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The signal transducers and activators of transcription (STAT) family of proteins play a critical role in cyto-
kine signaling required for fine tuning of immune regulation. Previous reports showed that a mutation
(L327M) in the Stat5b protein leads to aberrant cytokine signaling in the NOD mice. To further elaborate
the role of Stat5b in diabetes, we established a NOD transgenic mouse that over-expresses the wild type
Stat5b gene. The incidences of spontaneous diabetes as well as cyclophosphamide-induced diabetes were
significantly reduced and delayed in the Stat5b transgenic NOD mice compared to their littermate con-
trols. The total cell numbers of CD4+ T cells and especially CD8+ T cells in the spleen and pancreatic lymph
node were increased in the Stat5b transgenic NOD mice. Consistent with these findings, CD4+ and CD8+ T
cells from the Stat5b transgenic NOD mice showed a higher proliferation capacity and up-regulation of
multiple cytokines including IL-2, IFN-c, TNF-a and IL-10 as well as anti-apoptotic gene Bcl-xl. Further-
more, the number and proportion of CD4+CD25+ regulatory T cells were significantly increased in trans-
genic mice although in vitro suppression ability of the regulatory T-cells was not affected by the
transgene. Our results suggest that Stat5b confers protection against diabetes in the NOD mice by regu-
lating the numbers and function of multiple immune cell types, especially by up-regulating CD4+CD25+

regulatory T cells.
Published by Elsevier Inc.
1. Introduction

Type-1 diabetes (T1D) develops via a complex process as a re-
sult of multiple defects in immune regulation. The non-obese dia-
betic (NOD) mouse is an excellent model for human T1D since it
shares many genetic and pathophysiological characteristics with
human patients [1]. Multiple loci including MHC and non-MHC
genes control the genetic susceptibility to diabetes in the NOD
mice [2]. NOD mice exhibit a number of other immune defects
including deficiencies in the CD4+CD25+ regulatory T cell popula-
tion [3,4], reduction in plasmacytoid dendritic cells [5], defective
macrophage maturation and function [6], low levels of nature killer
(NK) cell activity [7,8] and defects in NKT cells [9]. The loss of im-
mune homeostasis during diabetes development is a defect in
cytokine signaling during differentiation and chronic inflammation
[6]. This disruption in cytokine signaling is further linked to the
lack of responsiveness at the level of intra-cellular signaling [6].

We have previously reported a point mutation in the Stat5b
gene of NOD mice, which causes a leucine to methionine
Inc.
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(L327M) substitution and aberrant intracellular signaling [10].
The mutation leads to reduction of its transcriptional activities
and impaired immune modulation in NOD mice [11]. Indeed, loss
of Stat5b signaling has been reported in monocytes from human
T1D subjects and macrophages obtained from NOD mice [12,13].
Mice that express Stat5b constitutively were found to be glucose
tolerant with normal b-cell proliferation and were resistant to
streptozotocin induced beta-cell death [14].

These studies suggest that a Stat5b defect may be implicated in
the pathogenesis of diabetes in the NOD mice; however, the pre-
cise role of Stat5b in preventing diabetes has been elusive. In this
study, we created a NOD mouse with wild type Stat5b transgene
to explore the exact role of Stat5b in the pathogenesis of T1D.
2. Materials and methods

2.1. Generation and genotyping of transgenic mice

NOD mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Stat5b transgenic C57BL/6 mice were obtained from
Dr. Warren J. Leonard (Laboratory of Molecular Immunology,
National Heart, Lung, and Blood Institute, National Institutes of
Health, Bethesda, MD) and backcrossed onto a NOD background
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Fig. 1. Cumulative incidence of diabetes in Stat5b-transgenic NOD mice. (A)
Genotyping of mice by PCR. The 309 bp band indicates the presence of the Stat5b
transgene (TG) or absence of the transgene in non-transgenic littermate controls
(LMC). (B) Incidence of spontaneous diabetes in TG mice (n = 14) and LMC (n = 23)
from the BC7 generation. (C) Incidence of CY induced diabetes in the Sta5b
transgenic mice after 15 generations of backcrossing. Diabetes was induced by
injecting CY to transgenic mice (n = 24) and their littermates (n = 30).
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for at least seven generations. Stat5b-transgenic NOD mice (TG)
were identified using the polymerase chain reaction (PCR) with
the primers: 50-tac cga gtg gag ctg gct gag-30 and 50-atg atg aac
gtg ctg gtg acc-30, which yield a 309 bp fragment.

