingen, San Diego, CA). Between 200,000 and 500,000
total cell events were acquired by a LSR 11 Bekton-Dikinson
instrument for each cell preparation. For accurate measure-
ments of mean fluorescence intensity (MFI) at the single-cell
level, the slight difference in the cell size and signal-to-noise
cell autofluorescence were compensated with WINIist analy-
sis software 3D5.0 (Verity Software House, Topsham, ME)
during the data acquisition. Measured parameters were com-
pared under various experimental conditions using the Sig-
maplot analysis software v.8 (Aldrich-Sigma). Overall data
were presented for convenience as mean + SD of pooled
samples.

In Vivo Cell Cycle Division

Mice were injected intravenously (i.v.) with 1 mg of car-
boxyfluorescein succinimidyl ester (CFSE) in saline, and
then one, four, and six days later some 1 x 10° gated
CD4'CD25" T-reg cells isolated from the thymus and spleen
were harvested. Data on cell cycle division were acquired
using a LSR Il instrument (BD Biosciences). The pattern and
number of cell cycle divisions based on the CFSE dilution
factor were analyzed with the WINIist software 3D 5.0.

Caspase 3 Activity

Some 25ug of protein extract from DN thymocytes iso-
lated as described were incubated for 40 min in 96-well
plates in 100 pl buffer (100 mM HEPES, 10% sucrose,
0.15% CHAPS, 10 mM DTT, 0.1 mg/ml ovalbumin, pH 7.4)
supplemented with 1 pM of substrate (Ac-DEVD-AMC,
Peptide Intern., Louisville, KY) at 37°C. The amount of sub-
strate released was measured in a spectrofluorimeter (excita-
tion A = 360 nm and emission A = 436 nm) equipped with an
XFluor analysis software (Tecan US, Durham, NC). Stan-
dard dilutions of the substrate were used in each assay to
measure the absolute concentration of released AMC, and
the measured fluorescence units were converted into rate of
AMC cleavage per mg protein (corresponding to pmole
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cleaved DEVD-AMC x min™ x mg™). Values were compen-
sated for the signal-to-noise background (spontaneous re-
lease of AMC in the absence of cell extract)

Adoptive Cell Transfers

The RAG2 KO, RIP-HA Tg mice (BALB/c x B10D2, H-
2% background) expressing the hemagglutinin protein (HA)
of influenza PR8 virus in the pancreatic B-cells under the rat
insulin E_romoter [10] were used as recipients of splenic
CD4*25" Foxp3* T-reg cells (10° cells) isolated from
BALB/c or B10.D2 mice, and/or diabetogenic HA-specific
CD4%25 Th cells (2.5 x 10° cells) isolated from BALB/c
mice expressing the HA-TCR transgene (TCT-HA Tg) that
recognizes the HA110-120 immunodominant CD4 T-cell
epitope of HA of PR8 influenza virus in context of MHC
class 11 H-2 haplotype [46]. The TCR-HA Tg mouse ex-
presses the TCR-HA transgene on 35-40% splenic CD4 T-
cells. The i.p. infusion of diabetogenic CD4*25 T-cells from
TCR-HA Tg mice (2.5 x 10° cells) in RAG2 KO, RIP-HA Tg
mice induces a rampant hyperglycemia followed by death
within 12 to 14 days. The T-reg cells were infused i.p. 7 days
prior infusion of diabetogenic TCR-HA T-cells.

Diabetes Monitoring

Glycemia in the RAG2 KO, RIP-HA Tg recipients of T-
regs and diabetogenic T-cells was monitored by-weekly
starting 3 days post transfer of diabetogenic T-cells by using
Accu-Check Advantage glucose strips (Boehringer Man-
heim, Indianopolis, IN). Mice were considered diabetic when
glycemia was two-times consecutively over 200 mg/dl. One
week after the transfer of diabetogenic T-cells, 2 pancreases
were collected from each group of mice and analyzed histo-
chemically for the presence of lymphocyte infiltration of the
pancreatic B-islets using hematoxilin-eosin (HE) staining of
paraffin-embedded pancreatic sections. Survival in the
RAG2 KO, RIP-HA Tg recipients was also monitored on a
daily basis.

DNA Methylation Assay

Genomic DNA was isolated from purified thymocytes of
1 month-old mice BALB/c and B10.D2 mice using the
DNeasy tissue kit (Qiagen, Valencia, California, United
States) and following the supplier’s recommendations. So-
dium bisulphite treatment of genomic DNA was performed
as previously described [47] with minor modifications aimed
at deamination of unmethylated cytosines to uracil, whereas
the methylated cytosines remained unchanged. In a subse-
quent PCR amplification, uracils were replicated as thymidi-
nes. Thus, detection of a ‘‘C-element’” in sequencing reac-
tions indicated methylation of the genomic DNA. Detection
of a ““T-element’” at the same site indicated instead the ab-
sence of a methyl modification of the genomic cytosine.
PCRs were performed in a final volume of 25 pl containing
13 ul PCR buffer, 1-U Tag DNA polymerase (Qiagen), 200
IM dNTPs, 12.5 pmol each of the forward and reverse prim-
ers, and 7 ng of bisulphate treated genomic DNA. The ampli-
fication conditions were 95° C for 15 min and 40 cycles at
95° C for 1 min, 55° C for 45 sec, and 72° C for 1 min with a
final extension step of 10 min at 72° C. PCR products were
purified using Qiagen MinElute gel extraction kit, sequenced
in both directions applying the PCR primers and the ABI Big
Dye Terminator v1.1 cycle sequencing chemistry (Applied
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Biosystems, Foster City, California, United States), and
measured by capillary electrophoresis on an ABI 3100 ge-
netic analyzer. For each sample, both the PCR amplification
and sequencing analysis were repeated twice. The following
primers specific for the murine Foxp3 gene promoter (5 to
3’ direction) were used for both PCR amplification of bisul-
phite converted genomic DNA and sequence reactions: Amp
1 (forward: AGGAAGAGAAGGGGGTAGATA; reverse:
AAACTAACATTCCAAAACCAAC), Amp 2 (forward:
ATTTGAATTGGATATG GTTTGT,; reverse: AACCTTA
AACCCCTCTAACATC).

Statistic Analysis

Significance of survival of RAG2 KO, RIP-HA Tg re-
cipients of T-regs and diabetogenic T-cells was determined
along with that of control groups by Kaplan-Meier test. The
significance of individual differences in MFI measured by
FACS, and percentage of cell populations in different groups
of mice analyzed by FACS was determined by the Student’s
t-test.

