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Alterations of peripheral CD4"CD25 Foxp3™ T
regulatory cells in mice with STZ-induced diabetes

Yu Zhen'?, Lina Sun®?, He Liu?, Kaizhong Duan', Chun Zengl, Lianjun Zhangl, Di Jin', Jianxia Pengl,

Wenjun Ding” and Yong Zhao'

Complications arising from abnormal immune responses are the major causes of mortality and morbidity in diabetic patients.

CD4*CD25™ T regulatory cells (Tregs) play pivotal roles in controlling immune homeostasis, immunity and tolerance. The effect of
hyperglycemia on CD4"CD25™" Tregs has not yet been addressed. Here we used streptozotocin (STZ)-induced diabetic mice to study
the effects of long-term hyperglycemia on CD4*CD25" Tregs in vivo. Four months after the onset of diabetes, the frequency of
CD4*CD25*Foxp3™* T regulatory cells was significantly elevated in the spleen, peripheral blood lymphocytes (PBLs), peripheral lymph
nodes (pLNs) and mesenteric LNs (mLNs). CD4*CD25" Tregs obtained from mice with diabetes displayed defective
immunosuppressive functions and an activated/memory phenotype. Insulin administration rescued these changes in the CD4*CD25*
Tregs of diabetic mice. The percentage of thymic CD4*CD25* naturally occurring Tregs (nTregs) and peripheral CD4*Helios*Foxp3™*
nTregs were markedly enhanced in diabetic mice, indicating that thymic output contributed to the increased frequency of peripheral
CD4*CD25™ Tregs in diabetic mice. In an in vitroassay in which Tregs were induced from CD4*CD25~ T cells by transforming growth
factor (TGF)-B, high glucose enhanced the efficiency of CD4*CD25* Foxp3 ™ inducible Tregs (iTregs) induction. In addition,
CD4*CD25 T cells from diabetic mice were more susceptible to CD4*CD25* Foxp3™ iTreg differentiation than those cells from
control mice. These data, together with the enhanced frequency of CD4 *Helios "Foxp3™ iTregs in the periphery of mice with diabetes,
indicate that enhanced CD4*CD25*Foxp3™ iTreg induction also contributes to a peripheral increase in CD4*CD25* Tregs in diabetic
mice. Our data show that hyperglycemia may alter the frequency of CD4*CD25*Foxp3™ Tregs in mice, which may result in late-state

immune dysfunction in patients with diabetes.
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INTRODUCTION
Diabetic retinopathy, nephropathy, neuropathy and cardiovascular
disease are complications that are major causes of mortality in patients
with diabetes.! Inflammatory and immunologic abnormalities are
involved in both type 1 and type 2 diabetes (T1D and T2D), as well
as their associated complications.>? Hyperglycemic crises are assoc-
iated with an elevation of counter-regulatory hormones and pro-
inflammatory cytokines, markers of lipid peroxidation and oxidative
stress. Patients with T2D and hyperglycemia have increased pro-
inflammatory cytokines and activated innate immune cells and T cells,
which are involved in cellular and/or humoral immune responses.*”
CD4"CD25" T regulatory cells (Tregs) play pivotal roles in con-
trolling immune balance and maintaining immune tolerance. There
are two main subgroups of CD4"CD25" Tregs: thymus-derived, nat-
urally occurring CD4"CD25" nTregs and peripherally induced
CD47CD25 Foxp3™ iTregs.*” CD47CD25% Tregs constitutively

express CD25 and Foxp3, as well as high levels of glucocorticoid-
induced tumor-necrosis factor receptor (GITR) and intracellular
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4). Although
researchers have focused on the role of CD4"CD25" Tregs in the
progression of diabetes, the frequency and function of CD4*CD25"
CD4"CD25"Foxp3™ in non-obese diabetic (NOD) mice or patients
with T1D is still controversial at present. Some groups have reported
that the frequency of CD4"CD25 " Foxp3™ Tregs is decreased in dia-
betic NOD mice and patients with diabetes,'®"'? whereas others have
found an increase in Foxp3 mRNA or no change in the frequency of
CD4%CD25" Tregs at the onset of diabetes.'>™"> The function of
CD4%CD25" Tregs was decreased or remained unchanged in patients
with T1D and diabetic NOD mice.'*'*"'®

