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ABSTRACT

CD4'CD25* regulatory cells control the development of autoimmunity, including type 1 diabetes, and the
transcription factor Foxp3 is crucial for the development and function of these cells. The decreased
effectiveness of regulatory T cell function in diabetes-prone NOD mice is due to the failure of NOD APC to
activate regulatory T cells pr()perly. In the present study, we examined the parameters that modulate Foxp3
expression in CD4'CD25* regulatory cells. We found that CD4'CD25' cells from congenic diabetes-resistant
NOD mice exhibited intermediate levels of Foxp3 compared with regulatory cells from B6 mice and Sick NOD
mice. Using an in vitro Foxp3 induction system, we found that APC from diabetes-resistant congenic NOD
mice also exhibited an intermediate ability to maintain expression of Foxp3 in CD4'CD25' cells. Finally, NOD
APC pre-treated with a microbial component, lipoteichoic acid, regained their ability to maintain Foxp3
expression in CD4*CD25* cells in vitro. APC from CFA-treated NOD mice that were transferred into recipient
NOD mice could induce Foxp3 expression in CD4*CD25* cells in vivo. Altogether, these data suggest that
Foxp3 expression in CD4'CD25* cells from NOD mice can be modulated by optimal stimulation by APC.
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INTRODUCTION

Non obese diabetic (NOD) mice develop
spontaneous diabetes that resembles human
Type I diabetes. The disease incidence varies
from 60 to 90% in female NOD mice
depending on the animal facility and is much
lower in males. NOD mice appear to have a
dysregulated immune response, including defi-
ciency in two regulatory cell populations, NKT
and CD4°'CD25* regulatory T cells (Gombert
1996; Wu 2002) and antigen-presenting cell
(APC) function (Serreze 1993; Piganelli 1998;
Dahlen 2000; Lee 2000). CD4:CD25* regula-
tory T cells play a crucial role in controlling
autoimmune disease development, including
type 1 diabetes. Although controversial, the
percentage and function of these cells have
been found to be altered in NOD mice
(Salomon 2000; Kishimoto 2001; Wu 2002;
Alard 2006) and diabetic patients (Kukreja
2002). We recently have shown that the defect
in regulation observed in NOD mice appears to
lie in the inability of NOD APC to activate
CD4'CD25* regulatory T cells (Alard 2006).
Moreover, we have compelling data showing
that complete Freund’s adjuvant (CFA) injec-

' Corresponding  author  e-mail:  pOalar01@gwise.

louisville.edu

tion into NOD mice restores functional APC
and regulatory cells and prevents diabetes
development (Manirarora 2008).

CD4'CD25" regulatory T cells account for
5-10% of CD4* cells in healthy mice and
humans and are crucial for controlling the
development of autoimmune diseases. Al-
though the mechanisms of action of
CD4CD25* regulatory T cells are still contro-
versial (Sakaguchi 2004), these cells absolutely
require activation (Takahashi 1998; Thornton
1998), presumably by APC, to mediate regu-
lation. Recently, a transcription factor, Foxp3,
has been found to be critical for CD4*CD25*
regulatory T cell development and function.
CD4CD25" regulatory T cells from Foxp3-
deficient mice are not functional, and naive T
cells forced to express Foxp3 exhibit regulatory
function (Fontenot 2003; Hori 2003; Khattri
2003). Few studies have confirmed the rela-
tionship between Foxp3 and regulatory cell
function using transgenic mice expressing GFP
under the control of the Foxp3 promoter
(Sakaguchi 2004; Fontenot 2005). More im-
portantly, a recent study has found a correla-
tion between levels of Foxp3 expression and
regulatory function (Wan 2007) suggesting that
failure to maintain optimal Foxp3 expréssion
could compromise regulatory cell function and
lead to autoimmune disease development.
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CD4CD25" regulatory cells from NOD
mice were found to express diminished level
of Foxp3 at the mRNA level (Pop 2005). We
have confirmed this observation at the protein
level and have shown that NOD APC were
less efficient at maintaining Foxp3 expression
in CD4-CD25* regulatory T cells from NOD
mice (Manirarora 2008). In the current study,
we have investigated in more detail the defect
in Foxp3 expression in CD4*CD25* regulatory
T cells from NOD mice. We have examined
whether the levels of Foxp3 expressed by
CD4CD25" regulatory T cells was normal in
diabetes-resistant congenic NOD mice. We
also have examined whether APC from diabe-
tes-resistant congenic NOD mice were able to
maintain  Foxp3 expression in CD4CD25*
regulatory T cells from NOD mice. Finally
we assessed whether pre-activation of NOD
APC with microbial components could restore
normal levels of Foxp3 in NOD CD4CD25"
regulatory T cells in vitro and in vivo.