2.2. Diabetes monitoring

The incidence of spontaneous diabetes onset was monitored in
Stat5b-transgenic mice. In the 7th generation of backcross (BC7),
14 transgenic female mice were studied and 23 non-transgenic lit-
termates (LMC) were used as controls. Using Diastix reagent strips
(Bayer Corporation, Elkhart, IN), urine glucose was monitored
twice per week starting from 12 weeks of age. Mice were consid-
ered to be diabetic when glucosuria was observed and confirmed
three consecutive times.

2.3. Cyclophosphamide (CY) acceleration of diabetes

Twenty-four Stat5b-transgenic NOD female mice and thirty
non-transgenic littermate controls (7- to 8-week-old) were in-
jected by i.p. with CY at a dose of 200 mg/kg twice at an interval
of 10 days, starting from day 0. Diabetes onset was monitored for
35 days using Diastix reagent strips three times weekly starting
at day 8 after CY injection.

2.4. Flow cytometry

Single-cell suspension from spleen and pancreatic lymph nodes
were stained with anti-CD4-FITC, anti-CD8-APC, anti-CD122-FITC,
anti-CD25-PE, anti-CD44-PE, anti-B220-FITC, and anti-CD11C-
APC, according to manufacturer’s recommendations (BD Biosci-
ences, San Jose, CA). Stained cells were analyzed on a FACSort with
CellQuest Pro v5.2.1 (BD Biosciences, San Jose, CA).

2.5. Proliferation and suppression assay

CD4+ or CD8+ T cells isolated from fresh splenocytes by FACS
sorting (BD Biosciences, San Jose, CA) were cultured in RPMI1640
medium (Cellgro, VA) with 5 � 104/per well in round bottom 96-
well plates (Costa, Cambridge, MA), with stimulation of plate-
coated anti-CD3 (2 lg/ml) with or without IL-2 (40 U/ml) presence.
Each sample was carried out in triplicates for 48 h, and 0.5 lCi 3H-
thymidine (Amersham Biosciences, Piscataway, NJ) was added for
the final 16 h of culture to assess proliferation.

Mixed leukocyte reaction (MLR), was performed by co-culturing
purified CD4+ or CD8+ T cells (5 � 104 cells/per well) from trans-
genic or control mice with equal numbers of T-cell depleted anti-
gen presenting cells (APC) (Miltenyi Biotech, Germany) from B6
mice. After 96 h, 0.5 lCi 3H-thymidine (Amersham Biosciences,
Piscataway, NJ) was added for the final 16 h of culture to assess
proliferation.

For testing the suppression function, CD4+CD25+ Treg cells and
CD4+CD25� T cells as responder T cells (Tresp) were isolated using
CD4+CD25+ regulatory T cells isolation kit (Miltenyi Biotech, Ger-
many). 1 � 105 Tresp cells were co-cultured with Treg cells in a ra-
tio of 0:1, 1:1, 1:4, 1:16 in 96-well plate containing RPMI 1640 and
10% fetal bovine serum. The cells were stimulated with soluble
anti-CD3 (1.5 lg/ml). 7.5 � 104 irradiated autologous APC (T-cell
depleted splenocytes) were added to a total volume of 200 ll. Cul-
tures were incubated for 48 h at 37 �C, and then 0.5 lCi 3H-thymi-
dine was added for the final 16 h of culture.

