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Introduction

Type | diabetes mellitusisa T cell-dependent autoim-
mune diseaseresulting in selective destruction of the § cdls
in pancreaticisets”. Theloss of immunetoleranceto 3 cell
autoantigen leads to the generation of cytotoxic autoreactive
T cdls, which isthe most important pathogenic aspect in the
disease. Therefore, restoration of tolerancein pre-diabetic
individuals may bea potential way to prevent disease devel -

opment!?,

Antigen-presenting cells (APC) have been proven to be
integral participantsin theinitiation and regulation of insu-
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Abstract

Aim: Toinvestigate the effect and underlying mechanisms of immune-tolerance
induced by the adoptive transfer of bone marrow (BM)-derived dendritic cells
(DC) in insulin-dependent diabetes mdlitus (IDDM) mice. Methods. The IDDM
model was established by alow dose of streptozotocin (STZ) in Balb/c mice. Two
DC subpopul ations were generated from the BM cells with granul ocyte-macroph-
age colony-stimul ating factor with or without interleukin-4. The purity andthe T
cell stimulatory capability of DC wereidentified. These cells were used to modu-
late autoi mmune response in pre-diabetic mice. Blood glucose was examined
weekly; pancreas tissues were taken for histopathological analysis, and CD4* T
cellswereisolated to detect lymphocyte proliferation by MTT assay and theratio
of CD4"CD25" T cells by fluorescence-activated cdll sorting (FACS). Thecytokine
secretion was determined by ELISA analysis. Results: Two DC subsets were
generated from BM, which have phenotypes of mature DC (mDC) and immature
DC (iDC), respectively. The level of blood glucose decreased significantly by
transferring iDC (P<0.01) rather than mDC. Lesslymphocyteinfiltration was ob-
served in the idets, and pancrestic structure was intact. In vitro, proliferation of
lymphocytes decreased and the proportion of CD4*CD25" T cells increased
remarkably, compared with the mDC-treated groups (P<0.05), which were associ-
ated with increased level of the Th2 cytokineand reduced level of the Th1 cytokine
after iDC transfer. Conclusion: Our data showed that iDC transfer was able to
confer protection to mice from STZ-induced IDDM. The immune-tolerance to
IDDM may be associated with promating the production of CD4'CD25' T cells
and inducing regulatory Th2 responses in vivo.

lin-dependent diabetes mellitus (IDDM)®. Dendritic cells
(DC) areafamily of professional APC in theimmune system
and control immune responses to either augment or reduce
autoimmunity by a variety of mechanisms, which isalsore-
lated to their various subtypes or their state of maturation.
With respect to their immunomodulatory properties, it might
be feasibleto utilize DC for the development of intervention
strategiesto treat or prevent autoimmune diseases. Recent
studies have suggested that in vitro cultured DC can serve
as highly potent vaccines for various immunotherapiesin
experimental autoimmune model, such asexperimental auto-
immune encephal omyditis and collagen-induced arthritis®.
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Clare-Salzler et al'® demonstrated that the injection of DC
isolated from draining lymph nodes of the pancreas (but not
spleen DC) could protect non-obese diabetic (NOD) mice
from disease devel opment, but the detailed phenotype of
injected cellswas not specified in their sudy. To gain more
insight into the effects of DC transfer in experimental au-
toimmune diabetes, we evaluated the effects of two distinct
DC subpopulations from BM on the development of strep-
tozotocin (STZ)-induced autoimmune diabetes. We show
that treatment with immature DC (iDC) rather than mature
DC (mDC) can confer protection to mice against IDDM
induced by STZ, which is associated with enhanced differ-
entiation of regulatory T cells.

Materials and methods

Animalsand reagent Balb/c malemice aged between 6—
8 weeks, weighing approximately 20 g (Experimental Animal
Center, Tongji Medical College, Huazhong University of
Science and Technol ogy, Wuhan, China) were maintainedin
standard environmental conditions with free access to food
andwater. They were alowed to adapt to their environment
for 1 week before the experiments wereinitiated.