MATERIALS AND METHODS
Mice

Eight-fifteen week-old C57BL/6 and NOD
female mice (Jackson Laboratory, Bar Harbor,
ME) and congenic Idd3/5 and Idd9 NOD
female mice (Taconic, Hudson, NY) were
maintained under specific pathogen-free con-
ditions as described in the Institutional
Animal Care and Use Committee guidelines.

Antibodies and Flow Cytometry

APC-anti-CD25, PerCP-anti-CD4 antibod-
ies were purchased (BD Pharmingen, San
Diego, CA). One million cells were incubated
with Fe block and labeled with antibodies for
20 min in DPBS 1% FCS, 0.1% NaNO;, and
washed twice. For Foxp3, cells were intracel-
lularly labeled with PE-anti-Foxp3 antibodies
(eBioscience, San Diego, CA) according to the
manufacturer’s instructions. Cells were ana-
lyzed by FACS® using a FACScalibur (Becton
Dickinson, Palo Alto, CA).

T cell Depletion of Spleen Cells

Spleen cells were incubated in lysis buffer
(RPMI 1640 with 1M Hepes and 0.3 g BSA)
containing anti-mouse CD90 antibody (Ce-
darlane, Hornby, Ontario, Canada), then with
Low-Tox-M rabbit complement (1:10; Cedar-
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lane, Hornby, Ontario, Canada). The purity
of the CD3" cells was consistently >95%.
In some case, CD3" cells were stimulated
overnight in the presence of 10 pg/ml of
lipoteichoic acid (LTA),

Cell Culture for Evaluation of
Foxp3 Maintenance

CD4CD25" regulatory T cells from three
mice were pooled and sorted to >95% purity
(MoFlo®, DakoCytomation, Fort Collins, CO)
and cultured in multiple wells (24 X 10
cells/well) in complete media (RPMI 1640,
10% heat-inactivated FCS, 2 mM glutamine,
10 mM HEPES, 100 U/ml pen G sodium,
100 pg/ml strep sulfate, and 1 X 10° 2 ME)
for 18 hrs with irradiated T cell-depleted
spleen cells (APC; 1 X 10°) pooled from three
mice and anti-CD3 antibody (0.5 pg/ml).

Local Adoptive Transfer to Evaluate Foxp3
Maintenance in vivo

Complete Freund’'s adjuvant (CFA) was
prepared using non-viable desiccated Myco-
bacterium tuberculosis (H37 RA, Difco Lab-
oratories, Detroit, MI) at 1 mg/ml in PBS and
emulsified in incomplete Freund’s Adjuvant
(IFA; Sigma-Aldrich, St Louis, MO). Eight
week-old NOD mice were injected subcuta-
neously with 100 pl of PBS or complete
Freund’s adjuvant (CFA). Three weeks later,
spleen cells were harvested, depleted of T
cells, and 1 X 10° cells injected subcutane-
ously in the footpad of 6-8 week-old NOD
mice. After four days, popliteal LN were
collected, and cells were labeled for Foxp3.

Statistical Analysis

Data were analyzed using the student’s ¢-test.
Each experiment was repeated with reproduc-
ible results at least 2 times. One representative
experiment is shown in each figure or table.

RESULTS

Comparison of Foxp3 Expression in
CD4'CD25" Regulatory Cells from Diabetes-
Resistant Congenic NOD Mice and Diabetes-
Prone NOD Mice

Multiple genetic loci control disease sus-
ceptibility in NOD mice, and one of these loci
include the MHC class II I-Af< allele.
Furthermore, congenic NOD mice bearing
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Table 1. CD4*CD25" regulatory cells from congenic
diabetes-resistant mice exhibit intermediate levels of
Foxp3 by comparison with cells from B6 and Sick
NOD mice.

