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Type 1 diabetes mellitus (T1D) is associated with increased type 1 interferon (IFN) levels and subsequent severe
defects in lymphocyte function, which increase susceptibility to infections. The blockade of type 1 IFN receptor 1
(IFNAR1) in non-obese diabetic mice has been shown to delay T1D onset and decrease T1D incidence by enhanc-
ing spleen CD4+ T cells and restoring B cell function. However, the effect of type 1 IFN blockade during T1D on
splenic CD8+ T cells has not previously been studied. Therefore, we investigated, for the first time, the effect of
IFNAR1 blockade on the survival and architecture of spleen-homing CD8+ T cells in a streptozotocin-induced
T1D mouse model. Three groups of mice were examined: a non-diabetic control group; a diabetic group; and a
diabetic group treated with an anti-IFNAR1 blocking antibody. We observed that T1D induction was accompa-
nied by a marked destruction of β cells followed by a marked reduction in insulin levels and increased IFN-α
and IFN-β levels in the diabetic group. The diabetic mice also exhibited many abnormal changes including an
elevation in blood and spleen free radical (reactive oxygen species and nitric oxide) and pro-inflammatory cyto-
kine (IL-6 and TNF-α) levels, a significant decrease in IL-7 levels, and subsequently, a significant decrease in the
numbers of spleen-homing CD8+ T cells. This decrease in spleen-homing CD8+ T cells resulted from a marked
reduction in the CCL21-mediated entry of CD8+ T cells into the spleen and from increased apoptosis due to a
marked reduction in IL-7-mediated STAT5 and AKT phosphorylation. Interestingly, type 1 IFN signaling blockade
in diabetic mice significantly restored the numbers of splenic CD8+ T cells by restoring free radical, pro-
inflammatory cytokine and IL-7 levels. These effects subsequently rescued splenic CD8+ T cells from apoptosis
through a mechanism that was dependent upon CCL21- and IL-7-mediated signaling. Our data suggest that
type 1 IFN is an essential mediator of pathogenesis in T1D and that this role results from the negative effect of
IFN signaling on the survival of splenic CD8+ T cells.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Type 1 diabetesmellitus (T1D) is a T cell-mediated autoimmune dis-
ease that leads to impaired pancreatic insulin-producing β cells [1,2].
Apoptosis has been defined as the main form of β-cell death in the
course of insulitis [3]. Insulitis is likely caused by direct contact with ac-
tivated macrophages and T cells as well as exposure to soluble
ty of Science, Assiut University,
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mediators that are secreted by these cells, including cytokines, nitric
oxide (NO) and oxygen free radicals [4]. T helper type 1 (Th1) cells
are believed to play a key role in the pathogenesis of T1D in the non-
obese diabetic (NOD)mouse, as pancreatic islet-infiltratingmononucle-
ar cells and diabetogenic T cell clones derived from NOD islets show
strong Th1 cytokine expression [5–7]. Type I interferons (IFNs), includ-
ing the α-interferon and β-interferon subtypes, exhibit a vast array of
biological functions and strongly affect the immune system [8–10].
One study showed that low IFN-α/β levels are prerequisites for im-
proved IFN-α/β production subsequent to viral infection [11]. Addition-
ally, elevated type I IFN levels during T1D suggested lymphocyte
exhaustion and a defective lymphocyte-medicated immune response
[12]. Moreover, type I IFN overexpression during diabetes could be a
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major cause of impaired lymphocyte immune responses [13,14]. In addi-
tion, previous studies have determined the involvement of IFN-α in T1D
development, as elevated IFN-αmRNA and protein levels can be detect-
ed in the pancreata of T1D patients comparedwith non-diabetic patients
[15].

Oxidative stress has been implicated in the development of diabetic
complications [16]. Reactive oxygen and nitrogen species (ROS/RNS)
participate in T1D development and progression through glucose au-
toxidation, protein glycation, NADPH consumption through the polyol
pathway, and protein kinase C activation [14–19]. Furthermore, diabe-
tes induction leads to high production levels of ROS, hydroperoxide,
malondialdehyde (MDA), and proinflammatory cytokines, including
IL-1α, IL-1β, IL-6, and CXCL10 [18,19]. However, the main cytokines
involved in diabetes pathogenesis are IL-1, TNF-α, and IL-6 [20].

Mature lymphocytes, which differentiate in primary lymphoid
organs, are released into the peripheral blood and circulate to the sec-
ondary lymphoid organs, where they respond to antigens [21]. Further-
more, infiltrating CD8+ T cells have been shown to have exclusive
specificity towards islet auto-antigens, which emphasizes their auto-
reactive nature and classifies T1D among the prototype tissue-specific
autoimmune diseases [22]. Moreover, it is well established that CD8+
T cells play essential roles in the early events leading to insulitis and in
diabetes in NOD mice [23,24]. Although the role of T cells as effectors
of β-cell destruction in diabetes is well established, the nature of the
antigens, cells, and the mechanisms that prime diabetogenesis remain
poorly understood [25].

Previous studies have demonstrated the essential role of chemokines
and chemokine receptors in leukocyte trafficking and homing to lym-
phoid tissues that are thought to be important in immune responses
[21,26]. The entry of T lymphocytes into lymph nodes (LNs) and their
homing to the secondary lymphoid organ T cell zones, such as in the
spleen, are controlled by CC chemokine receptor 7 (CCR7) and its
ligands, CCL19 and CCL21 [27–29]. Additionally, CCR7 and its ligands
(CCL19 and CCL21) may be involved in the development and/or
progression of islet inflammation, β-cell destruction and T1D [30]. The
different homing patterns of naive and effector CD8 T cells in vivo cor-
related well with their CCR7 chemokine receptor expression and their
reactivity to secondary lymphoid tissue chemokine (SLC). Hence,
CCR7 expression down-regulation on CD8 effector T cells made them
unresponsive to SLC, which controls T cell homing into splenic and
lymph node white pulp [31].