2.6. Real-time PCR

Total RNA was extracted from freshly sorted CD4+ and CD8+ T
cells using RNAeasy kit (Qiagen, Valencia, CA). RNA was converted
to cDNA using the reverse transcription kit from Stratagene (Strat-
agene, CA, USA). cDNA equivalent of 50 ng of total RNA were used
for performing real-time PCR assay, with following settings: 95 �C
for 5 min, followed by 35 cycles at 95 �C, 30 s, 58 �C, 30 s and 72 �C,
30 s. The primers used for amplification of Bcl-xl were 50-ctg ctt gct
gtc gcc g-30 and 50-tgg gtc tgc tct gtg ttt agc-30.

2.7. Multiplex cytokine assay

Levels of cytokines, including IL-2, IL-10, IFN-c and TNF-a, were
measured using a bead-based immunofluorescence assay (Luminex
Inc. Austin, TX, USA). Fluorokine MAP cytokine arrays were obtained
from R&D systems (R&D Systems, MN, USA). Immuno-assay was
performed for all the samples in duplicates, as per manufacturer’s
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recommendations. Concentrations of cytokines were determined as
per manufacturer’s instruction.
2.8. Statistical analyses

All procedures were repeated three times, Mean, SD and SEM
were calculated using Microsoft Excel 2010�. Student t-test was
used to test the differences between mean of two groups. Differ-
ences were identified statistically significant if p < 0.05. All analysis
was performed in Microsoft Excel.
3. Results

3.1. Stat5b transgene reduces the incidence of diabetes

NOD mice expressing wild type Stat5b-transgene (TG) were
bred by backcrossing the Stat5b transgenic B6 mouse with NOD.
After backcrossing for 7 generations (BC7), transgenic NOD mice
were identified by PCR-based genotyping using primers designed
to yield a 309 bp fragment in transgenic mice, but not in littermate
controls (Fig. 1A).

A total of 14 transgenic BC7 mice and 23 littermate controls
were monitored for 35 weeks. At the end of monitoring, 15% (2/
14) of transgenic mice and 44% (10/23) of non-transgenic litter-
mates became diabetic (Fig. 1B). We noticed that the diabetes inci-
dence of the control group is lower than the incidence normally
observed in NOD mice. One possible explanation is that the BC7
mice may still contain some protective genes from B6. To further
confirm the protective role of Stat5b transgene expression in
NOD, we compared the incidence of cyclophosphamide (CY)-in-
duced diabetes between transgenic mice that backcrossed for 15
generations (BC15) and their littermate controls. Consistent with
the result for spontaneous diabetes incidence, inducible autoim-
mune diabetes was significantly reduced in Stat5b-transgenic mice
(log rank test, p = 0.03, Fig. 1C). By 35 days of monitoring, the dis-
ease incidence was 56.7% (17/30) in control group, compared to
29.2% (7/24) in transgenic mice (Fig. 1C).
Fig. 2. Overexpression of wild type Stat5b alters total splenic cellularity and CD4+/CD8+

and CD4+/CD8+ T cell ratios in pancreatic lymphnodes (C) are shown for TG and LMC. Each
CD122 on spleen CD8+ T cells in TG mice (D). Representative flow cytometry profiles of
(6.6%, dark gray line) (E). CD44 expression (2.44%, black line) on transgenic CD8+CD122
3.2. Increased total cellularity and decreased CD4/CD8 ratio in Stat5b-
transgenic NOD mice