CD4'CD25" cells % Foxp3™ Foxp3 MFI*
B6 88 310
B6# 93 230
Idd3/5 94 220
Idd9 93 223
Sick NOD 87 175

* Splenic cells were analyzed for Foxp3 expression by FACS® after gating
on CD4'CD25* cell and percent of Foxp3* cells and mean fluorescent
intensity (MFI) for Foxp3 are r(‘pr('svntt-d. Representative results from one
of two experiments are shown.

one or more loci termed insulin-dependent
diabetes (Idd) loci that are linked to diabetes
resistance or susceptibility, such as Idd3
(Lyons 2000), Idd5 (Kissler 2006) or Idd9
(Lyons 2000) are highly protected from the
occurrence of type-1 diabetes (Maier 2005;
Hamilton-Williams 2007). Because we previ-
ously had found that CD4°CD25" regulatory
cells from NOD mice exhibited a lower Foxp3
expression than cells from B6 mice (Manirar-
ora 2008), we first examined whether
CD4:CD25" regulatory cells from diabetic-
resistant Idd3/5 and Idd9 congenic NOD
mice exhibited normal levels of Foxp3. Cells
from spleens of four mice were pooled and
labeled with anti-CD25, anti-CD4 and anti-
Foxp3 antibodies and analyzed by FACS. We
found that CD4*CD25* regulatory cells from
congenic diabetes-resistant mice exhibit inter-
mediate levels of Foxp3 compared with cells
from B6 (normal control) and NOD mice
(Table 1) Furthermore, CD4*CD25* regula-
tory cells from B6“ mice that express the
MHC class IT T-AB< allele of NOD mice also
exhibited intermediate Foxp3 expression, sug-
gesting that the allele I-AB“ may be involved
in the intermediate Foxp3 expression ob-
served in CD4°CD25" regulatory cells from
congenic diabetes-resistant mice.

Comparison of the Ability of APC from
Diabetes-Resistant Congenic NOD Mice and
Diabetes-Prone NOD Mice to Maintain
Foxp3 Expression in vitro

We had shown in previous studies that APC
from NOD mice failed to optimally activate
CD4°CD25* regulatory cells in vitro, as shown
by decreased suppression of effector cell
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proliferation (Alard 2006) and lower mainte-
nance of Foxp3 expression in vitro (Manirar-
ora 2008). In the current study, we first tested
whether CD4'CD25" regulatory cells from
eight week-old pre-diabetic or 12-15 week-old
Sick NOD mice responded differently to APC
stimulation for the maintenance of Foxp3
expression using an in vitro assay that we have
developed  (Manirarora  2008).  Indeed,
CD4'CD25' regulatory cells from Sick NOD
mice exhibited lower levels of Foxp3 after
stimulation in vitro with B6, pre-diabetic or
Sick NOD APC (Table 2, rows 1-3) compared
with CD4'CD25" regulatory cells from pre-
diabetic NOD mice (Table 2, rows 4-6).
Similarly, APC from pre-diabetic NOD mice
were more efficient than APC from Sick NOD
mice at maintaining Foxp3 expression in
CD4*CD25* regulatory cells from pre-diabetic
(Table 2, rows 5&6) or Sick (Table 2, rows
2&3) NOD mice.

We next tested whether APC from diabe-
tes-resistant mice could sustain normal levels
of Foxp3 in vitro. Spleens were harvested
from age-matched B6, B6¢, Idd3/5, Idd9 and
sick NOD mice. Cells were pooled from each
group and depleted of T cells and cultured
overnight with sorted CD4*CD25* regulatory
cells in the presence of anti-CD3 antibody. At
the end of the culture, cells were labeled with
anti-CD25, anti-CD4 and anti-Foxp3 antibod-
ies and analyzed by flow cytometry. We found
that APC from congenic diabetes-resistant
mice had an intermediate ability to sustain
Foxp3 expression in vitro compared with APC
from either B6 or sick NOD mice (Table 3).
Furthermore, APC from B6¢ mice also were
less efficient at maintaining Foxp3 expression
in vitro. The intermediate expression of Foxp3
found in these strains of mice (Table 1)
appeared to correlate with the intermediate
ability of APC from these mice to maintain
Foxp3 expression in CD4*CD25 regulatory
cells.