STZ (Sigma, St Louis, MO, USA) was dissolved in so-
dium citrate buffer (pH 4.2) just beforeinjection. Thefollow-
ing reagents were used: RPMI-1640 (Gibco, Gaithersburg,
MD, USA), ConA (Sigma, USA), Ficoll-Paque (Amersham,
Uppsala, Sweden), MTT (Amresco, Solon, OH, USA); mouse
granul ocyte-macrophage colony-stimulating factor (GM-
CSF) and interleukin-4 (IL-4) (R&D Systems, Minneapdlis,
MN, USA); fluorescein isothiocyanate (FITC)-conjugated
anti-mouse CD4, Phycoerythrin (PE)-conjugated anti-mouse
CD25 (eBioscience, San Diego, CA, USA); FITC-conjugated
anti-mouse CD11c, FITC-conjugated anti-mouse CD86 and
FITC-conjugated anti-mouse MHC || mAbs(BD Pharmingen,
San Diego, CA, USA).

Generation of DC from BM Thefemursand tibiasfrom
the Balb/c mice were collected under aseptic conditions and
the marrow was flushed out. Mononuclear cellswere pre-
pared by grinding through a nylon mesh, depleted of eryth-
rocytes with Ficoll lymphocyte isolation liquid, and sus-
pended in RPM1-1640 [10% fetal calf serum (FCS)]; 3x10’
cells were seeded into 6-cm dishes. Four hours later, the
non-adherent cells were gently removed by swirling the
dishes gently and aspirating the medium; and dishes were
washed 4 times with phosphate buffered solution (PBS).
Fresh RPMI-1640 medium containing 10% FCS, mouse GM-
CSF (0.02 ng/L) with or without mouse IL-4 (0.02 ng/L) was
added into the dishes. On every other day, the medium was

removed and fresh medium with cytokineswas added. The
cellswere harvested for study 7 d later.

Fluor escence-activated cell sorting (FACS) analysisof
purified DC Thetwo different DC cultured in GM-CSF or
GM-CSF+IL-4werecollected in PBS (2x10°cdlls/mL) andin-
cubated with FI TC-conjugated anti-mouse CD11c, H TC-con-
jugated anti-mouse CD86 or FITC-conjugated anti-mouse
MHC 1 mAbsfor 30 minat 4 °C, respectivdy. Thecdlswere
washed twice in PBS and analyzed with a flow cytometer
(Becton Dickinson, San Jose, CA, USA) using CellQuest
software (Becton Dickinson, San Jose, CA, USA).

Allogeneic mixed lymphocytereaction (MLR) Alloge-
neic responder lymphocyteswere prepared by passing mouse
spleens through a nylon mesh, depleted of erythrocytes with
Ficall lymphocyteisolation liquid. Graded doses of DC and
2x10°T cellswere cocultured astriplicatein 96-well platesin
atotal volumeof 200 pL/wdl at DC/T cell ratiosfrom 1:40to
1:10. After 72 h, MTT (5 g/L) was added 4 h before the
termination of theculture. Then 150 L DM SO was added to
each well and oscillated for 10 min. The absorbance was
measured by an enzyme-linked immunosorbent assay plate
reader (Multiskan MK 3, Thermo Labsystems, Vantaa,
Finland) at awavel ength of 570 nm.

Treatment of micewith DC TheDC werewashed 3times
in cold PBSbeforeinjection. GM-CSF DC or GM-CSF+IL-4
DC (3x10%mouse) wereinjected by ip route into the Balb/c
mice, respectively. The untreated and STZ controls were
administered with equa volumes of PBS. Subsequently, the
STZ control and the mice treated with DC were injected ip
with STZ 40 mg/kg for 5 consecutive days as described!”.
The mice were observed for the onset of diabetes with mea-
surements of the glucose concentration in the blood ob-
tained from atail vein, which was performed weekly with a
blood glucose detector (Yicheng Bioelectronic Technol-
ogy Co, Ltd, Bejing, China). Consecutive readings of blood
glucose levels >16.7 mmol/L were considered diagnostic
of the onset of diabetes.

FACS analysisof CD4'CD25" regulatory T cells The
mice were sacrificed by cervicd dislocation at d 28 after the
last injection of STZ, and the spleenswere removed asepti cal-
ly. Thespleen cdlls, 2x10°, wereincubated with FI TC-conju-
gated anti-mouse CD4 and PE-conjugated anti-mouse CD25
mAbsfor 30min at 4 °C. Thecdlswerewashed twicein PBS
and analyzed with a flow cytometer.