IL-7 plays a pivotal role in naïve and memory CD8+ T cells by
stimulating thymopoiesis and controlling peripheral T lymphocyte
homeostasis [32–37]. Moreover, IL-7 suppressed programmed cell
death protein 1 (PD-1) expression after T cell activation, and IL-7 can
promote IFN-γ+ cell development in CD4+ and CD8+ T cells, both T
cell subsets of which contribute to T1D pathogenesis [38]. We recently
demonstrated that blocking type 1 IFN during diabetes rescues B lym-
phocytes from apoptosis [14]. However, in the present study, we fo-
cused on the effect of type 1 IFN receptor blockade on spleen-homing
CD8+ T cells.

2. Materials and methods

2.1. Chemicals

Streptozotocin (STZ) was obtained from Sigma Chemicals Co. (St.
Louis, MO, USA) and dissolved in cold 0.01 M citrate buffer (pH 4.50)
immediately before use (within 5 min).

2.2. Animals and experimental design

Laboratory BALB/c mice weighing 25–30 g were obtained from
Theodor Bilharz Research Institute, Cairo, Egypt. All animal procedures
were performed in accordance Declaration of Helsinki with the guide-
lines for the care and use of experimental animals that was established
by the Committee for the Purpose of Control and Supervision of Exper-
iments on Animals (CPCSEA) and the National Institute of Health (NIH)
protocol. The animals were allowed to acclimate for 2 weeks before the
experiments andwere housed inmetal cages in a well-ventilated room.
The animals were maintained under standard laboratory conditions
(25 °C, 60–70% relative humidity and a 12-hour light/dark cycle) and
were fed a standard commercial pellet diet and water. Forty five BALB/
c mice were assigned to 3 experimental groups: group 1, the non-
diabetic control group (n = 15), which was injected with vehicle
alone (0.01 M citrate buffer, pH 4.5); group 2, the diabetic group
(n= 15), which was rendered diabetic by five consecutive intraperito-
neal injection STZ doses (60 mg per kilogram of body weight/day for
five days) in 0.01 M citrate buffer (pH 4.5); group 3 (n = 15) was ren-
dered diabetic using the same procedure as in group 2 but was also
injected intraperitoneally, 1 month after diabetes induction, with an
anti-IFNAR1 antibody at a dose of 10 mg per kilogram of body weight
daily for up to 20 days, as previously described [39].

2.3. Blood samples

At the end of the experiment (after treatment with anti-IFNAR1 for
21 days), the mice were anesthetized with pentobarbital (60 mg per
kilogram of body weight), the abdominal cavity was opened, and
whole bloodwas drawn from the abdominal aorta. Plasmawas obtained
by low-speed centrifugation (1000 ×g for 20 min) and immediately
stored at−80 °C for further insulinmeasurement. PBMCswere isolated
from heparinized blood using the Ficoll gradient method.

2.4. Insulin level measurement

Plasma insulin levels were determined with commercially available
enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, USA)
according to the manufacturer's instructions. The insulin concentration
was then calculated using a standard insulin curve, which was included
on the same plate as the samples.

2.5. Cytokine measurements

The levels of plasma cytokine IL-6, IL-7, TNF-α, IFN-α and IFN-β
were determinedwith commercially available ELISA kits (R&D Systems,
USA), as previously described [40] according to the manufacturer's
instructions. The cytokine concentrations were then calculated using a
standard cytokine curve, which was included on the same plate as the
samples.

2.6. ROS and NO level measurements

ROS levels were measured with 2,7-dichlorodihydrofluorescein
diacetate (H2DCF-DA; Sigma-Aldrich). The samples were directly treat-
edwith 10 μMH2DCF-DA thatwas dissolved in 1ml of phosphate buffer
saline (PBS) at 37 °C for 20 min. The fluorescence intensity was moni-
tored with an excitation wavelength of 488 nm and an emission wave-
length of 530 nm. The nitrite and nitrate concentrationsweremeasured
with a Griess reagent assay kit (NO2/NO3 detection kit; Dojindo, Kuma-
moto, Japan) according to the manufacturer's instructions. In brief, the
azo coupling between the diazonium species (which are produced
from a reaction between sulfanilamide and NO2) and N-(1-naphthyl)
ethylenediamine was measured at 540 nm with an MRX microplate
reader (Dynex Technologies, Inc., Chantilly, VA, USA).

2.7. Histology and immunohistochemistry

Spleen tissueswere fixed overnight in a freshly prepared 4% parafor-
maldehyde solution in 0.1 M PBS, pH 7.4, at 4 °C. The samples were
dehydrated and prepared as paraffin blocks. We used an anti-CD8
(1:100; Abcam) primary monoclonal antibody to detect and monitor
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the spleen-homing CD8+T cells in the spleen sections. The appropriate
primary antibody was added in the blocking buffer and incubated
overnight at 4 °C. The sections were washed and incubated with a bio-
tinylated secondary antibody at a 1:2000 dilution for 2 h at room tem-
perature, followed by washing and incubation with an avidin–biotin
complex (VECTASTAIN Elite ABC kit; Vector Laboratories, Burlingame,
CA, USA) at a 1:100 dilution for 1 h at room temperature. The sections
were counterstained with Mayer hematoxylin for 2 to 5 min and
mounted.