CEffects of in vitro and in vivo Activation of
APC on Induction of Foxp3 Expression in
CD4°CD25* Regulatory Cells

Multiple studies have reported that Com-
plete Freund’s adjuvant (CFA), which con-
tains Mycobacterium tuberculosis, can prevent
diabetes development when injected into
young NOD mice (Mclnerney 1991; Qin
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Table 2.
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Comparison of APC and CD4*CD25* regulatory cells from pre-diabetic NOD and Sick NOD mice for the

maintenance of Foxp3 expression in vitro upon overnight culture of CD4*CD25* T cells with APC and anti-

CD3 antibody.

APC! CD4CD25" cells % Foxp3™ Foxp3 MFI®
B6 Sick NOD 90 259
Pre-diabetic NOD Sick NOD 98 181
Sick NOD Sick NOD 94 146
B6 Pre-diabetic NOD 94 281
Pre-diabetic NOD Pre-diabetic NOD 98 227
Sick NOD Pre-diabetic NOD 88 1kl |

* Irradiated T-cell depleted spleen cells.

" Cells pooled from multiple wells were analyzed for Foxp3 expression by FACS® after gating on CD4+CD25+ cell and percent of Foxp3+ cells and mean
fluorescent intensity (MFI) for Foxp3 are rvpr('m'nrt'cl. Representative results from one of two experiments are shown.

1993; Lee 2004). We found previously that
CD4-CD25" regulatory cells from CFA-treat-
ed NOD mice express normal levels of Foxp3,
and APC from those mice recover their ability
to stimulate regulatory cell function and
maintenance of F oxp3 expression in vitro
(Manirarora 2008). In the current study, we
first tested whether exposure of APC to
components of microorganisms in vitro also
could render NOD APC capable of sustaining
Foxp3 expression in CD4'CD25* regulatory
cells. Because CFA mediates its effect on APC
via TLR2 (Lim 2002), we used a TLR2 ligand,
lipoteichoic acid (LTA), isolated from Staph-
ylococcus aureus. Spleens were harvested
from sick NOD or B6 mice, and cells were
depleted of T-cells and either left unstimu-
lated or stimulated overnight with LTA. On
the following day, cells were irradiated,
washed, and used as APC in overnight
cultures with CD4*CD25" regulatory cells
purified from either B6 or sick NOD mice.
Cells were then labeled with anti-CD4, anti-
CD25, and anti-Foxp3 antibodies and ana-
lyzed by flow cytometry. LTA-stimulated APC

Table 3. APC from diabetes-resistant congenic mice
sustain intermediate Foxp3 expression in vitro upon
overnight culture of CD4*CD25* T cells with APC and
anti-CD3 antibody.

APC CD4'CD25 cells % Foxp3* Foxp3 MFI"

B6 Sick NOD 94 234
B6+ Sick NOD 97 206
Idd3/5 Sick NOD 96 180
Icdd9 Sick NOD 94 190
Sick NOD Sick NOD 98 167

* Irradiated T-cell depleted spleen cells.

" Cells pooled from multiple wells were analyzed for Foxp3 expression by

FACS® after gating on CD4+CD25+ cell and percent of Foxp3+ cells and
mean fluorescent intensity (MFI) for Fu\'p.? are rvprr‘sontvd Rvpr{-m‘nt-.lti\"('
results from one of two experiments are shown.

from sick NOD mice sustained Foxp3 expres-
sion in vitro compared with unstimulated
APC from sick NOD mice (Table 4} Taken
together, these data suggest that APC stimu-
lated with LTA recover their ability to
stimulate CD4*CD25* regulatory cells in vitro.
We next tested whether APC collected from
CFA-treated mice could enhance Foxp3
expression in vivo. Spleen cells were harvest-
ed from CFA-treated or PBS-treated NOD
mice, depleted of T cells, and 1 X 10° cells
injected in the left footpad of 8 week-old
NOD mice. Four days later, the left popliteal
LN were collected, and cells labeled with anti-
CD25, anti-CD4, and anti-Foxp3 antibodies
and analyzed by flow cytometry. Foxp3
expression was significantly enhanced in
CD4*CD25" cells harvested from the LN of
mice that had received APC from CFA-
treated NOD mice compared to CD4*CD25*
cells harvested from the LN of mice that had
received APC from PBS-treated NOD mice
(Figure 1). These data suggest that APC
activated in vivo with CFA and injected into
recipient mice were able to enhance locally
expression of Foxp3 in regulatory cells.