Lymphocyte praliferation The spleen cellsweretreated
with ared cdl lysisbuffer and total T cells were purified by
non-adherence to nylon wool. CD4" cells were positively
selected magnetically with mAbs directly bound to MACS
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
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according to the manufacturer’ s protocol s, and were counted
asviable cells (Trypan blue stain negative). Theprolifera-
tion of the CD4" T lymphocytes was determined by MTT
assay. Cells2x10° treated with T lymphocyte mitogen ConA
(5x103g/L) were culturedin flat-bottomed 96-wel | platesin a
total volumeof 200 pL/well. After incubationfor 3dat 37 °C
and 5% CO,, MTT (5 g/L) was added 4 h before the termina-
tion of culture. Then, 150 uL DM SO was added to each well
and oscillated for 10 min. The absorbance was measured at
awavelength of 570 nm.

Histological examination of pancreata All of the mice
were sacrificed at d 28 after the last injection of STZ. The
pancreata werefixed in 10% neutral formalin (pH 7.0), pro-
cessed for paraffin embedding, sectioned (5 um), and stained
with hematoxylin-eosin (H& E). The degree of insulitiswas
scored blindly by 2 independent observers using a semi-
quantitative scaleranging from 0to4: O, normal islet with no
signof T cal infiltration; 1, focal peri-idet T cdl infiltration;
2, more extensive peri-idet infiltration, but with lymphocytes
lessthan one-third of theidet areg; 3, intra-idet T cdl infil -
tration in one-third to one-half of theidet area; and 4, exten-
siveintra-iset inflammation involv-ing morethan half of the
iet area. 81to 12 idetsfrom each animal were scored.

ELISA Serum samples of themicewere assayed for cyto-
kine concentration. Thelevesof IL-2, interferon-y (IFN-y),
IL-4, and IL-10 weredetermined using amouse IL-2 ELISA
kit (eBioscience, USA) and mouseIL-4, IL-10, IFN-y ELISA
kits (R&D systems, USA) according to the manufac-turer’s

recommendations. Valuesare expressed asng/L.

Statistical analysis Statistical analysis of mean values
and difference were performed by Student’ st-test. A value
of P<0.05 was considered statistically significant.

Results

Characteristicsof DC To generate DC, the BM cdlls of
Balb/c micewere cultured in the presence of GM-CSF, with
or without IL-4. DC cultured in GM-CSF or GM-CSF+IL-4
wereall 85%-95% positivefor theDC marker (CD11c), 93.2%
and 87.4%, respectively. The expression of CD86 (85.6%)
and MHC |1 (87.5%) were significantly increased in GM-
CSF+IL-4 DC. In contrast, DC cultured only with GM-CSF
showed | ow expression of CD86 (19.4%) and MHC 11 (14.6%;
Figure 1). Thus, based on these in vitro data, the 2 DC
populations used in this study could be classified as iDC
(GM-CSF DC) and mDC (GM-CSF+IL-4 DC) in agreement
with the general concept of DC maturation.

Stimulatory effect of DCin MLR Theahility of the2 DC
populations on allogeneic responder lymphocyte was tested
in MLR. The capacity of the DC subsetsto stimulate alloge-
neic T cells was correlated with the level s of costimulatory
molecules CD86 and MHC |1 of these 2 DC subpopulations.
High T cell proliferation wasinduced by mDC from theratio
of 1:20 (stimulator:responder), whereasiDC dicited clearly
lower T cell responses at whatever ratio (P<0.01, Figure 2).

Protection of diabetesby iDC transfer Themicetreated
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Figure 1. Phenotypes CD11c (a), CD86 (b) and
MHC II (c) of the 2 DC subpopulations were ana-
lyzed by flow cytometry. (A) GM-CSF+IL-4 DCs;
(B) GM-CSF DCs.
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Figure 2. Allostimulatory activities of the 2 DC populations in
mixed lymphocyte reaction. iDC (M) exerted weaker stimulatory
capacity than mDC (#). n=3. MeantSD. °P<0.01 vs iDCs (H).