2.8. Electron microscopic examinations

For the electron microscopic examination, small spleen pieces
(1 × 1 mm) from the three animal groups were quickly removed and
fixed in 5% cold glutaraldehyde buffer for one week. The specimens
were thenwashedwith PBS (pH 7.2) for 15min 4 timeswith slow shak-
ing and post fixed in 1% osmium tetroxide for 2 h. The slides were
washed again with PBS and then dehydrated using the following as-
cending alcohol grades: 50% for 30 min; 70% overnight; 95% for
30 min; and finally, with 3 30-minute 100% washes. The samples were
embedded in propylene oxide for 30 min to remove any alcohol rem-
nants. Then, the samples were embedded in propylene oxide plus
Epon 812 (1:1, v/v) for 30 min and were then embedded in Epon 812
for 4 h. The samples were finally embedded into capsules containing
the embedding mixture, and the tissue blocks were polymerized in an
oven for 2 days at 60 °C. Semi-thin 0.5-μm sections were prepared
with an LKB ultra microtome and then stained with toluidine blue.
The semi-thin sectionswere examined for localization of the desired tis-
sues, and then, ultrathin sections were prepared, accordingly. The sec-
tions were stained with uranyl acetate and lead citrate and examined
with a transmission electronmicroscope (Jeol, 100 CXII), whichwas op-
erated at 80 kV in the Electron Microscopic Center, Assiut University.
Electron micrographs were captured for the selected semi-thin regions,
reconstructed and processed using Photoshop software to examine the
spleens from each group.

2.9. Isolation of the splenic lymphoid cell population

The spleens were washed with sterile PBS twice and put on petri
dishes containing sterile PBS. The spleens were then pressed with a
syringe. The subsequent single cell solutions were filtered with a sterile
wire and put into 15-ml polypropylene tubes. Next, PBS was added to
the cell suspensions in the polypropylene tubes to a final volume of
10 ml and then centrifuged for 5 min (2500 rpm, at 4 °C). Then, the
supernatant was discarded, and the obtained pellet was resuspended
with 1 ml of sterile PBS. Single cell suspensions containing 2 × 106

cells were washed and cultured for 4 h in RPMI complete culture
media prior to staining for flow cytometry and Western blot analyses.

2.10. Flow cytometry analysis

Cell surface antigen expression was determined with single-
parameter fluorescence-activated cell sorter (FACS) analysis using
the following monoclonal antibodies (mAbs) purchased from BD
Biosciences: PE-conjugated anti-CD8; FITC-conjugated anti-CCR7 and
anti-CD127; FITC-conjugated Annexin V; and FITC- and PE-conjugated
mouse isotype-matched control mAbs. Following the 4-hour culture in-
cubation, splenic lymphocytes were washed 3 times in PBS followed by
2 washes with FACS buffer (1% BSA in PBS) and double stainedwith PE-
conjugated anti-CD8 and FITC-conjugated CCR7, CD127 or IgG2a isotype
control (10 μl antibody/106 cells) at 4 °C for 30min. The cells were then
washed with FACS buffer, resuspended and stored in 500 μl of 2%
paraformaldehyde solution. A FACSCalibur flow cytometry instrument
(BD-PharMingen) was used for the data acquisition and analysis. After
viable cell gating, 15,000 events per sample were analyzed. For each
marker, the positivity threshold was defined beyond the non-specific
binding that was observed in the presence of a relevant isotype control
mAb.

2.11. Mitochondrial membrane potential measurements

The mitochondrial energy status was determined by examining the
cellular retention of a JC-1 dye (Molecular Probes), as previously de-
scribed [41]. The membrane-permeable JC-1 dye is widely used in apo-
ptosis studies to monitor mitochondrial health and can be used as a
mitochondrial membrane potential indicator in a variety of cell types.
The JC-1 dye exhibits potential-dependent accumulation in mitochon-
dria, which is indicated by a fluorescence emission shift from green
(~529 nm) to red (~590 nm). Consequently, mitochondrial depolariza-
tion is indicated by a decrease in the red/green fluorescence intensity
ratio. The potential-sensitive color shift is due to concentration-
dependent formation of red fluorescent J-aggregates. Briefly, splenic
lymphocytes (5 × 105) were loaded with JC-1 dye (1 μg/ml) for
30 min at 37 °C in a 5% CO2 incubator. The cells were then washed
twice with PBS, washed once with FACS buffer, resuspended and then
stored in 500 μl of 2% paraformaldehyde solution. Approximately 105

cells were analyzed with flow cytometry. Fluorescence was monitored
in a fluorometer at 570 nm excitation/595 nm emission wavelengths
for the J-aggregate of JC-1 examination. The mitochondrial membrane
potential (Δψm) was calculated as a ratio of the JC-aggregate (aqueous
phase) fluorescence to the monomeric JC-1-form fluorescence
(membrane-bound). This process allowed for discrimination between
the apoptotic (green) and healthy (red) cells.

2.12. In vitro chemotaxis assays

The chemokine-dependent migration of splenic lymphocytes was
measured with an in vitro 2-chamber migration assay (using Transwell
plates that were purchased from Costar, Cambridge, MA, USA) followed
by flow cytometry analysis. All chemotaxis assays were performed in
pre-warmed migration buffer (RPMI 1640 containing 1% FCS). A total
of 600 μl of migration buffer alone or buffer that was supplemented
with CCL21 (at 250 ng/ml; R&D Systems) was added to the lower
chamber, and 105 cells in migration buffer were added to the upper
chamber. The plates were then incubated for 3 h at 37 °C; the input
and transmigrated cells were centrifuged and then stained with PE-
conjugated anti-CD8 mAb for 30 min. The cells were then washed,
fixed in 300 μl of 1× PBS + 1% formaldehyde and counted for 60 s via
flow cytometry. The migration percentage was calculated as the per-
centage of input CD8+ T cells that migrated to the lower chamber. To
calculate the percentage of the CCL21-mediated specific migration, the
percentage of CD8+ T cells that migrated to medium alone was
subtracted from the percentage of CD8+ T cells that migrated to the
medium with chemokine.