DISCUSSION

FoxpS appears to be a critical transcription
factor for CD4*CD25" regulatory T cell
development and function (Fontenot 2003;
Hori 2003; Khattri 2003). Furthermore, reg-
ulatory function correlates with levels of
Foxp3 expression (Wan 2007), suggesting that
failure to maintain optimal Foxp3 expression
could compromise regulatory cell function
and lead to autoimmune disease development.
Because CD4*CD25* regulatory cells from
NOD mice were found to express diminished
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Table 4. Lipoteichoic acid (LTA) restores the ability of
NOD APC to induce Foxp3 expression in CD4'CD25*
cells upon overnight culture of CD4'CD25" T cells with
APC and anti-CD3 antibody.

APC* CD4'CD25* cells % Foxp3™" Foxp3 MFI
B6 Sick NOD 82 177
Sick NOD Sick NOD 86 134
LTA-B6 Sick NOD 85 212
LTA-Sick

NOD Sick NOD 87 189

* Irradiated T-cell depleted spleen cells.

" Cells pooled from multiple wells were analyzed for Foxp3 expression by
FACS® after gating on CD4+CD25+ cell and percent of Foxp3+ cells and
mean fluorescent intensity (MFI) for Foxp3 are represented. Representative
results from one of two experiments are shown.

levels of Foxp3 at the mRNA (Pop 2005) and
protein level (Manirarora 2008), in the current
manuscript we analyzed the modulation of
expression of Foxp3 in CD4'CD25* T cells
from diabetes-prone  NOD and diabetes-
resistant congenic NOD mice. We showed
that expression of Foxp3 was affected by three
parameters, the expression of MHC class II I-
AP¢ allele by APC, the disease state, and
optimal stimulation by APC.

The expression of Foxp3 in CD4'CD25" T
cells from diabetes-resistant congenic NOD
mice that express the MHC class 1T T-Ap¢
allele was lower than that from B6 mice but
higher than that of NOD mice. Similar results
were found in in CD4*CD25* T cells from B6
mice that expressed that same class II allele
(B6¢ mice). We had previously shown that
CD4'CD25* T cells from pre-diabetic NOD
mice also expressed an intermediate expres-
sion of Foxp3 (Manirarora 2008). Similarly,
the ability of APC from diabetes-resistant
congenic and pre-diabetic NOD mice to
maintain Foxp3 expression also was interme-
diate suggesting that the MHC class 1T I-AB<
allele is involved at some level in the decrease
in Foxp3 expression in CD4*CD25* T cells
from NOD mice. The MHC class 11 1-Ap¥
allele is one of multiple genetic loci that
control disease susceptibility in NOD mice. It
has been reported that coexpression of
protective Bchains such as I-AB? or [I-AB* with
the endogenous disease-prone Pchain (I-AB¥)
in about 15% of bone marrow-derived hae-
matopoietic stem cells provides protection
against the development of insulitis and
diabetes (Tian 2004). However, the MHC
class IT I-AB< allele is not sufficient to induce
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Figure 1. Induction of Foxp3 expression in CD4*CD25*

cells upon subcutaneous injection of CFA-stimulated
APC. Popliteal LN cells from mice injected with PBS or
CFA-stimulated APC were harvested, labeled with anti-
CD4, CD25 and Foxp3 antibodies, and analyzed by
FACS® after gating on CD4+CD25+ cells. Mean fluores-
cent intensity (MFI) for Foxp3 are represented.

disease as mice expressing the defective
MHC-Class 1T allele T-Ap# on a C57BL/6
(B6) background (B6¢ mice) do not develop
diabetes (Wong 2005). Furthermore, the
ability of APC to maintain Foxp3 expression
is lower if CD4*CD25* regulatory cells from
sick NOD mice are used in the in vitro assay
compared with pre-diabetic  NOD mice,
suggesting that the disease state can affect
Foxp3 expression in CD4'CD25" regulatory
cells at some level. Using transgenic mice that
were rendered chronically hyperglycemic
beginning shortly after birth by rat insulin
promoter driven expression of calmodulin
(OVE26) and subsequent B cell damage
(Epstein  1989), we showed that higher
glucose levels have no effect on Foxp3
expression in CD4°CD25" regulatory cells
(Manirarora 2008). However, other metabo-
lites that are produced during diabetes
progression may affect APC and/or regulatory
cells, thereby leading to further decreases in
Foxp3 expression.