RESULTS

The DN Stage of Thymic Differentiation is an Early
Time-Point of Foxp3 Expression

Studies on the murine thymic development showed
that at day 12 of gestation the bone marrow-derived T cell
precursors migrate to the thymic cortico-medullary junction
as triple negative CD3'4°8 cells [48, 49]. They then differen-
tiate into double negative DN1(CD4844'25) and DN2
(CD4'844725") stages and enter the subcapsular cortex to
differentiate into DN3 (CD4'84425") cells and DN4 (CD4"
844725") cells. The DN4 cells migrate further to the cortex to
proliferate and differentiate into double positive DP
(CD4"8") cells expressing a mature o/ heterodimer TCR on
the surface. The majority of DP cells undergo a negative
selection by apoptosis-induced cell death leading to elimina-
tion of self-reactive precursors. Few DP cells undergo posi-
tive selection to generate single positive (SP) T cells (CD4"8
or CD4'8") with low or no specificity for self-antigens [50]
that migrate to periphery.

Foxp3 transcripts were previously detected by RT-PCR
in CD4"8" double positive (DP) and CD4"8" single positive
(SP4) thymocytes of BALB/c mice [23]. Herein, we have
analyzed the kinetics of Foxp3 mRNA and protein in T-reg
precursors from BALB/c and B10.D2 mice during different
stages of thymic differentiation. The Foxp3" thymocytes are
thereafter referred as T-reg precursors.

The B10.D2 inbred mouse strain on a C57BL/6 back-
ground shares the same MHC class 11 haplotype (H-2%) with
the BALB/c mouse. In both strains, Foxp3 mRNA was
barely detected by RT-PCR in DN thymocytes (Fig. 1A), but
they were clearly detected by real-time RT-PCR (Fig. 1B).
The level of Foxp3 mRNA in DN thymocytes from B10.D2
was higher than that in BALB/c mice and this was paralleled
by an increased Foxp3 intranuclear expression as measured
by single-cell level FACS (Fig. 1C). We next measured the
kinetics of Foxp3 mMRNA expression among the FACS-
sorted DN1, DN2, DN3 and DN4 thymic populations (Fig.
1D), and by quantitative real-time RT-PCR. The Foxp3 tran-
scripts were detected in the DN3 and DN4 thymocytes in



Differential Development and Function of T-Reg Cells

both strains, but not in the DN1 and DN2 thymocytes (Fig.
1E).

A differential Foxp3 expression in the BALB/c and
B10.D2 thymocytes raised the question of whether genetic or
post-translational events may control the Foxp3 expression
in thymus. The 1% and 2" amplicon of Foxp3 promoter lo-
cated upstream of exon 1 is the most susceptible region for
DNA methylation [51]. Our bisulfite-mediated DNA methy-
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lation assay in the CD4"25" T-reg precursors ruled out the
possibility of a differential DNA methylation in the Foxp3
gene promoter in T-reg precursors as a possible mechanism
responsible for variations in the thymic expression of Foxp3
gene in BALB/c and B10.D2 thymocytes. That is because
this region showed 100% homology in T-reg precursors, and
an equal number of CdpG potential sites of methylation (15
sites) in the 1* and 2" amplicon of Foxp3 promoter in both
strains (Fig. 2).
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Fig. (1). Kinetics of Foxp3 expression in T-reg precursors from BALB/c (H-2%) and B10.D2 (H-2%) mice. (A) CD48 (DN), CD4*8*
(DP), and CD4'8" (SP4) thymocytes analyzed by RT-PCR for Foxp3 mRNA expression. Shown are the Foxp3 transcripts at 40 cycles of
PCR amplification for a representative BALB/c and B10.D2 mouse. Similar results were obtained in other five mice. Foxp3 transcripts could
not be detected in DN thymocytes at 35 cycles of PCR amplification (not shown). Upper panel indicates the absolute values of Foxp3 ampli-
con in each thymic population from the two strains as measured by Scionlmage analysis software. (B) Quantitative measurements of Foxp3
transcript in thymic populations as determined by quantitative RT-PCR. The relative expression level of Foxp3 mRNA (Y-axis) measured in
DN, DP, and SP4 thymocytes from BALB/c and B10.D2 mice was calculated in relation to the base level of Foxp3 mRNA as found in
BALB/c DN thymocytes. Shown are the mean values + SD from six individual mice in each group. (C) Distribution of Foxp3*T-reg precur-
sors in thymus. Thymocytes from three individual BALB/c and B10.D2 mice were cell surface stained with CD4-PE-Cy7 and CD8-PerCP,
and intranuclear with Foxp3-PE Ab-conjugates. Overlapped forward scatters in each quadrant indicate the percent +SD of total DN, DP, SP4
and SP8 thymocytes (blue color) vs Foxp3-expressing thymocytes (red color) within the DN, DP, SP4 and SP8 thymic populations. The sig-
nal-to-noise background fluorescence of a rat IgG isotype PE conjugate control for Foxp3 was subtracted. Some 850,000 total cell events
were acquired by a LSR 1l instrument and analyzed by WINList software. (D) FACS-sorting of DN1-4 thymic subpopulations. Gated DN
thymocytes from BALB/c or B10.D2 mice were stained with CD4 and CD8 PerCP-Ab conjugates, and sorted based on CD44-FITC and
CD25-APC Ab staining. (E) Measurements of Foxp3 transcript in DN1-4 thymocytes by quantitative real-time PCR. Shown are the mean
values + SD for Foxp3 mRNA as extracted from FACS-sorted DN1-4 thymocytes of three BALB/c and B10.D2 mice.
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DNA methylation sites in the 1*' and 2" amplicons of Foxp3 gene
from BALB/c and B10.D2 thymocytes

Nazarov-Stoica et al.