with multiple low doses of STZ became gradually hyper-
glycemic. The disease occurred after injecting STZ with
similar clinical appearances of human IDDM, such asin-
creased hydroposia, food ingestion, urine and decreased
bodyweight (data not shown). Recipientsof iDC were sig-
nificantly protected from diabetes (P<0.01), whereas mDC-
treated mice did not avoid disease development; the level of
blood glucose in these mice showed indistinctive differences
with the STZ-treated mice (P>0.05; Figure 3). Totest the
effects of DC on the progression of insulitis, we examined
the histology of pancreataof all mice. Pancrestic tissue sec-
tions from iDC-treated mice revealed a marked reduction in
the degree and severity of insulitis compared to the STZ
control, asjudged by the ‘insulitisscore’ (Figures4, 5). We
found that the beta cell s of mMDC-treated mice were destructed

Untreated mice
STZ control

mDCs transfer
iDCs transfer
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brtt
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Time/d

Figure 3. Effect of administration of iDC and mDC on the level of
blood glucose in STZ-induced diabetic mice. Mice were considered
diabetes when blood glucose level were above 16.7 mmol/L. n=8.
MeantSD. "P<0.05, “P<0.01 vs STZ control.
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Tnsulitis score
(=]

0
Untreated STZ control mDCs-treated iDCs-treated
mice mice mice

Figure 4. Development of insulitis in DC treated mice at d 28 after
STZ injection. n=8. °P<0.05 vs the STZ control.

severely and there were large number of lymphocytes sur-
rounding and intruding into the idets of Langerhans, with

Figure 5. Histological examina-
tion of pancreatic islets of the 2
populations of DC-treated diabetic
mice induced by STZ. (A) Ex-
ample of a normal islet from a
normal mouse untreated with STZ;
(B) Pancreatic section from STZ
control showed severely destroyed
islet and significant lymphocyte
infiltration; (C) Pancreatic section
from mDC-treated mice showed
visible insulitis that is similar with
STZ control; (D) Example of an
islet from iDC-treated mice
showed no obvious destruction of
the B cells and insulitis. Arrow
showed the infiltrated lympho-
cytesin the islets.
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thesimilar condition of thediabetic mice. Thisis consistent
with the above results of the blood glucoselevelsin Figure 3.

Enhanced proportion of CD4°'CD25" T cells by iDCs
transfer To investigate the mechanism of the tolerogenic
function of iDCs, we next analyzed whether this effect was
correlated with enhanced accumulation or preservation the
regulatory T cells. For FACS analysis of spleen lympho-
cytes we had determined the profile using fluorescently con-
jugated anti-CD4 and anti-CD25 Abs. We showed that there
wasadeficiency of CD4'CD25' T cdllsin diabeticmice, while
the normal proportion of these cells was 5% approximately.
It appeared that the protective effect of iDC transfer might
be partially dueto the generation/activation of T celswithin
the CD4*CD25" phenotype. In contragt, giving mDC did not
improve the pathological state of these regulatory T cells
(Figures6, 7).

T cells/%

The percentage of

CD4'CD25*

Untreated mice STZ control mDCs-treated  iDCs-treated
mice mice

S = W ok oS S O
T

Figure 6. Augmented proportion of CD4*CD25" T cells in spleen
lymphocytes after iDC transfer. n=5. Mean+SD. °P<0.01 vs the STZ
control.

Decreased CD4" T lymphocytes proliferation The
effects of DC transfer on CD4" T lymphocytes proliferation
was examined by MTT assay. We observed increased
lymphocytes proliferation in the STZ control, compared with
the normal mice (P<0.05). The proliferative responseswas
significantly suppressed by iDC transfer (P<0.05), whilethere
was no obvious change in mDC-treated mice (P>0.05,
Figure8).

Cytokines shift by iDC To assess the effects of DC
transfer on the production of Thl and Th2 cytokines, the
levelsof IL-2, IFN-y, IL-4, and IL-10 in the serum were mea-
sured by ELISA. Our results showed that transfer of iDC led
to high amounts of IL-4 and IL-10 and low amounts of I1L-2
and | FN-y in the mice, whereas mDC did not, compared with
the STZ control (Figure 9). These data showed that only
iDC were abl e to induce a shift towards Th2 cytokine pro-
duction after cdlstransfer into mice.
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Figure 7. FACS analysis of the proportion of CD4*CD25* T cellsin

spleen lymphocytes. (A) Untreated control; (B) STZ control; (C) mDC-

treated mice; (D) iDC-treated mice. The numerical data represent mean
values of the percentages in each group.
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Figure 8. Effects of DC transfer on CD4* T lymphocyte prolifera-
tion of IDDM mice. n=8. Mean+SD. "P<0.05 vs the STZ control.