T1D is a complex disease caused by environmental and genetic
factors. Genetic studies have identified several genetic disease variants
and a longer list of putative genetic loci associated with T1D." It is
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unclear whether hyperglycemia and/or genetic regulation caused the
changes in CD4"CD25" Tregs observed in the spontaneous dia-
betes model, NOD mice or diabetic patients. NOD mice are poten-
tially immune deficient due to intrinsic defects in their genome. In
addition to autoimmune diabetes, they are prone to developing
multi-organ autoimmune diseases such as autoimmune sialitis,
thyroiditis and peripheral polyneuropathy.’*** Therefore, NOD
mice are not suitable for studying the direct effect of hyperglyce-
mia or other diabetes-induced alterations on the immune system
and immunity. In this study, in order to address whether diabetes
itself can impact the level and function of CD47CD25" Tregs in
vivo, we used streptozotocin (STZ)-induced diabetic mice.
Surprisingly, the frequency of CD4"CD25  Foxp3™ Tregs was sig-
nificantly increased in the periphery, but these cells were func-
tionally deficient 4 months after the onset of diabetes. Further
studies demonstrated that the enhanced percentage of
CD4"CD25"Foxp3™ Tregs in the periphery was due to an
increased output from the thymus and an increased sensitivity
of peripheral CD4"CD25™ effector T cells (Teffs) to become
CD4"CD25" Foxp3™ iTregs. Furthermore, treatment with insulin
significantly reversed the diabetes-induced alteration in frequency
and function of CD4"CD25*Foxp3™ Tregs in mice. Therefore, it
is important to control blood glucose levels to prevent immune
disorders and their associated complications in patients with dia-
betes, which may have potential clinical significance in preventing
complications from diabetes.

MATERIALS AND METHODS

Mice

Six- to eight-week-old C57BL/6 (B6, H-2%) mice and BALB/c
(H-2%) mice were purchased from the Beijing Experimental
Animal Center (Beijing, China). Foxp3- green fluorescent protein
(GFP) knock-in mice (H-2) were kindly provided by Dr Bin Wang
(Chinese University of Agriculture). All mice were maintained in a
specific, pathogen-free facility and were housed in microisolator
cages containing sterilized food, bedding and water. All experi-
mental manipulations were performed in accordance with the
Institutional Guidelines for the Care and Use of Laboratory
Animals.

Diabetes induction, monitoring and insulin treatment

Six- to eight-week-old male C57BL/6 (B6) mice were injected intra-
peritoneally for 5 consecutive days with 40 mg/kg STZ (Sigma-
Aldrich, St Louis, MO, USA) in citrate buffer (pH 4.5) to induce
diabetes. Control B6 mice received vehicle buffer alone. Day 1 was
defined as the day of the first STZ injection. Insulin injections (10 U/
kg, twice a day) were started 1 week after STZ administration. Blood
samples were obtained from the tail vein to detect glucose levels
using a glucose meter (Hypoguard, Minneapolis, MN, USA). Mice
with a glucose level of greater than 11 mM for 2 consecutive weeks
were considered to be diabetic. Glucose levels were monitored
in diabetic mice twice a month following the initial diagnosis of
diabetes.

Monoclonal antibodies (mAbs) and chemical reagents

The following mAbs were purchased from eBiosciences (San Diego,
CA, USA): FITC-anti-mCD4 mAb (RM4-5, rat IgG2a), PE-CY5-anti-
mCD4 mAb (H129.19, rat IgG2a), PE-anti-mCD4 mAb (RM4-5, rat
IgG2a), FITC-anti-mCD8a mAb (53-6.7, rat IgG2a), PE-anti-mCD8a
mAb (53-6.7, rat 1gG2a), FITC-anti-mCD25 mAb (7D4, rat IgM),
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PE-anti-mCD25 mAb (PC61.5, rat IgGl), PE-CY5-anti-mCD25
mAb (PC61.5, rat IgM), PE-anti-mCD44 mAb (IM7, rat IgG2b),
PE-anti-mCD45RB mAb (16A, rat 1gG2a), PE-anti-mCD62L mAb
(SK11, rat IgG2a), PE-anti-mGITR mAb (DTA-1, rat IgG2b), PE-
anti-mCD152 mAb (BNI3, mouse IgG2a), PE-anti-mFoxp3 mAb
(FJK-16s, rat IgG2a), FITC-anti-mIFN mAb (XMG1.2, rat IgGl),
FITC-labeled rat IgG2a and PE-labeled rat IgG2a. The following
mAbs were purchased from Biolegend (San Diego, CA, USA):
FITC-anti-h/mHelios mAb (22F6, hamster 1gG), PE-anti-mIL-17A
mAb (TC11-18H10.1, rat IgGl) and PE-anti-mIL-2 mAb (Cl15.6,
rat IgGl). In addition, PE-anti-mCD8 mAb (53-6.7, rat IgG2a)
and purified anti-mCD28 mAb (37.51) were obtained from BD
Biosciences Pharmingen (San Diego, CA, USA) and mitomycin C
(C1sH1sN4O5) was obtained from Kyowa Hakko Co., Ltd (Tokyo,
Japan). Transforming growth factor (TGF)-B and purified anti-
CD3 mAb were obtained from R&D Co., Ltd (Minneapolis, MN,
USA). DELFIA proliferation kit was purchased from PerkinElmer
Co., Ltd (Wellesley, MA, USA).