310.D2 1 TTCCAGAGCCAGCAAGAGGCCTTATGGAGTTTTAAGCTTCCTGGCTTTAGGTGGTTCCCATTTCTT 75
|||!||\|||\|||||||||\||\|||||||\ll\||\||\II\|\||\ll\||\||\||\|\||\||\||]||
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||IIII\|||\|||||||||\II\I||II||\II\||\||\II\|\||\II\II\II\II\I\II\II\IIJII
BALB/c
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BALB/c TAAAATCCGTTGECTTTGAGAAATGATATCATACAGTTCTGAGT TTCTGTTACTACAGCATTTGAAGACTCAAGE
310.D2 226 CATGAGGCCTGCCTAATACTCACCAAGCATCCARCCTTGGECCCCTCTGGCATCCARGAARG 300
||||||\|||\|||||||||\||\|||||||\ll\||\||\II\|\||\ll\||\||\||\I\|I\|I\I|]|I
BALB/c GGCCTGCCTAATACTCACCAAGCATCCARCCTTGGGCCCCTCTGECATCCARGARAG
310.D2 301 ACAGRATCGATAGAACTTGGGTTTTGCATGGTAGCCAGATGGACGTCACCTACCACATCCGCTAGCACCCACATC 375
FLCETEETEETEC T T EEE LR LR ETEE T ET T
BALB/c ACAGRATCGATAGAACTTGGGTTTTGCATGETAGCCAGATGGACGTCACCTACCACATCCGCTAGCACCCACATC
310.D2 376 ACCTGGGCCTATCCGGCTACAGGATAGACTAGCCACTTCTCGEARCGARACCTGTGGGGTAGATTATCTG 450
||IIII\|||\|||||||||\II\I||lI||\II\||\||\ll\|\||\II\||\||\||\|\||\||\|I]|I
BALB/c GCCTATCCGRCTACAGGATAGACTAGCCACTTCTCGGARCEARACCTGTGGEGTAGATTATCTE
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|||I||\|||\|||||||||\||\|||iI||\ll\||\||\II\|\||\Il\||\||\||\|\||\||\II]I|
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310.D2 526 GGCCAAGTTCAGGTTGTGACAACAGGGCCCAGATGTAGACCCCGATAGGARAACATATTCTATGTCCCAGARACA 600
CECCTELTEL LT E T L LT
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||IIII\|||\|||||||||\II\I||||||\II\||\||\II\|\||\II\II\II\II\I\II\II\II]II
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BALB/c ACAGACCATATCCAATTCAGG

Fig. (2). Frequency of CpG motifs in the 1%t and 2" amplicon of Foxp3 gene promoter in T-reg precursors from BALB/c and B10.D2
T-reg precursors. Individual CpG motifs are marked as bold/underlined base pairs, and the alignment of BALB/c and B10D2 genomic se-
quences corresponding to the overlapping amplicons #1 and #2 in the Foxp3 gene promoter in T-reg precursors are shown.

These results demonstrated for the first time that the ear-
liest time-point of Foxp3 expression in thymus is the DN3/4
stage of differentiation. A differential Foxp3 expression and
Foxp3 thymlc output in BALB/c and B10.D2 mice sharing
the same H-2¢ (MHC class I1) haplotype suggests that other
genes that MHC class Il genes may control the Foxp3*
thymic output.

The T-Reg Precursors have Higher Proliferation Rate in
the B10.D2 Mice than in BALB/C Mice

Since the BALB/c and B10.D2 mice showed a differen-
tial Foxp3 thymic output, we first compared the in vivo pro-
liferation rates of T-reg precursors during the thymic differ-
entiation by measuring the CFSE dilution factor in relation
to the number of cell cycle divisions. The BALB/c and
B10.D2 thymocytes uptake equal amounts of CFSE per cell
in vivo as determined 30 min post injection (Fig. 3A, two
upper panels, grey peaks). Since the Foxp3 intranuclear
staining quenches the CFSE fluorescence, hereln we identi-
fied T-reg precursors based on their CD25" expression, a
reliable biomarker of CD4" Foxp3® T-regs. More than 95%
of CD4*Foxp3* cells express the CD25"" marker. The

BALB/c DP (CD25") and SP4 (CD25™) T-reg precursors
exhibited a lower rate of thymic proliferation (4-5 cycles of
division on day 4, and 5-6 cycles of division on day 6 post-
CFSE-labeling) as compared with their B10.D2 counterparts
(5-6 cycles on day 4 ,and 7-8 cycles on day 6 post-CFSE-
labeling) (Fig. 3A, two upper panels). This clearly indicated
a differential rate of proliferation of BALB/c and B10.D2 T-
reg precursors during their thymic development.

Leptin is a hormone that binds the Obese Receptor (ObR)
and regulates cholesterol synthesis. Since we have previ-
ously found a differential partitioning of plasma membrane
lipid rafts on the thymic T-cell precursors [52], and the leptin
hormone was shown to negatively regulate the proliferation
of human T-cells [21], we thought to investigate whether the
levels of serum leptin and the expression level its receptor
(ObR) on T-reg precursors may influence the rate of T-reg
proliferation in the thymus of these two mouse strains. The
serum leptin concentration measured by ELISA was similar
in B10.D2 mice (4.8 £ 0.6 png/ml) and BALB/c mice (4.5
0.4 pug/ml) (n = 7 mice per group), which ruled out the pos-
sibility that the proliferation rates of T-reg precursors is
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Fig. (3). In vivo thymic proliferation of T-reg precursors from BALB/c and B10.D2 mice. The BALB/c and B10.D2 mice (n = 5 per
group) were injected i.p. with CFSE, and four and six days later the thymocytes were over stained with CD4-PE-Cy7 and CD25-APC Ab-
conjugates. The number of cell cycle divisions in FACS-gated CD4*25" thymocytes was established based on the dilution factor for CFSE
fluorescence. (A) Cell cycle divisions of FACS-gated CD4*25™ thymocytes in a representative BALB/c and B10.D2 mouse. Empty histo-
grams represent day 6, and dark histograms represent day 4 post CFSE injection. Lower panel shows the CFSE fluorescence after five serial,
two-fold dilutions in vitro (empty plots, using ex-vivo thymocytes from a BALB/c mouse) as compared with the uptake of CFSE by thymo-
cytes in vivo some 30 min after CFSE injection (grey color plots). Same MFI values were obtained when B10.D2 thymocytes were used in the
two-fold dilutions experiments (data not shown). The two-fold serial dilutions refer to the fluorescence intensity (MFI) for each in vitro dilu-
tion factor (1: 1 through 1:5 of CFSE) of the CFSE-labeled thymocytes. (B) Partitioning of ObR on thymic T-reg precursors from BALB/c
and B10.D2 mice as determined by FACS using ObR-FITC Ab-conjugate (BD PharMingen). Shown are the MFI £ SD values (bold), and
percent of mean + SD of the DN, DP CD25", and SP4 CD25" thymocytes from individual mice (n = 5 per group). (C) Partitioning of ObR on
conventional CD4 T-cell thymic precursors from the spleen of BALB/c and B10.D2 mice as determined by FACS using ObR-FITC Ab-
conjugate (BD PharMingen). Shown are the MFI + SD values (bold), and percent of ObR"™" and ObRM®" populations within gated
CD3'CD4*CD25 thymocytes from a pool of five mice in each group.