We had shown previously that activation of
APC in vivo by treatment with CFA appeared
to significantly enhance the NOD APC’s
ability to activate CD4*CD25* regulatory T
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cells, as indicated by increased regulatory
activity both in wvivo and in wvitro, and
restoration of an optimal regulatory cell
phenotype, i.e., increased Foxp3 expression
in CD4*CD25* T cells (Manirarora 2008). Our
data suggested that the effect of CFA was, at
least in part, mediated through enhancement
of the ability of NOD APC to act on NOD
CD4CD25* regulatory T cells by sustaining
Foxp3 expression. In the current manuscript
we demonstrated that APC stimulated by
CFA in vivo could indeed induce induction
of Foxp3 expression in NOD regulatory cells
in vivo, by performing a local adoptive
transfer of CFA-treated APC and assessing
Foxp3 expression in the draining LN a few
days later. Because CFA, which contains
desiccated Mycobacterium tuberculosis, ap-
pears to mediate its effect in vivo through
TLR2 (Lim 2002), we tested whether a TLR2
ligand could reproduce the CFA effect in
vitro. Pre-treatment with lipoteichoic acid
(LTA), a TLR2 ligand, could indeed restore
the ability of NOD APC to maintain Foxp3
expression in CD4°CD25* regulatory cells in
vitro, indicating that cell wall components
targeting TLR are capable of mediating this
effect. Another cell wall component of Myco-
bacterium tuberculosis, mannose-capped li-
poarabinomannan, has been shown to induce
expansion of CD4:CD25'Foxp3* regulatory T
cells by binding to receptors expressed by
APC (Garg 2008). There are, therefore,
several potential candidates capable of en-
hancing the ability of APC to preferentially
induce regulatory cells.

In conclusion, we have established a link
between the decreased expression of Foxp3 in
CD4°CD25' regulatory cells and the expression
of MHC class IT I-AB# allele by APC in NOD
mice. Moreover, disease progression appear to
affect Foxp3 expression as well. More impor-
tantly, the ability of NOD APC to induce/
maintain Foxp3 expression in CD4'CD25* T
cells can be restored by stimulation with TLR
ligand, and manipulating the ability of APC to
activate/induce CD4*CD25* regulatory T cells
is a potential strategy that could be used to
prevent disease.

ACKNOWLEDGEMENTS

This study was supported by a grant from
the University of Louisville School of Medi-

Journal of the Kentucky Academy of Science 70(2)

cine. Jean N. Manirarora was supported by a
Ruth L. Kirschstein NRSA.

LITERATURE CITED

Alard, P., J. N. Manirarora, S. A. Parnell, J. L. Hudkins, S.
L. Clark, and M. M. Kosiewicz. 2006. Deficiency in
NOD antigen-presenting cell function may be respon-
sible for suboptimal CD4+CD25+ T-cell-mediated
regulation and type 1 diabetes development in NOD
mice. Diabetes 55:2098-105.

Dahlen, E., G. Hedlund, and K. Dawe. 2000. Low CDS86
expression in the nonobese diabetic mouse results in
the impairment of both T cell activation and CTLA-4
up-regulation. Journal of Immunology 164:2444-56.

Epstein, P. N., P. A. Overbeek, and A. R. Means. 1989.
Calmodulin-induced early-onset diabetes in transgenic
mice. Cell 58:1067-73.

Fontenot, J. D., J. P. Rasmussen, L. M. Williams, J. L.
Dooley, A. G. Farr, and A. Y. Rudensky. 2005.
Regulatory T cell lineage specification by the forkhead
transcription factor foxp3. Immunity 22:329-41.

Fontenot, ]. D., M. A. Gavin, and A. Y. Rudensky. 2003.
Foxp3 programs the development and function of
CD4+CD25+ regulatory T cells. Nature Immunology
4:330-6.

Garg, A, P. F. Barnes, S. Roy, M. F. Quiroga, S. Wu, V.
E. Garcia, S. R. Krutzik, S. E. Weiss, and R.
Vankayalapati. 2008. Mannose-capped lipoarabinoman-
nan- and prostaglandin E2-dependent expansion of
regulatory T cells in human Mycobacterium tuberculo-
sis infection. European Journal of Immunology 38:
459-469.