Flow cytometry (FCM) assay

Approximately 30 000 cells (thymocytes, peripheral blood lympho-
cytes, splenocytes or lymphocytes) were freshly prepared and incu-
bated with 2.4G2 to block FcRs, and then incubated with the
indicated mAbs for 30 min at 4 °C in the dark. Cells were washed
with FCM buffer (phosphate-buffered saline, pH 7.2, containing
0.1% NaN3; and 0.5% bovine serum albumin). For intracellular
staining of Foxp3 and CTLA-4, cells were first stained for surface
molecules and subsequently fixed, permeabilized and stained with
the corresponding mAbs (eBioscience). Cells were assayed using a
Beckman Coulter FCM (Beckman Coulter, Fullerton, CA, USA),
and data were analyzed with CXP v2.2 software (Beckman
Coulter).

CD4*CD25" Teffs and CD4*CD25" Treg purification
CD4"CD25~ Teffs and CD4"CD25" Tregs were isolated using a
magnetic-activated cell sorting CD4" T-cell isolation kit and
FCM sorting. According to the manufacturer’s instruction, eryth-
rocyte-depleted splenocytes from control and diabetic mice were
suspended in phosphate-buffered saline containing 0.5% bovine
serum albumin and 2 mM EDTA (pH 7.2) and then incubated with
a biotin-antibody cocktail against CD8 (Ly2), CD11b (membrane-
activated complex 1), CD45R (B220), CD49B (DX5) and Ter-119
for 20 min at 4 °C. Microbead-conjugated, antibiotin mAbs (Clone
Bio318E7.2) was then added to deplete non-CD4" T cells. The cell
suspension was loaded on an LD column placed in the magnetic
field of a magnetic-activated cell-sorting separator to allow unla-
beled CD4™ T cells to run through the colomn. For further isola-
tion of CD4"CD25~ Teffs and CD4"CD25™" Tregs, CD4" T cells
were stained with PE-labeled CD25 mAbs and then sorted by FCM.
The purity of sorted CD4"CD25~ Teffs and CD4*CD25" Tregs
was always >95%.

Mixed lymphocyte reaction

Enriched CD47CD25" Tregs were isolated from control and dia-
betic mice as described above. CD4"CD25~ Teffs from control
mice were used as responder T cells. BALB/c splenocytes, pretreated
with 25 pg/ml mitomycin C at 37 °C for 30 min, were used as
allogeneic stimulator cells. In general, 2X10° responder cells and
2X10° stimulator cells in RPMI-1640 medium supplemented with



10% fetal calf serum were added per well to 96-well flat-bottomed
plates. The indicated numbers of CD4"CD25" Tregs were subse-
quently added to each well. Cells were cultured in complete med-
ium at 37 °C and 5% CO, for 48 h, and 100 uM BrdU was added to
each well for additional 24 h. The labeling medium was then
thoroughly removed and the cells were fixed. Cells were incubated
with 0.5 pg/ml anti-BrdU for 16-18 h and washed thoroughly. Eu
flurorescence was measured using a time-resolved fluorometer
(BioTek, Winooski, VT, USA). Values are expressed as the Eu value
from triplicate wells.

In vitro immunosuppression assays

Purified CD47CD25™ Teffs (2X10°) were activated by culturing in
the presence or plate bound anti-CD3 mAbs (2 pg/ml) and soluble
anti-CD28 mAbs (1 pg/ml). The indicated numbers of cp4atCD25"
Tregs were subsequently added to each well. After the 24-h incubation,
0.5 pg/ml anti-BrdU was added to each well for additional 16-18 h. Eu
flurorescence was measured using a time-resolved fluorometer as
describe above.

CD4"CD25" Treg induction in vitro

CD4%CD257 T cells from Foxp3-GFP knock-in mice or control and
diabetic mice were isolated as describe above. CD4*CD25™ T cells
(2X10°) were cultured in the presence of plate-bound anti-CD3 mAbs
(2 pg/ml) and soluble anti-CD28 mAbs (1 pg/ml) with or without
TGF-B (5 ng/ml). At indicated time points, cells were collected and
stained for Foxp3 as describe above.

1 month 4 months

a 10 days
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Statistical analysis

Results were expressed as mean=*s.d. values. Statistical analysis was
performed using Student’s ¢-test for all experiments. Statistical signifi-
cance was assigned for P values <0.05.

RESULTS

The proportion of CD4* CD25* Foxp3™ Tregs was significantly
increased in the periphery of mice with STZ-induced diabetes for 4
months