controlled by leptin. However, FACS analysis at the single-
cell level in the Foxp3™ thymic populations revealed several
findings. First, we found a lower ObR expression on DN
thymocytes than on DP CD25" T-reg precursors in both
mouse strains (Fig. 3B). Secondly, two distinct subpopula-
tions of low and high ObR expression (ObR" and ObR™)
were detected in the SP4 CD25" T-reg precursors in both
mouse strains (Fig. 3B). The B10D2 mice expressed a larger
population of SP4 CD25" ObR'" T-reg precursors than their
BALB/c counterparts, suggesting that the ObR cell density

affects the thymic proliferation of T-reg precursors. Indeed,
analysis of the in vivo cell cycle divisions of ObR" and
ObR" populations of T-reg precursors showed an inverse
correlation with the rate of proliferation (Fig. 4A). The
ObR" population proliferated quite faster than the ObR™
population. This was consistent in two different experiments
and confirmed by the Cdk4 expression level, a cyclin that is
actively involved in transition of T-cells from Gq to S; phase
of division. The Cdk4 expression was higher in B10D2 T-reg
precursors (having a larger population of fast-dividing ObR"™
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Fig. (4). In vivo thymic proliferation of ObR" and ObR' T-reg precursors from BALB/c and B10.D mice.

(A) In vivo cell cycle progression of ObR™ and ObR'" T-reg precursors. Cells from four individual CFSE-labeled BALB/c and B10.D2 mice
were stained 6 days post-CFSE labeling with CD4-PE-Cy7, CD25-APC, and ObR-FITC Ab-conjugates, and the CFSE fluorescence was
measured by FACS in gated (SP4) CD3'CD4'CD25 thymocytes. Shown are the cell cycle progression of the CD4*25"ObR" and
CD4*25"ObR™ T-reg precursors from a representative BALB/c mouse out of 3 different mice, for which the standard deviation was within a
+/- 45 MFI range. (B) Cdk4 and p27® mRNA expression in FACS-sorted SP4 CD25" thymocytes from BALB/c and B10.D2 mice as
measured by real-time RT-PCR (specific primers, Applied Biosystems, Foster City, CA). The relative mMRNA expression (Y-axis) refers to
the mRNA fold increase as compared with an arbitrarily considered “1-fold increase” as the lowest level observed in BALB/c mice).

T-reg precursors) than in BALB/c T-reg precursors (having a
larger population of slow-dividing ObR" T-reg precursors)
(Fig. 4B). There was no difference in the p27"* mRNA ex-
pression (a major Cdk4 inhibitor) between the BALB/c and
B10.D2 T-reg precursors (Fig. 4B). Accordingly, the ObR"
T-reg precursors are faster dividers than the ObR" T-reg
precursors, which implies that ObR exerts a negative regula-
tory effect on the proliferation of T-reg precursors.

Interesting enough, the overall ObR expression on T-reg
thymic precursors was significantly higher (1 log) than that
on the conventional (CD4%257) T-cell thymic precursors
(Figs. 3B vs. 3C) in both strains. Thus, besides a negative
regulatory effect on the thymic proliferation of T-reg precur-
sors, the ObR™ expression appears to be a new biomarker for
Foxp3" T-reg cells.

The T-Reg Precursors Die at Different Rates in the Thy-
mus of BALB/C and B10.D2 Mice

Thymic apoptosis is a major mechanism for negative
selection that aims at maintaining T-cell central tolerance to
self-antigens. Thus, we investigated whether a lower T-reg
thymic output in BALB/c mice than in B10.D2 mice may
also account for a higher rate of elimination by apoptosis. T-
reg precursors in BALB/c mice showed a higher degree of
apoptosis than their counterparts from B10.D2 mice at all
stages of differentiation as measured by Annexin V binding
(Fig. 5).

The sensitivity of T-cells to undergo apoptosis (negative
selection) is controlled at the intra-cellular level by several
pro- or anti-apoptotic proteins. Signaling through Fas recep-
tor up-regulates expression of Bad, Bax, and Caspase-3, and
leads to apoptosis. On the other hand, their cell survival re-
lies on activation of Bcl-2 and Bcl-XL. We thus measured
the basal expression of these pro- and anti-apoptotic proteins
in (CD4*25"") T-reg precursors in comparison with the
(CD4%25") conventional T-cell precursors isolated from the
thymus of B10.D2 and BALB/c mice. The BALB/c SP4 T-
reg precursors expressed higher basal levels of Bad and
Caspase-3 than their B10.D2 counterparts (Table 1). There
were no differences in the expression levels of Bcl-2 and

Bcl-XL between the two strains. Interestingly, the difference
in the basal level of Bad and Caspase 3 expression between
the two strains was only observed in the T-reg precursors,
but not in the conventional T-cell precursors. These results
imply first, that the apoptotic program in T-reg precursors is
differentially regulated than in conventional T-cell precur-
sors. Secondly, in addition to the differential rates of prolif-
eration in T-reg precursors in these two strains, a differential
rate of apoptosis may have been also affected the Foxp3
thymic output.

The extent of thymic selection of T-cell precursors de-
pends greatly on the strength of CD3/TCR interaction with
MHC-peptide complexes presented by the thymic stromal
cells. Can the cell density of CD3/TCR complex and CD28
co-stimulatory receptor influence the threshold of activation-
induced cell death in T-reg precursors? Measuring the CD3
and CD28 mean fluorescence intensity (MFI) on T-reg pre-
cursors from BALB/c and B10.D2 mice by single-cell FACS
analysis showed that the expression of CD3e chain (but not
of CD28 receptor) on the DN and DP T-reg precursors was
higher in BALB/c mice than in B10.D2 mice (Fig. 6A). To
determine whether the strength of CD3 signaling is associ-
ated with the sensitivity to apoptosis in the T-reg precursors
from BALB/c and B10.D2 mice, cells were stimulated with
various doses of CD3 Abs, a surrogate of TCR stimulation,
and then measured for the extend of Annexin V binding. The
DN, DP and SP4 T-reg precursors from BALB/c mice were
more sensitive to CD3-induced apoptosis than their B10.D2
counterparts (Fig. 6B). Similar experiments using CD28 Abs
indicated a lack of correlation between the strength of CD28
signaling and sensitivity to apoptosis of T-reg precursors in
both strains (data not shown). These results demonstrated
that the strength of CD3 signaling can affect the sensitivity
of T-reg precursors to apoptosis. Thus, higher expression of
CD3/TCR per cell in the BALB/c DN and DP T-reg precur-
sors than in B10.D2 T-reg precursors may translate into a
higher rate of elimination of T-reg precursors in BALB/c
mice. This, in addition to a lower proliferation rate may con-
tribute to a lower Foxp3 thymic output in BALB/c mice.