Enlargement in sizes of spleens and pancreatic lymph nodes
was observed in Stat5b-transgenic mice than littermate controls
(data not shown). In the Stat5b-transgenic B6 mice [15], peripheral
total cellularity was increased and CD4/CD8 T cell ratio was de-
creased in the transgenic mice compared to littermate controls.
Similarly, the total cellularity was increased significantly in spleens
of transgenic NOD mice (13.06 ± 2.28 � 107) compared to litter-
mate controls (5.34 ± 1.00 � 107) (p < 0.0001, Fig. 2A). We also ob-
served a reduction in CD4/CD8 ratio in spleens (0.74 ± 0.16 vs
2.16 ± 0.30, p < 8.0 � 10�8) (Fig. 2B) and pancreatic lymph nodes
(1.02 ± 0.23 vs 2.07 ± 0.47, p < 0.005) (Fig. 2C) in NOD transgenic
mice. Reduction in ratio was due to an greater increase of total
CD8+ T cell number (roughly 5 folds increase) than CD4+ T cells
(roughly 1.7 folds) in the Stat5b transgenic mice. Similar observa-
tion accounts for the reduced CD4/CD8 T cell ratio in pancreatic
lymph nodes. We analyzed a series of surface markers including
CD25, CD69, CD62L, CD122 and CD44. CD122 expression on CD8+

T cells from spleens of transgenic mice was significantly increased
in transgenic mice (Fig. 2D and G). Some of these CD122+CD8+ cells
(approximately 2%) also expressed T cell memory marker CD44
(Fig. 2H).

We also examined the frequencies of B cells and dendritic cells
in spleen by staining B220 and CD11C markers. No significant dif-
ference was observed for B cells between transgenic and control
mice (48.34 ± 5.39% vs 49.31 ± 5.36%, p = 0.72) (Fig. 2E). Although
a significant decrease of dendritic cell frequency was observed in
transgenic mice (2.72 ± 0.73% vs 3.61 ± 0.92%, p = 0.018) (Fig. 2F),
the total number of dendritic cells may not be affected due to
the increase of total splenocytes.

3.3. Increased CD4+CD25+ regulatory T cells in spleen and PLN in
female Stat5b transgenic NOD mice

The frequencies of CD4+CD25+ Tregs in CD4+ T cells were signif-
icantly increased in spleens (10.69 ± 1.42% vs 6.93 ± 0.60%,
T cell ratio in NOD mice. Splenic cellularity (A), CD4+/CD8+ T cell ratios in spleen (B)
point represents a single mouse and means are shown for each group. Expression of

CD122 on gated CD8+ T cells in both TG (56.7%, black line) and LMC mouse spleens
+ T cells is shown in (F).



Fig. 3. Frequency and function of CD4+CD25+ Tregs in transgenic mice. Percentages of CD4+CD25+ Tregs in CD4+ T cells are shown for TG and LMC mice for spleens (A) and
pancreatic lymphnodes (PLN) (B). Each point represents a single mouse and means are shown within each group. (C) In vitro suppression assay: CD4+CD25� Tresps are
co-cultured with CD4+CD25+ Tregs purified from spleens using different Treg/Tresp ratios. Criss-cross suppression assays are also performed by using Tregs from TG mice
co-cultured with Tresp from LMC, and Treg from LMC co-cultured with Tresp from TG mice. Results are expressed as the mean of triplicate culture.
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p < 0.0001) (Fig. 3A) and PLN (5.72 ± 1.02% vs 4.13 ± 0.87%,
p < 0.05) (Fig. 3B) in female transgenic NOD mice compared with
controls at 8–12 weeks of age. The absolute numbers of CD4+CD25+

Tregs are also increased as the total number of CD4+ T cells are in-
creased in transgenic mice.

To study the suppressive function of CD4+CD25+ Tregs, we per-
formed in vitro suppression assay, in which CD4+CD25� responder
T cells (Tresp) were co-cultured with CD4+CD25+ Tregs purified
from spleens using different Treg/Tresp ratios. We also did criss-
cross suppression assay using Tregs from transgenic mice co-cul-
tured with Tresps from littermate control mice; and Tregs from
control mice co-cultured with Tresps from transgenic mice. The
purity of Treg cells isolated from transgenic and control mice were
comparable (around 80%). Tregs from both of the two groups
showed a dose-dependent suppressive function. We observed a
significantly higher rate of proliferation for Tresp cells obtained
from Stat5b-transgenic mice than that in littermate control mice
(p < 0.005), however no significant difference in terms of Treg sup-
pressive function or sensitivity to suppression of Tresp cells was
found between transgenic and control mice (p > 0.05) (Fig. 3C).
3.4. Stat5b increases the proliferative capability for both CD4+ and
CD8+ T cells