In order to investigate the effect of hyperglycemia or diabetes on
CD4"CD25" Tregs in mice, we used a STZ-induced mouse model
of diabetes in instead of NOD mice. Injection of STZ-induced signifi-
cant, long-term hyperglycemia in B6 mice (>11 mM; Supplementary
Figure 1). To determine the dynamic changes in CD4"CD25" Tregs
that occur during diabetes progression, we examined the balance of
CD4%CD25"Foxp3™ Tregs and CD4"CD25~ Teffs in peripheral
blood lymphocytes (PBLs), the spleen, peripheral lymph nodes
(pLNs) and mesenteric LNs (mLNs) 10 days, 1 month and 4 months
after the onset of diabetes. The fractions of both CD4™ T cells and
CD8™" T cells in PBLs gradually decreased in STZ-induced diabetic
mice (P<0.01; Figure 1a). However, the frequency of CD4"CD25"
Tregs, out of the total CD4" T-cell population, was significantly
increased by 4 months after the onset of diabetes (P<<0.01;
Figure 1b), whereas the proportions of CD4"CD25" Tregs in the
periphery were still normal at the early time points. To further char-
acterize CD47CD25% Tregs, we used Foxp3 as a marker for
CD4"CD25" Tregs because it plays a critical role in their
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Figure 1 The proportion of CD4*CD25*Foxp3™ Tregs was significantly increased in the peripheral blood of mice with STZ-induced diabetes for 4 months. PBLs of
control and diabetic mice were collected at 10 days, 1 month and 4 months after onset of diabetes and stained for CD4, CD8, CD25 and Foxp3. (a) Representative
FACS staining for CD4 and CD8 on PBLs as well as the percentages of CD4™ T cells (middle) and CD8* T cells (right) in PBLs of control and diabetic mice at indicated
time points. (b) The percentage of CD4*CD25" T cells out of total CD4™ T cells in PBLs of control and diabetic mice. (¢) Representative FACS staining for CD25 and
Foxp3on gated CD4™" T cells and the percentage of CD4 *CD25 " Foxp3™ Tregs out of total CD4™ T cells in PBLs of control and diabetic mice (right). Data are shown as
mean=s.d. (n=10), for one representative out of three independent experiments. **P<0.01 and ***P<0.001, compared with the identical control mice. FACS,
fluorescence-activated cell sorting; PBL, peripheral blood lymphocyte; STZ, streptozotocin; Treg, T regulatory cell.
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development. The percentage of CD4"CD25" Foxp3™ Tregs, out of
total CD4™ T cells, was significantly increased only at 4 months after
the onset of diabetes (P<<0.01; Figure 1c).

As shown in Figure 2, the total number of splenocytes and the
percentage of CD4™ T cells but not CD8™ T cells was decreased in
diabetic B6 mice by 4 months (P<<0.001, and P<<0.01, respectively;
Figure 2b). However, the percentage of CD4"CD25  Foxp3™ Tregs
among CD4™ T cells was significantly increased in the spleens of
diabetic mice at 1 and 4 months (P<0.05 and P<<0.01, respectively;
Figure 2b and c). Consistent with the changes seen in PBLs and
splenocytes, cell numbers were decreased and the percentages of
CD4"CD25"Foxp3™ Tregs among CD4" T cells were markedly
elevated in the pLNs and mLNs of diabetic mice months after the
onset of diabetes (P<<0.001 and P<<0.05, respectively; Figure 3a and
b). It should be noted that the percentage of CD4"CD25*Foxp3™
Tregs out of total CD4" T cells was increased as early as 1 month
after the onset of diabetes, suggesting that mLNs are likely to be
more sensitive to hyperglycemia than other peripheral immune
tissues.

The total number of CD4"CD25"Foxp3™ Treg cells in the
spleen, pLNs and mLNs of mice with STZ-induced diabetes for 4
months was significantly decreased compared with the control mice
(P<0.05 or P<0.01; Supplementary Figure 2), due to a decrease in
the total number of all cells, including CD4" T cells, in these

tissues. Thus, the increased percentage of CD4"CD25  Foxp3™
Tregs among CD4" T cells in diabetic mice indicates that
CD4"CD25*Foxp3 ™" Tregs may be more resistant to hyperglycemia
or other changes than CD4"CD25 Teffs, although both subsets
were decreased in diabetic mice.

CD4*CD25" Tregs displayed an activated/memory phenotype in
the periphery of STZ-induced diabetic mice

To determine the characteristics of CD4"CD25"% Tregs in B6 mice
with long-term STZ-induced diabetes, we obtained CDh4"CD25%
Tregs from the spleens of these mice and evaluated the expression of
CD62L, CD44, CD45RB and GITR, as well as intracellular CTLA-4
and Foxp3 expression by fluorescence-activated cell sorting. Naive T
cells express high levels of CD62L and CD45RB and low levels of
CD44, whereas activated/memory T cells express high levels of
CD44 and low levels of CD62L and CD45RB. These molecules also
play important roles in CD4"CD25™ Tregs. As shown in Figure 4, we
found identical expression of Foxp3 on CD4*CD25™ Tregs from both
STZ-induced diabetic and control mice. However, compared with
control mice, the CD4"CD25™ Tregs in diabetic mice express a lower
percentage of CD62L, CD45RB and GITR and a higher percentage of
intracellular CTLA-4. This indicates that CD4"CD25" Tregs in dia-
betic mice are of an activated/memory phenotype. We also evaluated
the expression of these molecules on CD4*CD25" Tregs in pLNs and
obtained similar results (data not shown).