Differential Development and Function of T-Reg Cells The Open Autoimmunity Journal, 2009, Volume 1 71

Gated CD4-8- (DN) thymocytes Gated CD4+8+25" (DP) thymocytes
BALB/ B10.D2 =] -
sod M ¢ 15 f.if ” £ BALB/c o] B10.D2
] w
42.5% . I 12.09 % 8- —
100 T i} ') ox | b 49.08% 2] 21.78 %
w 837 o 125
50 50 s < =
e }Wl ] &7
£y 0 | PR o —
g —|_|'|'|'r|'|'|" I LY T IIIIIiI‘ T IHIIIII T IIIIIIII Tﬂn] -rn'nq
g w 10t 102 10 10t 100 10! 102 10° jlig 100 10! 10 10% ot 100 101 102 103 104
3 Gated CD4-844-25* Gated CD4-8-44-25 g i
(DN3) thymocytes (DN4) thymocytes Gated CD4*8-25" (SP4) thymocytes
80
100:— BALB/c B10.D2
.60 | 498% g0
3 39 | 60| 50.04 % 15 25.89 %
e 3.4
= ao ] r{' 49 | 10 :
M0 - 5
0 T T lllll]D ) AL
w0 ! e 1% 10t 10® 100 02 @ 10 100 10! 10 10d 0t 0 it 102 1k 1ot
Annexin V binding _
100
o 35%
a +1.09
@50
—
)
25

1 ! LS 1SS /A (1L U1 S (1 [ 1
——  Annexin V binding _—

Fig. (5). In vivo thymic cell death of T-reg precursors from BALB/c and B10.D2 mice. Thymocytes from BALB/c and B10.D2 mice (n =
5 per group) were stained with CD4-FITC, CD8-APC, CD25-PerCP-Cy5.5 Ab-conjugates, and Annexin V-PE conjugate. For measuring An-
nexin V in the DN3 and DN4 populations of T-reg precursors, thymocytes were stained with CD4-PerCP, CD8-PerCP, CD44-FITC, CD25-
APC Ab-conjugates and Annexin V-PE conjugate. Shown are the percent +SD values of FACS-gated thymic populations of T-reg precursors
binding the Annexin V from three different experiments.

Table1. Expression of Pro- And Anti-Apoptotic Proteins in T-Reg Precursors vs. Conventional T-Cell Precursors from BALB/C
and B10.D2 Mice

BALB/c B10.D2
Thymocyte Subset
Apoptotic Markers CD4"25 CD4"25" CD4"25 CD4"25"
MRNA* 3,112 2,815 3,260 2,964
Bcl-2 Protein** 152 124 148 136
Activity*** - - - -
MRNA 1,420 1,114 1,408 1,203
Bcel-X, Protein 161 86 141 87
Activity - - - -
MRNA 1,405 4118 1,207 1,340
Bad Protein 67 281 66 99
Activity - - - -
MRNA 731 864 750 916
Bax Protein 58 72 72 78
Activity - - - -
MRNA 3,311 13211 3,018 5,794
Caspase3 Protein - - - -
Activity 29 6.3 2.7 0.9
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BALB/c B10.D2
Thymocyte Subset
Apoptotic Markers CD4"25 CD4"25" CD4"25 CD4"25"
mRNA 4,812 5,105 4,601 4,818
Fas Protein 287 302 276 281
Activity - - - -
mRNA 2,013 2,008 2,020 2,051
FasL Protein 105 114 112 109
Activity - - - -

The mRNA and protein expression levels of anti-apoptotic and pro-apoptotic proteins in CD4°CD25" and CD4*CD25" thymocytes from a pool of BALB/c or B10.D2 mice (n = 5)
were sorted on MACS immunobeads and analyzed for Bcl-2, Bel-X, Bad, Bax, Caspase 3, Fas, and FasL by RT-PCR, and by FACS intra-cellular staining. The enzymatic activity of
Caspase 3 (pmole cleaved DEVD-AMC x min™ x mg™) was determined by ELISA as described. Values for the RT-PCR amplicons at 40 cycles of amplification represent the relative
mRNA expression level. The protein expression levels refer to the mean fluorescence intensity (MFI) determined by FACS intracellular staining upon subtracting the signal-to-noise
background of the corresponding isotype control antibody-dye conjugates. Bolded/underlined values indicate the differential expression and activity of Bad and Caspase 3.

*mRNA expression level as measured by RT-PCR and quantified by Scion Image Analysis Software.
**Protein expression level as determined by MFI in FACS at the single-cell level.
***Enzymatic activity as determined by ELISA.

A

Thymocytes

B10.D2

CD3¢
BALB/c

B10.D2

CD28
BALB/c

CD48
(DN)
CD4*8*25"
(DP)
CD4*8:25"

(SP4)

Mean Fluorescence Intensity (MFI)

67.60
+5.6

118.85
+15.5

296.65
+14.7

141.75
+19.4

472.87
+23.1

309.84
+124

13.58
+23

10.40
+3.1

36.65
+3.7

12.41
+1.8

10.19
+2.0

30.41
+5.1

60
50
40
30
20|

10

2 9 o
S & & °©

N
o

Annexin V positive cells (%)
S ]

o

a @
S S o

Y
(=]

-
o o

0.5

CD48 (DN) thymocytes

| |
25

-o— BALBI/c
-0— B10.D2

CD4*8*25" (DP) thymocytes

CDA4*8:25" (SP4) thymocytes

N W
o o

I
12.5

CD3/CD28 Abs (ug/10° cells)