Increased T cell numbers in the periphery of transgenic mice
suggested that transgenic Stat5b may influence T cell homeostasis.
We evaluated the in vitro proliferation capability of sorted CD4+/
CD8+ T cells under different stimulation conditions including
anti-CD3 only, anti-CD3 combined with IL-2 and allogeneic APC
stimulation. Significantly higher proliferation for both CD4+ and
CD8+ T cells were observed in Stat5b-transgenic mice than those
in littermate controls under all three simulation conditions
(Fig. 4A and B). Expression levels of cytokines including IL-2, IL-
10, IFN-c and TNF-a were measured in culture medium of CD4+

and CD8+ T cells. Under anti-CD3 stimulation with or without IL-
2, significantly higher level of IL-10 (p = 0.007, 0.031), IL-2
(p = 0.005, 0.018), IFN-c (p = 0.008, 0.02) and TNF-a (p = 0.006,
0.048) were observed for transgenic CD4+ T cells and higher level
of IFN-c (p = 0.043, 0.022) and TNF-a (p = 0.011, 9.7E-05) were ob-
served for transgenic CD8+ T cells compared to control cells
(Fig. 4C). The expression levels of all the above cytokines were



Fig. 4. T cell phenotypes in transgenic versus control NOD mice. In-vitro proliferation in response to stimulations is shown for CD4+ T cells (A) and CD8+ T cells (B) from
spleens. Results are expressed as the mean of triplicate cultures and representative of three independent experiments. p Values are indicated as: ns, Not Significant, ⁄p < 0.05;
⁄⁄p < 0.01; ⁄⁄⁄p < 0.001. (C) Cytokine levels in cell culture media. Freshly sorted CD4+ or CD8+ T cells are stimulated with plate-coated anti-CD3 (2 lg/ml) with or without IL-2.
After 48 h of culture, supernatant was harvested and used to measure IL-2, IL-10, IFN-c and TNF-a using Luminex assays. Results are expressed as the mean of triplicate wells
and representative of two independent experiments. (D) RT-PCR result for the Bcl-xl gene from freshly sorted CD4+ and CD8+ T cells.
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too low to detect for allogeneic APC stimulated CD4+/CD8+ T cells
and for unstimulated CD4+/CD8+ T cells (cultured in medium
alone).

To ascertain the role of Stat5b in cell survival, we measured cel-
lular levels of an anti-apoptotic gene, Bcl-xl, by real-time PCR. Our
data shows an up-regulated expression of Bcl-xl gene in freshly
isolated transgenic CD4+/CD8+ T cells compared to control cells
(Fig. 4D). This observation suggested that Stat5b transgene may
regulate T cell proliferation by altering a set of genes involved in
cell survival.

4. Discussion

Previously accumulated evidences suggested that an aberrant
Stat5b signaling may represent a key defective pathway in NOD
mouse. To correct the Stat5b defect, we introduced the wild type
Stat5b gene into NOD mice by backcrossing Stat5b-transgenic B6
mouse [15] with NOD mouse. A reduction in diabetes incidence
was observed in Stat5b-transgenic NOD mouse, which was further
confirmed in CY-induced diabetes models. These results, for the
first time, provided direct evidence that aberrant Stat5b is one of
the contributors of increased risk of diabetes in NOD mouse. When
this deficiency was corrected by supplementing wild type Stat5b
into the NOD mouse, the incidence of diabetes was found to be re-
duced in Stat5b transgenic NOD mouse. Our results presented here
suggested that proper correction of the defective Stat5b could re-
duce and delay the development of diabetes in NOD mice.