Gombert, J. M., A. Herbelin, E. Tancrede-Bohin, M. Dy,
C. Carnaud, and J. F. Bach. 1996. Early quantitative
and functional deficiency of NK1+like thymocytes in
the NOD mouse. European Journal of Immunclogy
26:2989-98.

Hamilton-Williams, E. E., X. Martinez, M. Lyman, K.
Hunter, L. S. Wicker, and L. A. Sherman. 2007. The
use of idd congenic mice to identify checkpoints of
peripheral tolerance to islet antigen. Annals of the
NewYork Academy of Sciences 1103:118-27.

Hori, S., T. Nomura, and S. Sakaguchi. 2003. Control of
regulatory T cell development by the transcription
factor Foxp3. Science 299:1057-61.

Khattri, R., T. Cox, S. A. Yasayko, and F. Ramsdell. 2003.
An essential role for Scurfin in CD4+CD25+ T
regulatory cells. Nature Immunology 4:337-42.

Kishimoto, H., and ]. Sprent. 2001. A defect in central
tolerance in NOD mice. Nature Immunoclogy 2:
1025-31.

Kissler, S., P. Stern, K. Takahashi, K. Hunter, L. B.
Peterson, and L. S. Wicker. 2006. In vivo RNA
interference  demonstrates a rtole for Nrampl in
modifying susceptibility to type 1 diabetes. Nature
Genetic 38:479-83.

Kukreja, A., G. Cost, ]. Marker, C. Zhang, Z. Sun, K. Lin-
Su, S. Ten, M. Sanz, M. Exley, B. Wilson, S. Porcelli,



Defective Foxp3 Expression in NOD Treg—Manirarora et al.

and N. Maclaren. 2002. Multiple immuno-regulatory
defects in type-1 diabetes. Journal of Clinical Investi-
gation 109:131-40.

Lee, L. F., H. Qin, J. Trudeau, J. Dutz, and R. Tan. 2004.
Regulation of autoimmune diabetes by complete
Freund’s adjuvant is mediated by NK cells. Journal of
Immunology 172:937—42.

Lee, M., A. Y. Kim, and Y. Kang. 2000. Defects in the
differentiation and function of bone marrow-derived
dendritic cells in non-obese diabetic mice. Journal of
Korean Medical Science 15:217-23.

Lim, S.-K. 2002. Freund adjuvant induces TLR2 but not
TLR4 expression in the liver of mice. International
Immunopharmacology 3:115-118.

Lyons, P. A, W. W. Hancock, P. Denny, C. |. Lord, N. .
Hill, N. Armitage, T. Siegmund, J. A. Todd, M. S.
Phillips, J. F. Hess, S. L. Chen, P. A. Fischer, L. B.
Peterson, and L. S. Wicker. 2000. The NOD 1dd9
genetic interval influences the pathogenicity of insulitis
and contains molecular variants of Cd30, Tnfr2, and
Cd137. Immunity 13:107-15.

Lyons, P. A., N. Armitage, F. Argentina, P. Denny, N. J.
Hill, C. J. Lord, M. B. Wilusz, L. B. Peterson, L. S.
Wicker, and J. A. Todd. 2000. Congenic mapping of the
type 1 diabetes locus, Idd3, to a 780-kb region of mouse
chromosome 3: identification of a candidate segment of
ancestral DNA by haplotype mapping. Genome Re-
search 10:446-53.

Maier, L. M., and L. S. Wicker. 2005. Genetic
susceptibility to type 1 diabetes. Current Opinion in
Immunology 17:601-8.

Manirarora, . N., M. M. Kosiewicz, S. A. Parnell, and P.
Alard. 2008. APC activation restores functional
CD4(+)CD25(+) regulatory T cells in NOD mice that
can prevent diabetes development. Public Library of
Science ONE 3:e3739.

McInerney, M. F., S. B. Pek, and D. W. Thomas. 1991.
Prevention of insulitis and diabetes onset by treatment
with complete Freund’s adjuvant in NOD mice.
Diabetes 40:715-25.

Piganelli, ]. D., T. Martin, and K. Haskins. 1998. Splenic
macrophages from the NOD mouse are defective in the
ability to present antigen. Diabetes 47:1212-8.