Fig. (6). In vitro sensitivity of BALB/c and B10.D2 T-reg precursors to CD3-induced apoptosis. (A) Thymocytes from BALB/c and
B10.D2 mice (n = 5) were stained with CD4-FITC, CD8-PerCP, CD25-APC, and CD3e-PE or CD28-PE Ab-conjugates, and analyzed for the
CD3 and CD28 cell density by FACS. Shown are the MFI + SD values of CD3 and CD28 receptors on DN, DP CD25" and SP4 CD25™ T-reg
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Variations in the T-Reg Thymic Output are Homeostati-
cally Normalized in Periphery

The differential T-reg thymic output between the
BALB/c and B10.D2 mice raised the question of whether the
size of mature CD4*25" Foxp3* T-reg pool in the peripheral
lymphoid organs is affected. While the frequency of termi-
nally differentiated SP4 (CD4*825" Foxp3™) T-reg precur-
sors was 3-times lower in BALB/c than in B10.D2 mice
(1.54 + 0.67% vs. 4.15 *. 0.91%), the frequency of mature
CD4"25" Foxp3* T-reg cells in the spleen of both strains was
in a close range (6.8 £ 1.4% and 7.5 + 1.2% respectively).
Furthermore, the analysis of cell cycle divisions of splenic,
mature CD4"25" Foxp3" T-regs from CSFE-labeled mice
showed different proliferation rates in vivo in these strains.
Splenic T-regs from both strains went to 4-5 cycles of ho-
meostatic division within a 4-day interval, and to 7 cycles at
the end of day 6 post-CFSE injection, but a significant num-
ber of splenic B10.D2 T-regs (32-35%) were slow-dividing
(2-3 cycles of division within 6 days) (Fig. 7A). Noteworthy,
all mice investigated in this study were housed in a patho-
gen-free barrier, which rules out the possibility of opportun-
istic infections that may alter the T-cell homeostatic prolif-
eration.

Since we found a strong correlation between the ObR
partitioning on T-reg precursors and their rate of prolifera-
tion in BALB/c and B10.D2 mice, we next analyzed the ObR
partitioning on splenic, mature CD4"25" Foxp3* T-reg cells.
The patterns of ObR partitioning on splenic T-regs was simi-
lar to that on SP4 T-reg thymic precursors, since two major
T-reg populations were detected, i.e., ObR" and ObR"™ T-
regs (Fig. 7B). However, in contrast to the pattern observed
in the thymus, the B10.D2 mice showed a higher number of
slow-dividing (ObR™) splenic T-regs than the BALB/c mice
(53% vs. 33%). This was consistent with the CFSE results
showing a larger population of slow-dividing splenic T-regs
in B10.D2 mice than in BALB/c mice (Fig. 7A). Further-
more, in vitro stimulation of splenic ObR™ T-reg cells with
leptin in the presence of CD3/CD28 Abs significantly inhib-
ited the Cdk4 mRNA expression in both strains, indicating
again that signaling of ObR leads to inhibition of T-reg pro-
liferation (Fig. 7C). This may well explain why the size of
peripheral T-reg pool in B10.D2 mice having a higher T-reg
thymic output was quiet similar to that of BALB/c mice hav-
ing a lower T-reg thymic output. It thus appears that a switch
in the ObR cell density occurs in periphery in the T-reg cells
in these two strains that may compensate for the difference
in their Foxp3 T-reg thymic output. This is consistent with
previous reports showing that the requirements for T-reg
clonal expansion in thymus are different than those in pe-
ripheral lymphopid organs [53].

Interesting enough, the overall ObR expression on
(CD25™) T-reg thymic precursors was not only higher than
that on conventional (CD4"25) T-cell thymic precursors
(Figs. 7B vs. 7D), but also showed a different pattern of par-
titioning. While the splenic T-reg cells showed two major
populations (ObR" and ObR™), the conventional CD4 T-
cells showed a predominant ObR' population.

Together, these results showed that the number of thymic
T-reg immigrants does not affect significantly the size of
peripheral T-reg compartment in these two mouse strains due
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to a homeostatic normalization. The ObR partitioning on T-
reg cells appears to provide a negative signal for prolifera-
tion of T-reg precursors in thymus, and can also control their
peripheral homeostasis. The cellular and molecular events
leading to ObR re-partitioning in mature T-regs requires fur-
ther investigations.

Differential T-Reg Development in BALB/C and B10.D2
Mice Echoes Their Suppressogenic Capacity in Periphery

Since a differential Foxp3 expression and CD4"25" T-reg
thymic output did not affect the size of peripheral T-reg
compartment in BALB/c and B10.D2 strains, we next inves-
tigated the function of mature, splenic T-reg cells in these
strains. It has been suggested that the suppressogenic capac-
ity of T-reg cells is much related to the amount of Foxp3
protein per cell. The in vitro suppressogenic capacity of
splenic CD4"25" T-reg cells was tested using a transcrip-
tomic approach relying on the mRNA expression level for
Thl and Th2 transcription factors in syngeneic CD4'25° T
helper responder cells in parallel with their ability to secrete
cytokines upon CD3/CD28 stimulation. At the 1:1 ratio of T-
regs to Th responders, the B10D2 T-regs inhibited almost 2-
times stronger the IL-2 and IFN-y secretion by Th respond-
ers than the BALB/c T-regs (Fig. 8A, upper panel). Consis-
tently, the Thl and Th2 transcriptome expression (T-bet,
STAT4, NFATc, STAT6, GATA3, and cMAF) was lower
upon B10.D2 T-reg-induced suppression (Fig. 8A, lower
panel). These two assays indicated that the capacity of
B10.D2 T-reg cells to suppress a Th response in vitro is
stronger than that of BALB/c T-reg cells.