2.13. Western blot analysis

Prior toWestern blot analysis, 5 × 106 CD8+population cells, which
were isolatedwithmagnetic beats from spleen tissues from five animals
per group, were incubated in pre-warmed RPMI-1640 without FCS and
were stimulated or not with IL-7 for 5 min. Lysates were then prepared
as previously described [42], and equal amounts of the total cellular pro-
tein were subjected to SDS-PAGE and blotted onto a nitrocellulose
membrane (Millipore, Bedford, MA, USA). After primary antibodies rec-
ognizing phospho-STAT5, total-STAT5, phospho-AKT, and total-AKT
(Cell Signaling, UK) were diluted 1:500 in 1× Tris buffer saline (TBS)
with 0.1% Tween-20 and 5% bovine serum albumin (BSA), the mem-
brane was incubated overnight with a primary antibody on an orbital
shaker at 4 °C. Following the overnight incubation, the primary antibody
was removed, and the membrane was washed three times in washing
buffer for 5 min. A horseradish peroxidase (HRP)-labeled goat anti-
mouse gamma globulin secondary antibody (Cell Signaling, UK) was



Fig. 1.Diabetes induction elevates levels of oxidative stress and alters TNF-α, IL-6 and IL-7
levels. (A) The oxidative stress biochemical parameters, ROS and NO, were measured in
the blood and the spleen in the three mouse groups, and the results are presented as the
mean ± SEM (n = 10). (B) Blood and spleen cytokine levels (TNF-α, IL-6 and IL-7)
were measured in the three mouse groups with ELISAs. The results are presented as the
mean ± SEM (n = 10); *P b 0.05, diabetic vs. control; +P b 0.05, diabetic + anti-
IFNAR1 vs. control; #P b 0.05, diabetic + anti-IFNAR1 vs. diabetic.
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diluted to 1:1000 and applied to themembrane for 1 h at room temper-
ature on an orbital shaker. Themembranewas thenwashed three times
in washing buffer for 5 min, followed by a single wash in distilled water
for 5 min. The antigens were visualized with a chemiluminescence sub-
strate (ECL, SuperSignalWest Pico Chemiluminescent Substrate; Perbio,
Bezons, France) and exposure to X-ray film (Amersham Biosciences,
France). The ECL signal was specifically recorded on ECL hyper-film.
To quantify the band intensities, the films were scanned, saved as TIFF
files and analyzed with the NIH ImageJ software.

2.14. Statistical analyses

The data were tested for normality with the Anderson–Darling
test and for homogeneity variances prior to further statistical analy-
sis. The data were normally distributed and are expressed as the
mean ± standard error of the mean (SEM). Significant differences
among the groups were analyzed with one- or two-way ANOVA
tests followed by the Bonferroni's test for multiple comparisons with
the PRISM statistical software (GraphPad Software). The data were also
reanalyzed with one- or two-way ANOVA tests followed by the Tukey's
post-test with the SPSS software, version 17. Differenceswere considered
significant at P b 0.05. *P b 0.05 for diabetic versus control; #P b 0.05 for
diabetic+anti-IFNAR1antibodyversusdiabetic;+Pb0.05 fordiabetic+
anti-IFNAR1 versus control.

3. Results

3.1. T1D induction is accompanied by a marked elevation in IFN-α and
IFN-β levels

To optimize the parameters and conditions of the animal models
during experimentation, the blood glucose and insulin levels of the
three mouse groups (n = 10) were monitored after diabetes induction
(Table 1). The glucose levels in both the diabetic and type I IFN
signaling-blocked diabetic groups were significantly higher than those
in the control normal non-diabetic group. By contrast, the insulin levels
were significantly decreased in the diabetic and type I IFN signaling-
blocked diabetic groups compared with the non-diabetic control
group. Interestingly, the diabetic mice exhibited an obvious and signifi-
cant increase in the IFN-α and IFN-β levels compared with the control
non-diabeticmice. Blocking type I IFN receptor in diabeticmice partially
but not significantly restored the altered IFN-α and IFN-β levels
compared with the diabetic non-treated mice.

3.2. IFNAR1 blockade restores free radical, pro-inflammatory cytokine and
IL-7 levels in diabetic mice

Wemonitored the oxidative stress levels in the blood and the spleen
of the three mouse groups. The data acquired for ten individual mice
per group are shown (Fig. 1A). In the diabetic mice (gray, filled bars),
we observed aberrant and significantly increased ROS and NO levels
compared with the control non-diabetic group (black, filled bars).
Table 1
Glucose, insulin, IFN-α and IFN-β levels were altered during diabetes. Blood glucose,
insulin, IFN-α and IFN-β levels weremonitored in the 3 mouse groups. Accumulated data
from10 separate individualmice fromeach group are shown. The datawerefirst tested for
normality andvariancehomogeneity prior to any further statistical analysis. Thedatawere
normally distributed and are expressed as themean± SEM. *P b 0.05, diabetic vs. control;
+P b 0.05, diabetic + anti-IFNAR1 vs. control; #P b 0.05, diabetic + anti-IFNAR1 vs.
diabetic (ANOVA with Tukey's post-test).

Parameters Control group Diabetic group Diabetic + anti-IFNAR1 group

Glucose (mg/dl) 112 ± 10.4 396 ± 32* 313 ± 28#,+

Insulin (ng/ml) 5.8 ± 0.8 1.4 ± 0.4* 2.9 ± 0.54#,+

IFN-α (ng/ml) 1.2 ± 0.28 5.8 ± 0.6* 4.8 ± 0.38+

IFN-β (ng/ml) 1.8 ± 0.16 4.9 ± 0.42* 4.4 ± 0.3+
Interestingly, type I IFN signaling blockade in the diabeticmice (hatched
bars) significantly decreased ROS and NO levels in both the blood and
spleen compared with the diabetic non-treated mice. Furthermore, we
monitored the blood and splenic TNF-α, IL-6 and IL-7 cytokine levels,
which can alter immune cell function during diabetes in the three
mouse groups. The data acquired for ten individual mice per group re-
vealed that the diabetic mice exhibited significantly elevated IL-6 and
TNF-α level in both the blood and spleen compared with the control
group, which indicated prolonged pro-inflammatory conditions during
diabetes (Fig. 1B). By contrast, the blood and splenic IL-7 levelswere sig-
nificantly decreased in the diabetic mice compared with the control
group.