a g 200 30 20
X P
£ 150 [ 2 % 15
4 © 20 ¢ o
Q *kk o =
2100 | % 210}
9 by o A
& 010} 2 —o— control
% 50 s S 5 ;
o 2 2 —m— diabetes
) R
c
% 0 0 " N . " 0 . .
o 30 60 90 120 30 60 90 120 30 60 90 120
days after diabetes days after diabetes days after diabetes
b
10 days 1 month 4 months
— o 307
control : 10.6 3 —O— control
] ° —_m— diabetes
céa_ @
o S 3 20 e
1 o o :
S ag
w oo
<"
diabetes %
R
" 0 L - . -
30 60 90 120

w

——— cD25

days after diabetes

Figure 2 The proportion of CD4*CD25*Foxp3™ Tregs was significantly increased in the spleens of mice with diabetes for 4 months. Splenocytes were freshly prepared
at different time points after the onset of diabetes and stained for CD4, CD8, CD25 and Foxp3. (a) Absolute cell numbers as well as the percentages of CD4™ T cells or
CD8™ T cells in the splenocytes of control and diabetic mice at indicated time points. (b) Representative FACS stain for CD25 and Foxp3 on gated CD4™ T cells in the
spleen. (c) The percentage of CD4*CD25*Foxp3™ Tregs out of total CD4™ T cells in splenocytes at indicated time points. Data are shown as mean=+s.d. (n=10), for
one representative out of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001, compared with the identical control mice. FACS, fluorescence-

activated cell sorting; Treg, T regulatory cell.
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Figure 3 The proportion of CD4*CD25" Foxp3™* Tregs was increased in the pLNs and mLNs of diabetic mice. Lymphocytes from pLNs and mLNs were freshly
prepared at 10 days, 1 month and 4 months after the onset of diabetes and stained for CD4, CD8, CD25 and Foxp3. (a) Absolute cell numbers, the percentage of CD4™*
T cells and the percentage of CD4*CD25"Foxp3 ™" Tregs out of total CD4™ T cells in the pLNs of control and diabetic mice at indicated time points. (b) The total cell
numbers, the percentage of CD4* T cells and the percentage of CD4*CD25*Foxp3™ Tregs out of the total CD4* T cells in the mLNs of control and diabetic mice at
indicated time points. Data are shown as mean=+s.d. (n=10), for one representative out of three independent experiments. * P<0.05, **P<0.01 and ***P<0.001,
compared with the control mice. mLN, mesenteric lymph node; pLN, peripheral lymph node; Treg, T regulatory cell.
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The immunosuppressive function of CD4*CD25™ Tregs is reduced
in mice with STZ-induced diabetes for 4 months

The immunosuppressive capability of CD4*CD25" Tregs in mice
with long-term diabetes was detected in two suppression assays. As
shown in Figure 5a, CD4*CD25" Tregs from control and diabetic B6
mice were functional and inhibited the response of CD4 "CD25 ™ Teffs
to allogeneic antigens or anti-CD3/CD28 mAb stimulation in a dose-
dependent manner. However, compared with control mice, the
CD4%CD25" Tregs from diabetic mice demonstrated a significantly
reduced suppressive ability (P<<0.05, P<0.01 and P<0.001, respect-
ively; Figure 5a and b).

Conversely, it was reported that Teffs in diabetic NOD mice were
resistant to regulation by CD4*"CD25" Tregs.”> Therefore, we also
compared the sensitivity of CD4"CD25” Teffs from control and
STZ-induced diabetic mice to regulation by CD4"CD25% Tregs.
CD4"CD25™ Teffs from control and diabetic mice were equally sens-
itive to inhibition by CD4"CD25"% Tregs regardless of whether the
CD4%CD25" Tregs were isolated from control mice or mice with
long-term diabetes (Figure 5c and d). Thus, diabetes somehow altered
the function of CD4"CD25™ Tregs but not CD4*CD25™ Teffs.
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Insulin administration reversed the changes in
CD4"CD25"Foxp3* Tregs induced by diabetes in mice with
long-term STZ-induced diabetes

In order to elucidate the role of hyperglycemia in the changes of
CD4"CD25% Tregs in mice with long-term diabetes, we treated dia-
betic B6 mice with daily insulin injections to maintain blood glucose
close to normal levels following the onset of diabetes (data not
shown). Four months later, the percentage and phenotype of
CD4%CD25" Foxp3™ Tregs were investigated. As shown in Figure 6,
insulin administration reversed the effect of hyperglycemia on the
proportion of CD4*CD25 " Foxp3™ Tregs out of total CD4™ T cells
in PBLs, splenocytes, pLNs and mLNs of diabetic mice (Figure 6a—d).
The activation/memory status of CD4"CD25  Foxp3™ Tregs in dia-
betic mice was at least partially rescued by insulin injections (Figure
6e and f). Furthermore, CD4"CD25"Foxp3™ Tregs from insulin-
treated, diabetic mice were better able to suppress ability of
CD4%CD25™ Teffs in immunosuppression assays (Supplementary
Figure 3). These data indicate that hyperglycemia contributed to the
frequency, phenotype and functional changes of CD4*CD25 " Foxp3™©
Tregs from mice with long-term STZ-induced diabetes.
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Enhanced thymic nTreg output and peripheral iTregs contributed
to the increased frequency of CD4*CD25" Tregs in the periphery of
mice with long-term diabetes