To compare the in vivo suppressogenicity of splenic
CD4"25" T-reg cells from BALB/c and B10.D2 mice, we
took advantage of an experimental autoimmune model for
type 1 diabetes (T1D). In this system, RAG2 KO, RIP-HA
Tg mice (H-2% expressing the influenza HA viral antigen in
the pancreatic B-islets under the rat insulin promoter develop
a rampant hyperglycemia (some 10-12 days) after infusion
with diabetogenic (HA-specific) CD4 T-cells from mice
bearing a TCR-HA10.12 transgene (TCR-HA Tg T-cells/H-
2% [10]. The suppressogenic capacity of splenic CD425"
Foxp3™ T-reg cells from BALB/c and B10.D2 mice was
tested in relation to their ability to suppress the diabetogenic
function of CD4"TCR-HA T-cells in vivo. At the 1 to 2.5
ratio of T-regs to diabetogenic CD4" TCR-HA cells co-
transferred in RAG2 KO RIP-HA mice, both the B10D.2 and
BALB/c T-regs were unable to delay significantly the onset
of hyperglycemia (Fig. 8B, upper panel). However, only the
B10.D2 T-regs prolonged the survival of hyperglycemic
RAG2 KO, RIP-HA recipients (Fig. 8B, lower panel). Some
80% of hyperglycemic recipients receiving B10D2 T-reg
cells survived for 1 month after the onset of hyperglycemia.
Prolonged survival occurred in the context of a protective
peri-islet pancreatic infiltration with lymphocytes (Fig. 8C).
In contrast, only 50% of the hyperglycemic RAG2 KO, RIP-
HA mice receiving BALB/c T-regs survived two weeks after
hyperglycemia onset, and displayed a higher degree of de-
structive (intra-islet) B-islet infiltration. Thus, the number of
heavily infiltrated B-islets in diabetic mice receiving B10.D2
T-regs (10 £2 islets of 20 scored per pancreas in 3 individual
mice) was lower than in those receiving BALB/c T-regs (16
+ 3 islets of 20 scored per pancreas in 3 individual mice).
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cell cycle divisions in FACS-gated CD4*25" thymocytes was established based on the dilution factor for CFSE fluorescence The percent of
proliferating T-reg cells in each cycle of division was determined using the ModFit analysis software. Shown is one of five representative
mice in each group. Empty histograms represent day 6, and dark histograms represent day 4 post-CFSE injection. Arrow in the middle panel
indicates the presence of a slow-dividing CD4*25" T-reg population in the spleen of a B10.D2 mouse. Lower panel shows the CFSE fluores-
cence after five serial, twofold dilutions in vitro (empty plots) as compared with the uptake of CFSE by thymocytes in vivo at 30 min after
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per group) expressing low and high ObR density on the surface. (C) Effect of leptin on Cdk4 mRNA expression in splenic ObR™ T-reg cells.
FACS-sorted ObR™CD4*CD25" splenocytes from BALB/c mice were stimulated for 24 h in vitro with CD3/CD28 Abs (5 ng/10° cells) in the
presence or absence of mouse recombinant leptin (5 pg/10° cells), and the Cdk4 mMRNA expression was measured by real-time RT-PCR.
Shown are the mean +/- SD results for three individual mice. Similar results were obtained in ObR"CD4*CD25™ splenocytes from B10.D2
mice. (D) Partitioning of ObR on mature CD4 T-cells from the spleen of BALB/c and B10.D2 mice as determined by FACS using ObR-FITC
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The autoimmune diabetes system demonstrated that the
B10.D2 T-regs provides a stronger protection against pan-
creatic infiltration than their BALB/c counterparts. The ex-
planation for a higher suppressogenic capacity of splenic
B10.D2 T-regs may well account for their higher Foxp3 pro-
tein expression as determined by single-cell level FACS
(Fig, 8D), and 1.5-2-times higher level of Foxp3 mRNA
measured by real-time RT-PCR.

Together, these results indicated that a differential T-reg
thymic development in mice with different genetic back-
ground does not affect the size of peripheral CD4*25"
Foxp3" T-reg pool due to a homeostatic normalization, but it
does affect their suppressogenic function.

DISCUSSION

Foxp3 incited much interest as the master regulatory
gene of thymic development and suppressogenic function of
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Fig. (8). Suppressogenicity of splenic, mature T-regs from BALB/c and B10.D2 mice. (A) In vitro suppression assay. The CD4"25 T cell
responders (5x10° cells) from the spleens of BALB/c or B10.D2 mice (pool of 5 mice per group) were isolated on CD4 mouse columns fol-
lowed by CD25 immunobeads, and then co-incubated for 24 h on CD3 and CD28 Ab stimulation (2.5 ug/5x10° cells) with FACS-sorted,
syngeneic CD4*25" T-reg cells (5x10° cells). From the same culture wells, the supernatants were assessed for cytokine secretion by ELISA,
and the cell pellets were assessed for the mRNA expression level of Thl and Th2 transcriptional factors by real-time PCR. Shown is the mean
inhibition +SD of IL-2, IL-4, and IFN-y from two identical experiments in which the signal-to-noise signal generated in the T responders/T-
reg co-culture in the absence of CD3 and CD28 stimulation were subtracted (upper panel). The percent inhibition of cytokine secretion (Y-
axis) was determined in relation to the corresponding amount of IL-2, IL-4 and IFN-y (pg/ml) secreted by CD4*25™ T cell responders stimu-
lated with CD3/CD28 Abs in the absence of T-reg cells. The quantitative measurements of mRNA relative expression for T-bet, STATA4,
NFATc, STAT6, GATAS3, and cMAF were carried out by real-time PCR (lower panel) (specific primers, Applied Biosystems, Foster City,
CA). The percent inhibition for each transcription factor (Y-axis) was calculated as percent of mRNA obtained by real-time PCR from
CD4%25 T cell responders stimulated with CD3/CD28 Abs in the absence of T-reg cells. (B) In vivo suppression assay. RAG2 KO, RIP-HA
Tg mice infused with splenic T-reg cells (10° cells from a pool of five BALB/c or five B10.D2 mice) (arrow at day 0 on X-axis), and 7 days
later infused with diabetogenic, splenic T cells (2.5x10° cells from a pool of five TCR-HA Tg mice) (arrow at day 7 on X-axis). Shown are
the glycemia values (upper panel) and the percent survival (lower panel) of RAG2 KO, RIP-HA Tg recipients. The dotted line (upper panel)
indicates the upper limit of normoglycemia previously determined in a cohort of twelve non-infused (control) RAG2 KO, RIP-HA Tg mice.
(C) Hematoxilin-eosin staining of 0.5 ppancreatic cross-sections from RAG2 KO, RIP-HA Tg recipients treated as in panel B, at 1 week after
infusion of diabetogenic T-cells. Shown is one of twenty representative pancreatic islets from each group of mice. (D) Quantification of
Foxp3 protein at the single-cell level in BALB/c and B10.D2 splenic T-reg cells was carried out based on the mean fluorescence intensity
(MFI) in CD4*CD25" splenocytes intra-nuclearly stained with Foxp3 APC-Ab conjugate. Shown are the MFI mean £SD values in groups of
six mice.