3.3. IFNAR1 blockade in diabetic mice restores the number and distribution
of CD8+ T cells in the spleen

To investigate the spleen-homing CD8+ T cell architecture during
T1D, immunohistochemical techniques were applied to paraffin sec-
tions in the white (Fig. 2A) and red pulp (Fig. 2B) of the spleens of the
three mouse groups. Accumulated data from three animals per group
are presented. In the control animals, large CD8+ T cell numbers
were present in the periarterial lymphatic sheath (PALS), andmoderate
numbers of these cells were present in the germinal center of the lym-
phatic nodules and the red pulp. Moreover, an obvious decrease in the
number of CD8+ T cells in the red pulp of the spleens, the marginal
zone of the white pulp and in the lymph follicles were observed in the
diabetic group compared with the control group. Interestingly, IFNAR1
blockade in the diabetic mice clearly returned the CD8+ T cell numbers



Fig. 2. Altered CD8+ T cell numbers and distribution in the spleens of diabetic mice. CD8+ T cells in the mouse spleen white pulp (A) and red pulp (B) were detected by immunohisto-
chemical analysis (immunoperoxidase 40×). Numerous CD8+ T cells (brown-colored cells) were normally distributed in the marginal zone of the white pulp, the germinal center of the
lymphatic follicles and the red pulp in the control mice. One representative experiment out of three is shown.
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to their normal levels in the red pulp, marginal zone and in the PALS of
white pulp compared with the diabetic group.

3.4. IFNAR1 blockade in diabetic mice rescues spleen CD8+ T cells from
apoptosis induced by mitochondrial membrane potential alterations

To investigate the protective effect of IFNAR1 blockade on CD8+ T
cell survival during diabetes, isolated splenic T cells were double stained
with a PE-conjugated anti-CD8 and FITC-conjugated Annexin V as indi-
cator of early apoptosis and were then analyzed by flow cytometry. As
shown in one representative experiment with control mice (gray, filled
histogram), diabetic mice (red, filled histogram) and diabetic mice
treated with anti-IFNAR1Ab (blue, filled histogram), the CD8+ T cell
percentage within T cell population that underwent early apoptosis
was increased in the diabetic group compared with the control group
(Fig. 3A). By contrast, type I IFN blockade significantly reduced the
early apoptotic CD8+ T cell percentage. The mitochondrial membrane
plays a pivotal role in determining cell survival or death. Therefore,
we monitored the mitochondrial membrane potential of CD8+ T cells
with JC-1 dye followed by flow cytometry analysis. One representative
experiment with control mice, diabetic mice and diabetic mice treated
with anti-IFNAR1 Ab demonstrates the distinct clustering of viable
(red) and apoptotic (green) cells that was observed. The cell shift
from the upper panel (red dots) to the lower panel (green dots) indi-
cates a decrease in themitochondrial membrane potential and a subse-
quent increase in apoptosis induction in the CD8+ T cells from the
diabetic mouse (67%) compared with the control non-diabetic mouse
(7%). In this context, the anti-IFNAR1 Ab treatment clearly decreased
the apoptosis induction in the diabetic cells from 67% to 29%, compared
with 7% in the control group (Fig. 3B). The pooled data from ten individ-
ual mice from each group indicated that anti-IFNAR1 treatment of the
diabetic mice (hatched bars) significantly restored the mitochondrial
membrane potential alterations of the diabetic non-treated mouse
spleen CD8+ T cells (gray, filled bars) and therefore decreased both
early and late apoptosis of CD8+ T cells during diabetes compared
with control non-diabetic mice (black, filled bars; Fig. 3C). Interestingly,
ultra-sections of the controlmouse spleens showed that themature and
immature granulocytes and lymphocytes were healthy; however, the
diabetic mouse spleen sections showed several apoptosis-related
changes, as the lymphocytes exhibited nucleus indentation and swollen
mitochondria with disorientated and disintegrated cristae, as well as
plasma cells that exhibited karyolysis of the nucleus and dilated exten-
sive rough endoplasmic reticulum. One representative experiment out
of three per group is shown (Fig. 3D). Furthermore, blocking IFNAR1



Fig. 3. Increased apoptosis in the diabeticmouse spleen CD8+T cells. The potential for the increased IFN-α, whichwas observed during diabetes, to induce early apoptosis of CD8+T cells
was determinedwith flow cytometry, based on Annexin V staining patterns. (A) A flow chart of one representative experiment is shown. Changes in themitochondrial membrane poten-
tial weremonitored with JC-1 changes and flow cytometry (B). One representative experiment is shown, in which the late apoptotic (lower green-colored dots) and healthy (upper red-
colored dots) CD8+ T cells cluster into distinct groups. (C) Accumulated data from 10 experiments are expressed as the mean percentage of both early and late apoptotic cells ± SEM for
CD8+ T cells that were isolated from all groups; *P b 0.05, diabetic vs. control; +P b 0.05, diabetic + anti-IFNAR1 vs. control; #P b 0.05, diabetic + anti-IFNAR1 vs. diabetic. (D) Electron
micrographs of the spleens from the three animal groups (3600×). One representative experiment out of three is shown.
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restored the numbers of healthy mature and immature lymphocytes
and decreased the severe apoptotic changes, such as the degenerated
lymphocytes.