To determine whether the increase in peripheral CD4*CD25* Foxp3™
Tregs in mice with long-term STZ-induced diabetes is associated with
thymic CD4"CD25" nTreg development and/or peripheral induction
of CD4"CD25"Foxp3™ iTregs, we investigated the dynamics of
CD4"CD25" Treg development in the thymus during diabetes pro-
gression. The total number of thymocytes was significantly decreased
at 1 and 4 months after the onset of diabetes, respectively (P<<0.05 and
P<0.001; Figure 7a). However, there was no significant change in the
percentages of CD4 single positive (CD4SP), CD8SP, CD4CD8 double
positive and CD4CD8 double negative cells in the thymuses of diabetic
mice (Figure 7b). Nevertheless, the proportions of CD25" or Foxp3 ™"
nTregs among all CD4SP cells were significantly increased beginning 1
month after the onset of diabetes (P<<0.05; Figure 7cand d). Helios is a
newly discovered molecule that is mainly expressed on thymus-pro-
duced CD4*CD25" nTregs in mice and humans.***> Consistent with
the changes of CD4"CD25" Tregs observed in the thymus, the fre-
quency of CD4 " Helios " Foxp3 " nTregs was significantly enhanced in
PBLs, the spleen, pLNs and mLNs in mice that had STZ-induced
diabetes for 4 months (P<<0.05, P<<0.01 and P<<0.001, respectively;
Figure 8). Conversely, the frequency of CD4 " Helios Foxp3™ iTregs,
which may represent peripherally induced iTregs, was significantly
enhanced in the spleen, pLNs and mLNs of diabetic mice (P<0.05,
P<<0.01 and P<<0.001, respectively; Figure 8). These data collectively

indicate that both the enhanced output of CD4 " CD25" nTreg by the
thymus and the relatively enhanced percentage of peripheral
CD4%CD25" iTregs contributed to the increased frequency of
CD4%CD25" Tregs in the periphery of mice with long-term STZ-
induced diabetes.

Diabetes impacts the differentiation of CD4*CD25~ Teffs into
CD4*CD25"Foxp3™ Tregs

High glucose levels did not significantly impact the survival of
CD4"CD25" Tregs in vitro (data not shown). We propose that
high glucose levels may promote the differentiation of naive
CD4"CD25~ Teffs into CD4"CD25"Foxp3™ iTregs. We isolated
CD4"CD25™ T cells from Foxp3-GFP knock-in mice to investigate
the effect of glucose on the induction of CD4"CD25" Foxp3* iTregs
in vitro. As shown in Figure 9, along with anti-CD3/CD28 mAbs and
TGF-B stimulation, the increased glucose concentration significantly
enhanced the percentage and absolute number of CD4 Foxp3™ iTregs
(Figure 9a—c). We also studied the effect of glucose on the induction of
CD4 " Foxp3™ iTregs using purified CD4"CD25™ T cells from mice
with long-term STZ-induced diabetes. Significantly higher percentages
and absolute numbers of CD4 Foxp3™ iTregs were induced from
CD47CD25 T cells obtained from diabetic mice under different glu-
cose concentrations, compared with control mice (P<<0.01, P<<0.001
and P<0.05, respectively; Figure 9d—f). Thus, CD4"CD25™ T cells from
mice with long-term hyperglycemia were more sensitive to differentiate
into CD4 " Foxp3™ iTregs than those from control mice.
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*P<0.05, **P<0.01 and ***P<0.001, compared with the control mice. DN, double negative; DP, double positive; FACS, fluorescence-activated cell sorting; nTreg,

naturally occurring regulatory T cell.

DISCUSSION
In this study, we demonstrated that the percentages of CD4"CD25"
or CD4¥CD25"Foxp3™ Tregs were significantly elevated in peri-
pheral lymphoid compartments, including PBLs, the spleen, pLNs
and mLNs, in mice with long-term STZ-induced diabetes, although
the absolute cell numbers were decreased. CD4"CD25" Tregs from
diabetic mice displayed an activated/memory phenotype with reduced
immunosuppressive function. Control of blood glucose levels with
insulin injections reversed the imbalance between CD4"CD25"
Tregs and CD4"CD25~ Teffs in diabetic mice. CD4"CD25~ Teffs
from diabetic mice were prone to CD4*CD25" iTreg induction.
Because the frequency of CD4"CD25" Tregs appeared normal at
the onset of diabetes and gradually increased after the establishment of
STZ-induced diabetes, we concluded that CD4"CD25" Tregs might
not be involved in the initiation of disease in this model, however,
CD4"CD25" Tregs are altered under long-term diabetic conditions in
this model. In order to figure out whether high glucose levels play a
role in altering CD4"CD25" Tregs, we treated diabetic mice with
insulin to maintain blood glucose at normal levels. The changes in
CD4%CD25" Treg frequency, phenotype and function under hyper-
glycemic conditions were all reversed with insulin treatment. This
supports the hypothesis that long-term hyperglycemia caused a
series of changes in the CD4"CD25" Treg population in mice with