Pop, S. M., C. P. Wong, D. A. Culton, S. H. Clarke, and R.
Tisch. 2005. Single cell analysis shows decreasing
FoxP3 and TGFbetal coexpressing CD4+CD25+

151

regulatory T cells during autoimmune diabetes. Journal
of Experimental Medicine 201:1333—46.

Qin, H. Y., M. W. Sadelain, C. Hitchon, J. Lauzon, and B.
Singh. 1993. Complete Freund’s adjuvant-induced T
cells prevent the development and adoptive transfer of
diabetes in nonobese diabetic mice. Journal of Immu-
nology 150:2072-80.

Sakaguchi, S. 2004. Naturally arising CD4+ regulatory T
cells for immunologic self-tolerance and negative
control of immune responses. Annual Review of
Immunology 22:531-62.

Salomon, B., D. J. Lenschow, L. Rhee, N. Ashourian, B.
Singh, A. Sharpe, and J. A. Bluestone. 2000. B7/CD28
costimulation is essential for the homeostasis of the
CD4+CD25+ immunoregulatory T cells that control
autoimmune diabetes. Immunity 12:431-40.

Serreze, D. V., H. R. Gaskins, and E. H. Leiter. 1993.
Defects in the differentiation and function of antigen
presenting cells in NOD/Lt mice. Journal of Immunol-
ogy 150:2534-43.

Takahashi, K., M. C. Honeyman, and L. C. Harrison.
1998. Impaired yield, phenotype, and function of
monocyte-derived dendritic cells in humans at risk for
insulin-dependent diabetes. Journal of Immunology
161:2629-35.

Thornton, A. M., and E. M. Shevach. 1998. CD4+CD25+
immunoregulatory T cells suppress polyclonal T cell
activation in vitro by inhibiting interleukin 2 produc-
tion. Journal of Experimental Medicine 188:287-96.

Tian, C., J. Bagley, N. Cretin, N. Seth, K. W.
Wucherpfennig, and J. Iacomini. 2004. Prevention of
type 1 diabetes by gene therapy. Journal of Clinical
Investigation 114:969-78.

Wan, Y. Y., and R. A. Flavell. 2007. Regulatory T-cell
functions are subverted and converted owing to
attenuated Foxp3 expression. Nature 445:766-70.

Wong, F. S., W. Du, L ]. Thomas, and L. Wen. 2005. The
influence of the major histocompatibility complex on
development of autoimmune diabetes in RIP-B7.1
mice. Diabetes 54:2032—40.

Wu, A. J., H. Hua, S. H. Munson, and H, O. McDevitt.
2002. Tumor necrosis factor-alpha regulation of
CD4+CD25+ T cell levels in NOD mice. Proceedings
of the National Academy of Sciences of the United
States of America 99:12287-92.



ImEE BHL

Biodiversity Heritage Library

Manirarora, Jean Nepomuscene et al. 2009. "Analysis of Modulation of Foxp3
Expression in CD4CD25 Regulatory Cells from NOD Mice." Journal of the
Kentucky Academy of Science 70(2), 145-151.
https://doi.org/10.3101/1098-7096-70.2.145.

View This Item Online: https://www.biodiversitylibrary.org/item/175661
DOI: https://doi.org/10.3101/1098-7096-70.2.145
Permalink: https://www.biodiversitylibrary.org/partpdf/335784

Holding Institution
Smithsonian Libraries and Archives

Sponsored by
Biodiversity Heritage Library

Copyright & Reuse

Copyright Status: In Copyright. Digitized with the permission of the rights holder
Rights Holder: Kentucky Academy of Science

License: http://creativecommons.org/licenses/by-nc-sa/3.0/

Rights: https://www.biodiversitylibrary.org/permissions/

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at
https://www.biodiversitylibrary.org.

This file was generated 28 April 2024 at 21:32 UTC


https://doi.org/10.3101/1098-7096-70.2.145
https://www.biodiversitylibrary.org/item/175661
https://doi.org/10.3101/1098-7096-70.2.145
https://www.biodiversitylibrary.org/partpdf/335784
http://creativecommons.org/licenses/by-nc-sa/3.0/
https://www.biodiversitylibrary.org/permissions/
https://www.biodiversitylibrary.org