3.5. IFNAR1 blockade in diabetic mice restores CCR7 surface expression on
spleen CD8+ T cells and their responsiveness to CCL21, which in turn,
facilitates their entry into splenic tissues

CCL21 and its receptor, CCR7, play essential roles in the trafficking
and homing of CD8+ T cells to lymphoid tissues, and especially the
spleen. We therefore investigated the surface expression of CCR7 on
CD8+ T cells that were isolated from the spleen and their responsive-
ness to the cognate ligand, CCL21, in the three mouse groups. T cells
that were isolated from the spleens of ten mice from each group were
double stained with PE-conjugated anti-CD8 and FITC-conjugated
anti-CCR7 to monitor the CCR7 surface expression within the CD8+ T
cells subpopulation. As shown from one representative experiment,
the mean fluorescence intensity (MFI) indicating the CD8+ T cell
CCR7 expression of the diabetic mouse (red, filled histogram) was
markedly decreased by seven-fold compared with the control non-
diabetic mice (green, filled histogram; Fig. 4A). Nevertheless, the dia-
betic mice that were treated with anti-IFNAR1 (blue, filled histogram)
exhibited a partial restoration of their surface CCR7 expression by
four-fold on their spleen CD8+ T cells compared with the diabetic
non-treated mice. The accumulated data from ten mice per group
showed a significant down-regulation of CCR7 expression on splenic
CD8+ T cells in the diabetic group (gray, filled bar) compared with
the control group (black, filled bar; Fig. 4B). Moreover, blocking type I
IFN receptor partially and significantly restored the CCR7 expression
in the splenic CD8+ T cells (hatched bar).We next investigated the im-
pact of CCL21-mediated specificmigration of splenic CD8+T cells using
a chemotaxis assay and flow cytometry analyses. The percentage of
CD8+T cells thatmigrated specifically towards CCL21was significantly
decreased in the diabetic group compared with the control
group (n = 10; Fig. 4C). Interestingly, the anti-IFNAR1-treated diabetic
group exhibited a significant increase in the percentage of CD8+ T cells
that migrated towards CCL21 compared with the diabetic non-treated
group.



Fig. 4. The effect of type 1 IFN receptor blockade in diabeticmice on spleen CD8+ T cell CCR7 surface expression and their responses to CCL21. CCR7 surface expressionwas analyzedwith
flow cytometry. (A) Splenic T cells were isolated from all of the groups and then harvested, cultured overnight at 37 °C in culture medium and washed twice in PBS. The cells were then
stained for 30min at 4 °C with PE-conjugated CD8, FITC-conjugated CCR7 and isotype-matched control (IgG)mAbs. The cells were thenwashed in PBS and fixed infixation buffer, and the
analyzed cell populations were gated on the viable CD8+ T cell subpopulation. (B) The accumulated CCR7 expression data from 10 experiments from each group are expressed as the
mean±SEM. The chemokine-dependentmigration of splenic CD8+T cellswasmeasuredwith an in vitro transwell chemotaxis assay followedbyflowcytometry analysis. All chemotaxis
assays were performed in pre-warmedmigration buffer alone or CCL21-supplemented buffer. (C) Accumulated results from all of the groups (10 mice/group) are expressed as themean
number of migrated cells ± SEM; *P b 0.05, diabetic vs. control; +P b 0.05, diabetic + anti-IFNAR1 vs. control; #P b 0.05, diabetic + anti-IFNAR1 vs. diabetic.
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3.6. IFNAR1 blockade in diabetic mice enhances CD127 surface expression
on spleen CD8+ T cells and restores IL-7-mediated STAT5 and AKT
phosphorylation

IL-7, through its receptor CD127 (IL-7 receptor α), induces prolifer-
ation and sustains long-lived memory CD8+ T cells. As we previously
detected amarked decrease in the IL-7 levels in diabetic mice compared
with control non-diabetic animals, we investigated the CD127 surface
expression on CD8+ T cells isolated from the spleens of the three ani-
mal groups. T cells were isolated from the spleens of ten mice from
each group and then double stained with PE-conjugated anti-CD8 and
FITC-conjugated anti-CD127 to monitor the CD127 surface expression
within the CD8+ T cell subpopulation using flow cytometry analysis.
Our results showed a significant decrease in the CD127 surface expres-
sion MFI on the splenic CD8+ T cells of the diabetic mice (gray, filled
bar) compared with the control non-diabetic mice (black, filled bar;
Fig. 5A). By contrast, the anti-IFNAR1 Ab-treated diabetic mice (hatched
bar) exhibited a significant restoration in the CD127 expression on their
CD8+ T cells compared with the diabetic non-treated mice.

To determine whether the signaling pathways downstream of
CD127, which are known to sustain survival and rescue CD8+ T cells
from apoptosis, were perturbed in diabetic mice, splenic CD8+ T cells
were stimulated or not with IL-7 for 5 min. Cell lysates were prepared
forWestern blot analysis to investigate STAT5 and AKT phosphorylation
and expression levels. Immunoblots from one representative experi-
ment of ten independent experiments are shown (Fig. 5B) for the AKT
and STAT5 phosphorylation analyses. Total AKT and STAT5 levels were
used as equal loading controls. We clearly observed that the diabetic
mice exhibited a marked reduction in the IL-7-mediated STAT5 and
AKT phosphorylation in splenic CD8+ T cells compared with the
control non-diabetic mice. Furthermore, type 1 IFN signaling blockade
in the diabetic mice partially restored the IL-7-mediated STAT5 and
AKT phosphorylation in the splenic CD8+ T cells. The data acquired
from ten animals per group were analyzed and expressed as the nor-
malized average of the phosphorylated protein to the total relevant
protein ± SEM (Fig. 5C). In this context, IL-7 stimulation of the splenic
CD8+ T cells isolated from the control non-diabetic group resulted in
a marked phosphorylation of AKT and STAT5 compared with those in
the cells that were left unstimulated. By contrast, a significant reduction
in the AKT and STAT5 phosphorylation was observed in the diabetic
group upon IL-7 stimulation compared with the control non-diabetic
group. Type I IFN receptor blockade in the diabetic mice partially and
significantly restored the AKT and STAT5 phosphorylation levels upon
IL-7 stimulation. However, if we subtracted the normalized phosphory-
lation levels of these proteins without stimulation from their values
upon IL-7 stimulation, this calculation revealed that the CD8+ T cells
that were isolated from the diabetic group had significantly perturbed
AKT and STAT5 phosphorylation levels upon IL-7 stimulation, which
subsequently makes these cells more susceptible to elimination by
apoptosis.