We hypothesized that the protective role of Stat5b against dia-
betes is based on its effects on immune cells, mainly on T cell sub-
sets especially by modulating Treg cells. The deficiency of
CD4+CD25+ regulatory T cell population is one of the main immune
defect in NOD mice [3,4]. Our observation on increased CD4+CD25+

regulatory T cells may explain the protection conferred by the
Stat5b transgene in NOD mice. In fact, transient activation of STAT5
can increase CD25+CD4+ Treg numbers in IL-2 deficient mice, in-
duce Treg cells and maintain self-tolerance in IL-2 knockout mice
[16]. We observed increases in both frequency and absolute num-
ber of CD4+CD25+ regulatory T cells in transgenic NOD mice com-
pared to their littermate controls. Our results confirm an essential
role of Sta5b in maintaining CD4+CD25+ Treg homeostasis and self-
tolerance [16–18]. However, Stat5b does not seem to significantly
alter the suppressive function of Treg or sensitivity of Tresp cells.

A subset of CD8+ regulatory T cells expressing CD122,
CD8+CD122+ T cells was also greatly increased in transgenic mice.
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It has been reported that CD122 deficient mice exhibit severe
hyperimmunity [19] and CD8+CD122+ T cell population contains
CD8+ regulatory T cells that can control activated CD8+ or CD4+ T
cells both in vivo and in vitro [20]. Although our in vitro suppression
assay did not show suppressive function of the CD8+CD122+ T cells
on CD8+CD122� T cells (data not shown), additional studies are re-
quired to address the specific role of this subset of cells in NOD
background. The increased CD8+CD122+ T cells were also reported
previously in Stat5b transgenic B6 mice and 55% of these cells were
shown to be CD44 high memory T cells [15]. In contrast, only about
2% of the CD8+CD122+ T cells express CD44 in the Stat5b NOD mice.

Increased cellularity in the periphery may be another contribut-
ing factor towards the protection against diabetes in transgenic
mice since NOD mice are shown to be severely lymphopenic
[21]. Indeed, Stat5b deficiency in humans leads to reduced num-
bers of cd T-cells and natural killer cells and modest T-cell lympho-
penia with a normal CD4/CD8 ratio [22,23]. We hypothesized that
expansion of autoreactive lymphocytes are more restricted in
transgenic mice than in control mice due to increased peripheral
cellularity, or due to antigen induced cell death as reported in
Stat5b transgenic B6 mice [15]. Further characterization of CD4+/
CD8+ T cell subsets in transgenic NOD mice revealed that Stat5b
expression is important for T cell proliferation capability based
on the augmentation of in vitro proliferation of both CD4+ and
CD8+ T cells from transgenic mice. The production of several cyto-
kines was highly up-regulated in transgenic CD4+ T cells (IL-2, IL-
10, INF-c and TNF-a) and CD8+ T cells (INF-c and TNF-a) upon
in vitro stimulation. IL-2 is the important growth factor for
CD4+CD25+ regulatory T cells development and maintenance
[24], which may explain the up-regulation of CD4+CD25+ T cells
in transgenic mice. The other cytokines are all important in regula-
tion or maintenance of immune response. Besides the enhanced
capability of proliferation, the increased splenocyte number also
can result from reduction in cell death of T cells. The observation
on up-regulation of an anti-apoptosis gene expression, bcl-xl, in
both fresh CD4+ and CD8+ T cells in transgenic mice indicates that
Stat5b can also regulate a series of survival genes in T cells, which
have been observed in survival of other cell types [25].

Although our results mainly shows the effects of Stat5b trans-
gene on Treg cell population, we cannot rule out the potential role
of other cell types than T cells including B cells, NK T cells, macro-
phage and dendritic cells in mediating the protection against dia-
betes. Since previous reports showed that Stat5b may influence
the development of diabetes via its role in macrophage and pancre-
atic b cells [12–14], future studies focusing on these cells may help
elucidate protective role of Stat5b on diabetes.

In summary, this is the first study to provide direct evidence
that correcting a Stat5b defect in NOD mice with wild type Stat5b
transgene confers protection against diabetes and the protection
may be mediated by the up-regulation of CD4+CD25+ regulatory
T cells.
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