Cellular & Molecular Immunology

long-term STZ-induced diabetes. However, we cannot exclude the
possibility that stress and an altered neuroendocrine system impaired
T-cell subsets in these mice.

We explored the origin of the increased proportion of CD4* CD25™
Tregs in the periphery of mice with STZ-induced diabetes. Similar to
the changes in the periphery, the percentage of CD4"CD25" nTregs
in the thymus was also gradually increased following the onset of
diabetes. By 1 month after the onset of diabetes, the proportion of
CD4"CD25" nTregs in the thymus was significantly elevated. A pre-
vious report showed that STZ may be toxic to the thymus;*® however,
Mic et al?” provided conflicting results. Our data showed normal
T-cell development and no alteration in CD4"CD25"% Tregs in the
thymus 10 days after the onset of diabetes. Moreover, insulin injec-
tions reversed the alterations in thymic CD4"CD25" nTregs in dia-
betic mice. These data indicate that STZ did not affect T-cell
development directly, but STZ-induced hyperglycemia or other rel-
evant changes impacted thymic CD4"CD25" nTreg development.
Significantly increased levels of CD4*Helios*Foxp3™ nTregs were
consistently observed in the periphery of mice with long-term dia-
betes. These data support the hypothesis that the increased thymic
output of CD4 " Helios™Foxp3™ nTregs may contribute to the ele-
vated frequency of CD4"CD25" Tregs in the periphery of mice with
long-term diabetes.
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Figure 8 Both nTregs and iTregs were increased in the periphery of mice with diabetes for 4 months. (a) Representative FACS staining for Helios and Foxp3 on gated
CD4™ T cells. The percentages of Helios Foxp3™ iTregs, Helios Foxp3™ iTregs and Foxp3™ iTregs out of total CD4™ T cells in PBLs (b), the spleen (¢), pLNs (d) and
mLNs (e). Data are shown as mean=s.d. (n=10), for one representative out of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001, compared
with the indicated groups. FACS, fluorescence-activated cell sorting; iTreg, inducible regulatory T cell; mLN, mesenteric lymph node; nTreg, naturally occurring
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In recent years, it has become evident that CD4"CD25 " Foxp3™
Tregs could also be generated outside the thymus under a
variety of conditions.” A significantly increased percentage of
CD4 " Helios Foxp3™ iTregs in mice with long-term hyperglycemia
indicates that peripheral induction of CD4 " Helios Foxp3™ iTregs
was also relatively elevated in mice with long-term diabetes. In the
presence of anti-CD3/CD28 mAbs and TGF-f, high glucose levels
enhanced the percentage and number of CD4"CD25" iTregs derived
from the sorted CD4"CD25~ Teffs. CD4"CD25~ Teffs from mice
with STZ-induced diabetes produced more Foxp3™ iTregs at all glu-
cose concentrations compared with CD4 " CD25~ Teffs from control
mice, indicating that CD4¥CD25™ Teffs from diabetic mice are
predisposed to convert to CD4"CD25™ Tregs. However, the increased
frequencies of CD4"CD25"Foxp3™ Tregs in the periphery of mice
with diabetes may not be due to changes in the survival of
CD4"CD25% Tregs, as these cells showed identical survival rates in
vitro (data not shown). This is consistent with the observation that
there is no difference in the apoptosis of CD4*CD25™ Tregs in either
long-standing T1D patients or control individuals.”®

Cytokines including TGF- and IL-2 are necessary for CD4*CD25™
iTreg induction.” It was reported that high glucose levels promoted
an increased production of TGF-B1 from human mesenchymal stem
cells.*?* The activated protein kinase C-mitogen-activated protein
kinase signaling pathway leads to high expression of TGF- and con-
tributes to diabetic nephropathy in diabetic mice."*® The IL-2-STAT5

signaling pathway is essential for CD4"CD25" iTreg induction.””*®

Some reports demonstrated defective IL-2 production in T1D patients
or NOD mice."** In our STZ-induced diabetic mouse model,
CD4"CD25™ Teffs produced significantly more IL-2 after stimulation
with phorbol myristate acetate and ionomycin. These data collectively
suggest that enhanced TGF-f and IL-2 production may at least par-
tially contribute to peripheral CD4*CD25" iTreg induction in mice
with long-term diabetes. Therefore, hyperglycemia impacts both thy-
mic and peripheral CD4*CD25" Treg development in mice.