4. Discussion

T1D is an insulin-dependent autoimmune disease that is character-
ized by the loss of 80% of insulin-producing cells [43]. Different mecha-
nisms lead to pancreatic islet β-cell apoptosis in T1D [44]. IFN-α is
a group of pleiotropic cytokines in the type I family of IFNs [45].
The type 1 IFNs are potent pro-inflammatory cytokines that can be



Fig. 5. Splenic CD8+ T cells from diabetic mice exhibit decreased CD127 expression and
downstream signaling perturbation. CD127 surface expression on splenic CD8+ T cells
that were isolated from all of the groups was analyzed with flow cytometry.
(A) Accumulated CD127 MFI results from each group are expressed as the mean ± SEM.
The spleen T cell population was isolated from ten mice per group and was stimulated
or not with IL-7 for 5 min. Cell lysates were then prepared for Western blot analysis. Im-
munoblots from representative experiments are shown for the AKT and STAT5 expression
and phosphorylation levels (B). The data acquired for ten individual mice per group are
expressed as the normalized average of the phosphorylated protein to the total relevant
protein levels ± SEM, as shown in (C). For the unstimulated vs. IL-7-stimulated cells,
the normalized phosphoprotein level values in the unstimulated cells were subtracted
from those in the IL-7-stimulated cells to yield the specific phosphorylation values. The
statistical analysis of the specific phosphorylation values revealed that *P b 0.05, diabetic
vs. control; +P b 0.05, diabetic + anti-IFNAR1 vs. control; #P b 0.05, diabetic + anti-
IFNAR1 vs. diabetic.
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generated by most if not all cell types. Additionally, IFN-α has intensi-
fied effects on innate and adoptive immune responses [46]. Many
previous studies have suggested the involvement of IFN-α in the devel-
opment of T1D. Several studies have shown elevated IFN-α mRNA and
protein levels in the pancreata of T1D patients compared with non-
diabetic patients [47,48]. Therefore, studying the role of IFN-α in T1D
pathogenesis is of high significance [49]. In our recent study,we demon-
strated that blocking type 1 IFN signaling in diabetic mice significantly
returned the insulin and lipid profiles to normal levels, which subse-
quently restored the B cell distribution and rescued peripheral B cells
from cell death [50]. In the present study, we investigated the effect of
type 1 IFN receptor blockade on spleen-homing CD8+ T cells in a
streptozotocin-induced type 1 diabetic mouse model. As shown in
previous diabetic mouse model studies, the loss of the insulin-
producing β cells of the pancreas caused elevated glucose levels in cor-
relationwith decreased insulin levels [51]. Up-regulation in type 1 IFN is
a prominent feature of T1D [52], which consequently leads to exhaus-
tion of lymphoid organ-homing T lymphocytes [53]. Li and colleagues
identified the up-regulation of a number of genes in CD4+ T cells that
were purified from PLNs as a result of IFN-α elevation [54]. Oxidative
stress has a significant role in T1D development [55]. Increased oxida-
tive stress has emerged as playing a central role in the initiation and
progression of many autoimmune diseases [56–58]. Therefore, several
studies have provided evidences for successful use of natural antioxi-
dants in the prevention and treatment of the oxidative stress-
mediating immune complications [59–61]. Therefore, diabetes is ac-
companied by high free radical levels in the blood and spleen (Fig. 1).
Furthermore, increased ROS levels stimulate inflammatory cytokine
production, primarily IL-6, which is considered the primary regulator
of the acute inflammatory response. However, all inflammatory cyto-
kines exhibit cytotoxic and cytostatic activities and have the ability to
induce apoptosis in pancreatic islet cells [62,63]. It has been established
that TNF-α plays multiple roles in the development and function of the
immune system. TNF-α promotes the up-regulation of adhesion mole-
cules and activation of macrophages, and it is necessary for T1D devel-
opment in NOD mice [64]. Although IL-6 and TNF-α are significantly
increased in diabetic model, IL-7 is highly decreased; therefore, a signif-
icant decrease in the number of spleen-homing CD8+ T cells was ob-
served. Chemokines play a crucial role in immune cell chemotaxis.
Particularly, CCL21 participates in naive T and B cell recruitment to the
extra-follicular area in secondary lymphoid organs [65]. Previous stud-
ies have determined the key role of CCL21 and its lymphocyte receptor
(CCR7) in the migration of lymphocytes from the blood into lymphoid
tissues, especially the spleen [66–68]. The present flow cytometric anal-
ysis of the CCR7 and CCL21 surface expression of splenic CD8+ T cells
confirmed the above-mentioned role of CCR7/CCL21. In the present
study, splenic CD8+ T cells isolated form the diabetic mice exhibited
marked elevation in apoptosis induction and an obvious reduction in
CCL21-mediated their entry to the spleen, suggesting that both these
two mechanisms contribute to the exhaustion state and depletion of
CD8+ T cells from the spleen of diabetic animals.