BALB/c and B10.D2 T-reg precursors through all stages of
thymic differentiation. An epigenetic control of Foxp3 gene

CD4"25" T-reg cells. Foxp3 transcripts were recently de-
tected in the early DNO (CD348) stage of thymic

differentiation in humans [54]. Herein, we detected Foxp3
mRNA and Foxp3 protein early during the DN3/4 stages of
thymic differentiation in two different genetic backgrounds
(BALB/c and B10.D2 mice) sharing the same MHC class Il
(H-2% haplotype. Foxp3 was differentially expressed in

was suggested based on the polymorphism in the Foxp3
binding sites for transcription factors like ATF/CREB,
C/EBP-y, Elk-1, Ets-1, GATA-4, NFATc, NF-kB, SMAD-4,
STAT-1, TGF-4, and TTF1[51]. Inasmuch as DNA methyla-
tion events assist the chromatin-remodeling and the circadian
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clock-regulated gene expression during differentiation of T-
cells toward a Thl or Th2 phenotype [47, 55], similar events
may play a role in T-reg thymic differentiation. Our DNA
methylation assay ruled out the possibility that epigenetic
alterations such as methylation in the Foxp3 gene promoter
in T-reg precursors could be the mechanism responsible for
variations in thymic expression of Foxp3 gene in BALB/c
and B10.D2 mice. However, DNA methylation in the 1%
Foxp3 intron was recently described to be inversely corre-
lated with the binding of CREB/ATF complex transcription
factor and Foxp3 expression [56], and further investigations
are required to find out whether a polymorphism in Foxp3
non-coding regions may lead to variations in Foxp3 expres-
sion in different genetic backgrounds. Epigenetic alterations
may affect not only the Foxp3 locus, but also loci encoding
modulators of cell cycle division and apoptosis in T-reg pre-
cursors, as suggested by our experiments revealing a differ-
ential expression of Bad, Caspase 3, ObR, and CD3 in T-reg
precursors from BALB/c and B10.D2 mice. More than 700
genes have been recently identified to be up- and down-
regulated in developing and mature CD4*25" T-reg cells
from C57BL/6 mice, and several polymorphic genes with
unique expression in different genetic backgrounds were also
found to affect the thymic differentiation of T-reg cells [57].

The Foxp3 thymic output was almost 3-times higher in
B10.D2 mice than in BALB/c mice. A differential CD4"25"
thymic output between the B6, DBA/2 and SJL inbred mice
bearing different MHC class Il haplotypes was previously
described [58]. Herein, we found a dual mechanism associ-
ated with the differential T-reg thymic output in BALB/c and
B10.D2 mice. One arm of this mechanism appears to control
the rate of T-reg thymic proliferation. Higher rates of prolif-
eration were associated with a larger number of fast-dividing
(ObR'") Foxp3* thymocytes. In addition, besides the negative
signaling of T-reg proliferation through ObR, its high cell
density on T-reg precursors and mature CD4"25" T-reg cells
as compared with conventional T-cells suggests that ObR is
a new biomarker for T-regs.

A second regulatory event that contributed to a differen-
tial T-reg thymic output in BALB/c and B10.D2 mice was
apoptosis of T-reg precursors. Higher rates of T-reg apopto-
sis in BALB/c mice than in B10D2 mice occurred in the con-
text of an increased basal level of Bad and Caspase 3 expres-
sion. Thus, the DN3/4 transition stage of thymic differentia-
tion appeared to be not only the earliest time-point of Foxp3
expression in T-reg precursors, but also the earliest check-
point for T-reg negative selection. Indeed, the thymic corti-
cal area where most of the DN thymocytes reside displays a
high extend of cell death [59]. Not surprisingly, the DN thy-
mocytes can receive CD3/TCR signals in the absence of a
CD4 receptor, since the p56'* phosphorylation and segrega-
tion of pre-TCRa. in the plasma membrane lipid rafts occurs
in DN thymocytes as well [60]. Furthermore, we found that a
lower CD3, but not CD28 cell density on B10.D2 T-reg pre-
cursors than on their BALB/c counterparts was associated
with a lower sensitivity to CD3-induced apoptosis in the DN
and DP stages of thymic differentiation. In contrast, the T-
reg precursors showed similar CD3 cell density in the SP4
terminal stage of thymic differentiation in both mouse
strains, and their sensitivity to CD3-induced apoptosis was
negatively correlated with the strength of CD3 signaling.
Stronger CD3 stimulation provided better protection against

Nazarov-Stoica et al.

apoptosis. It thus appears that CD3, but not CD28 stimula-
tion plays an important role in thymic selection of T-reg
cells.

Interesting enough, a differential T-reg thymic output
between the BALB/c and B10.D2 mice did not affect the
size of splenic CD4*25™ T-reg pool due to a regulatory ho-
meostatic mechanism. Previous data showed that the T-reg
thymic output in various mouse strains lacks correlation with
the size of T-reg compartment in periphery [58]. The T-reg
homeostatic proliferation in the spleen of BALB/c mice was
more accelerated than in B10.D2 mice, and this occurred in
the context of a larger number of fast-dividing (ObR'") T-reg
cells than in B10.D2 mice. However, the T-reg suppres-
sogenic capacity was different in these two strains, since the
splenic T-regs from B10.D2 mice were more suppressogenic
in the context of a higher expression of Foxp3 protein per
cell.

CONCLUSION REMARKS

In summary, this study revealed a differential tuning of
key regulatory proteins for thymic proliferation and apopto-
sis of CD4"Foxp3™ T-reg cells that appear to be under the
genetic control unrelated to the MHC class Il genes. This
was associated with variations in the T-reg thymic output in
two different mouse strains. A dual mechanism responsible
for differential rates of proliferation and apoptosis in T-reg
precursors in two different mouse strains seemed to rely on
the cell density of several receptors and signaling molecules
such as the leptin receptor (ObR), CD3/TCR complex, Bad,
and Caspase 3. The differential T-reg thymic output was
homeostatically normalized in periphery, whereas their sup-
pressogenic capacity was not. A stronger suppressogenic
capacity of peripheral, mature T-reg cells was paralleled by a
higher Foxp3 expression per cell. The differential thymic
development and function of CD4*Foxp3* T-reg cells in dif-
ferent genetic backgrounds may explain at least in part the
variations in susceptibility to infections and autoimmune
disorders reported in individuals from different ethnic
groups. Recently, correlates between the genetic polymor-
phism at (GT)n, (TC)nl, DXS573, and DXS120B loci in
Foxp3 gene, and variations in susceptibility to autoimmune
thyroiditis between Caucasian and Japanese ethnic groups,
have been reported [61].
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