Our results showed that, in addition to the paradoxical increase
in the frequency of CD4*CD25" Tregs in the periphery of mice with
STZ-induced diabetes, the function of CD4"CD25" Tregs was
somewhat defective in these mice. In immunosuppression assays,
CD4%CD25" Tregs from diabetic mice showed a significantly reduced
ability to suppress proliferation of CD4*CD25~ Teffs in response to
allogeneic antigens or T-cell receptor stimulations compared with
control mice, although CD4*CD25" Tregs from diabetic mice show
immunosuppressive ability on CD4"CD25~ Teffs. Our data is con-
sistent with previous data.'®” To check whether CD4*CD25 Teffs
from diabetic mice are resistant to regulation by CD4*CD25" Tregs,
we compared the sensitivity of CD4"CD25~ Teffs from control and
diabetic mice to the regulation of CD4*CD25" Tregs either from
control or from diabetic mice, respectively. We did not, however,
observe any decrease in the sensitivity of CD4"CD25~ Teffs from
diabetic mice to regulation by CD4"CD25™ Tregs. These data indicate

Cellular & Molecular Immunology
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Figure 9 Enhanced CD4*CD257 iTreg induction under high glucose conditions and enhanced sensitivity of CD4"CD25~ Teffs in diabetic mice to iTreg induction in
vitro. Sorted CD4"CD25~ T cells from Foxp3-GFP knock-in mice or the indicated mice were cultured with TGF-B in the presence of plate-bound anti-CD3 and soluble
anti-CD28 mAbs for the indicated amount of time. Cells were harvested and stained for Foxp3. (a) One representative FACS staining for CD4 and Foxp3 on cultured
CD4"CD25™ T cells. The mean percentages (b) and cell numbers (¢) of CD4 " Foxp3™ Tregs were summarized. (d) Representative FACS staining for CD4 and Foxp3
on cultured CD4*CD25™ T cells from control or diabetic mice. Summary of the mean percentages (e) and cell numbers (f) of CD4 " Foxp3* Tregs after CD4*CD25~ T
cells from control or diabetic mice were cultured for 5 days. Data are shown as mean=*s.d. (n=6), for one representative out of two independent experiments.
*P<0.05, **P<0.01 and ***P<0.001, compared with the indicated groups. CTL, control; FACS, fluorescence-activated cell sorting; GFP, green fluorescent protein;
iTreg, inducible regulatory T cell; mAb, monoclonal antibody; TGF, transforming growth factor; Treg, regulatory T cell.

that the intrinsic changes in CD4"CD25" Tregs themselves, but not
the sensitivity of CD4"CD25" Teffs to regulation by CD4"CD25"
Tregs, causes the observed diabetes-induced immune alterations.
The reduced immunosuppressive function of CD4"CD25" Tregs
in mice with hyperglycemia may be related to phenotypic changes in
CD4%CD25" Tregs. Fewer CD4"CD25™ Tregs expressed high levels
of CD62L, CD45RB and GITR, while more cells expressed CD44 and
CTLA-4. It has been reported that, compared with CD4"CD62L°" T
cells, CD4"CD62L"8" T cells are more suppressive and better at pre-
venting T1D progression in NOD-Rag '~ mice harboring a trans-
genic T-cell receptor derived from the diabetogenic T-cell clone
BDC2.5.*° Linderly et al.'” reported that an increased number of
CD4%CD25" Tregs from TI1D patients expressed intracellular
CTLA-4, and these CD4"CD25" Tregs were defective in an in vitro
suppression assay, which is consistent with our results. A recent report
demonstrated that in the periphery, a substantial percentage of cells
had transient or unstable expression of the transcription factor
Foxp3.*! These Foxp3™ Tregs demonstrated a CD62L'°¥CD44""
phenotype and had a decreased suppressive ability and showed
inflammatory characteristics. Whether the increased CD4*CD25"
Tregs in STZ-induced diabetic mice were the same population needs
to be determined. Anti-GITR antibody exacerbates autoimmune dia-
betes due to selective activation/costimulation of pathogenic T cells.

Cellular & Molecular Immunology

While CD4"CD25" Tregs are spared, others have reported that liga-
tion of GITR may inhibit the suppressive capacity of CD4"CD25"
Tregs.*** The phenotypic alterations in CD4"CD25" Tregs from
diabetic mice may be associated with decreased function of these cells.
In summary, STZ-induced diabetes leads to a relatively increased
output of CD47CD25" nTregs from the thymus and increased
CD4"CD25" iTreg generation in the periphery of mice. CD4"CD25™
Tregs displayed an activated/memory phenotype and decreased
immunosuppressive function in mice with long-term diabetes. The
effect of diabetes on CD4"CD25" Tregs encourages us to recognize
the relationship between the change in CD4 " CD25" Tregs and diabetes
progression, and to consider the potential roles of the altered
CD4"CD25" Tregs in the incidence of diabetic complications.
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