IL-7 is a crucial cytokine for the development and homeostaticmain-
tenance of T and B lymphocytes [69]. Meanwhile, IL-7 suppresses apo-
ptosis through the up-regulation of the anti-apoptotic protein BCL-2
and the down-regulation of the pro-apoptotic protein Bax [70,71]. We
previously demonstrated that early interferon therapy for hepatitis C
virus infection rescues polyfunctional, long-lived CD8+ memory T
cells through IL-7/CD127 dependent mechanisms [72]. Therefore our
results demonstrate that decreased IL-7 level, CD127 expression or
downstream signaling affect the survival and functions of memory
CD8+T cells and render the diabetic individualsmore susceptible to in-
fection. It has also been established that IL-7 plays complimentary or
overlapping roles inmaintaining CD8+ T cells after antigen stimulation
[73]. CD8+ T-cell survival may be impaired in the absence of IL-7 [32].
Reduced CD127 expression on CD8+ T cells of diabetic animals may
contribute to the observed decline in T cell functions associated with
diabetes by affecting the ability of these cells to respond to IL-7. Alterna-
tively, disease-associated defects of T cells may also influence IL-7
responsiveness of cells that express CD127. In support of this, it was
shown that effector CD8+ T cells destined to become long-lived mem-
ory cells selectively express CD127, suggesting that these cells might be
preferentially IL-7 dependent [35]. In addition, it was found that acute
homeostatic proliferation of memory CD8+ T cells displayed overlap-
ping dependency on endogenous IL-7 [74]. Our results are in agreement
with previous study reported that CD127 down-regulation on CD8+ T
cells during HIV infection may contribute to the observed impairment
in CTL activity and IL-7 production which thought to be attempt to
counteract lymphopenia [75]. Despite decrease in IL-7, CD8+ T cells
response becomes progressively impaired within diabetes, suggesting
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an inability of CD8+ T cells to respond to IL-7. Impaired CD8+ T cell
function and decreased CD127 expression have recently been linked
to abnormal activation of the immune system and are contributed to
immunodeficiency [76]. A recent study confirmed that removing
CD127 (IL-7R α) from the cell surface leads to an HIV Tat protein
mediated-reduction of IL-7 signaling and impairs CD8 T cell prolifera-
tion and function [77], which we similarly observed, as shown in
Figs. 4 and 5A. Moreover, IL-7 signaling depends primarily on the en-
gagement of CD127 and the common gamma chain on the T cell surface,
which phosphorylates STAT5 and AKT [78,79]. Furthermore, STAT5 acti-
vation strongly enhances effector and memory CD8 T cell survival and
homeostatic proliferation, AKT activation, and BCL2 expression [79].
IL-7/IL-7R signaling reportedly initiates at least two separate signaling
cascades, the Jak/STAT pathway and the phosphatidylinositol-3 (PI3)
kinase/Akt pathway [80]. Each of these cascades is thought to separately
regulate Bcl-2 family members to promote survival of activated cells
and increase resistance to apoptosis [81,82]. The data presented here
address the additional explanation that reduced IL-7 level and activity
during diabetes is not only a result of a decrease in CD127 expression
but may also be a result of defects in CD127 signaling. As IL-7 has
been reported to drive T cell proliferation via STAT5 [83], impairment
of CD8+ T cells from diabetic animals (Fig. 6) in response to IL-7 may
be a result of diminished IL-7's ability to phosphorylate STAT5 and
may be a mechanism contributing to the CD8+ T cell impairment.
While it has been demonstrated in other disease states that IL-7 stimu-
lation failed to activate STAT5 in a significant proportion of CD8+T cells
suggested that impaired IL-7/IL-7R signaling is associated with defects
in CD8+ T cell responses [84]. In this context, it has been established
that the activation of STAT5 through JAK3 has been implicated in IL-7-
dependent synthesis of Bcl-2 [83]. The production of Bcl-2 in response
to IL-7 has been shown recently to depend on the Jak/STAT5 pathway
[48], therefore the present data suggest that the defect observed in dia-
betic animals may be limited to this pathway. In addition, this observa-
tion may be explained by findings by Barata et al. [85], where PI3K
activation was shown to be required for IL-7-mediated Bcl-2 up-
regulation in a leukemic T cell line, suggesting that, in addition to
STAT5, other molecules are required and that phosphorylation of
STAT5may not be the limiting process. While, it was reported that acti-
vation of STAT5 independently initiates cell cycle progression or PI3K
pathway [86], our observation of impairment of AKT phosphorylation
upon IL-7 stimulation during diabetes proved an additional mechanism
contributing to the CD8+T cell impairment observed in type 1 diabetes
that may be an altered ability to acquire sufficient nutrients to support
cellular metabolism. Several studies demonstrated that IL-7 maintains
metabolic activity through the uptake of glucose from the extracellular
milieu [83,87]. Furthermore, IL-7-mediated PI3K/AKT signaling results
in the regulation of expression and activity of the glucose transporter
GLU1 and the transferin receptor CD71,which are important in the con-
trol of cell growth [85]. In conclusion, we proved in this study that be-
side the additional effect of down-regulating CD127 expression, an
alternative explanation for CD8+ T cell dysfunction is impairment in
IL-7-mediated signaling via impairment in the phosphorylation of
STAT5 and AKT which would impede the biological function of IL-7 on
CD8+ T cells during diabetes.
5. Conclusions

Taken together, our results explain the increased apoptosis of CD8+
T cells through the reduction of IL-7-mediated STAT5 and AKT activa-
tion. Remarkably, type 1 IFN blockade in diabetic mice significantly re-
stored free radical and pro-inflammatory cytokine levels. Additionally,
IL-7 and its receptor, CD127, were restored, which in turn rescued
CD8+ T cells from apoptosis. Thus, our data suggest that type 1 IFN
is a crucial regulator of spleen-homing CD8+ T cells during T1D
development.
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