Discussion

IDDM is characterized by autoreactive lymphocytesin-
filtration in the pancreaticidet of Langerhans, followed by 3
cell destruction, leading to hyperglycemia. Multipleinjec-
tions of low doses of STZ could develop an autoimmune
diabetic model that exhibits many immunological and clinical
features of IDDM in humans®. Injection of STZ in 5 equal
low doses (40 mg-kg™-d™?) induces a 9 ow progressive hyper-
glycemia, accompanied by lymphocytic infiltration of the
pancregatic isets. Thismodel providesa basisto undersand
the mechanisms involved in the onset and modulation of
autoimmune pancreatic damage, which has been used
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Figure 9. Effects of DC transfer on expression of Th1/Th2 cytokines
in mice. n=8. Mean+SD. "P<0.05, °P<0.01 vs the STZ control.

extensively to study theimmunological pathwaysthat pre-
vent insulitisand B cell destruction!®2Y,

DC, astheprofessional APC, are uniquely ableto either
induce immune responses or to maintain the state of self-
tolerance. Our work has been concerned with the 2 distinct
DC populations derived from BM cells cultured in GM-CSF
plusIL-4 or GM-CSF alone. Variousin vitro studies have
demonstrated that the culture of BM cells (myeloid progeni-
tors) with GM-CSF resultsin the growth and differentiation
of macrophages, neutrophils, and DC with immature
phenotype. Furthermore, DC progenitors could be induced
to devel op into alarge numbers of mDC by exposureto GM-
CSF+IL-4"2", Our data has described the differencesin the
phenotype and the T cell simulatory capacity between the 2
DC populations. Activated mDC cultured in GM-CSF+IL-4
expressed high major histocompatibility complex (MHC) dass
Il and costimulatory molecules. These cells were efficient
stimulators of naive alogenic T cells. In contrast, iDC ex-
pressing low MHC |1 and costimul atory mol ecul es were poor
T cdll stimulators.

In the present study, we investigated the effects and
mechanism of the 2 DC popul ationstransfer tomodul ate the
development and progression of diabetes in multiple low
dose of STZ-induced diabetic mice. Thefirst use of DC to
prevent IDDM mice was documented by Clare-Salzler et al™®
who demonstrated that transfer of the pancreatic lymph node
(PLN) DC derived from NOD miceinto pre-diabeticNOD mice
conferred significant protection from IDDM, while DC iso-
lated from other lymph organs were not. According to the
authors, the protections may occur because PLN DC carry a
relevant islet peptide that is presented to lymphocytes and
promotes the activation of regulatory elements. However,
the phenotypes of these DC were not described, probably
because of the small number of cells collected from PLN.

Machen J et al'™ reported that a protective effect of DC
against the devel opment of diabetes was induced following
injection of ex vivo antisense oligonucl ectides-pulsed BM-
derived DC, which suggeststhat the protective effect could
be due to the state of DC rather than thetissueorigin of DC.
Growing evidence showsthat iDC wereabletoinduce T cdl
energy or differentiation of regulatory T cells, suggesting
that the tolerance can be mediated by an immature stage of
DCS™ ™, TheseiDC are usually called ‘ tolerogenic DC' ™,
Thus, such cellswith tolerogenic property might proveto be
useful toolsfor treating autoimmune diabetes.

Indeed, significant protective effect against IDDM was
observed in the mice given asingleinjection of 3x10°iDC,
but not mDC. The lower blood glucose levels were paral -
leled by the prevention of insulitis, which was demonstrated
by examining the histology of the pancreata of themice. We
found a marked reduction of insulitisin the H& E sections
(Figures 4, 5). Thesedataindicate that injection of iDC was
ableto prevent theinfiltration of immune cdlsthat otherwise
impair B cell function and promote 3 cell destruction. When
DC were transferred to the mice who had already received
STZ-injections, the anti-diabetogenic effect was not remark-
able (data not shown), suggesting that the transferred DC
can exert their anti-diabetogenic effect before stimulation
of the sdf-reactive T cells by multiple low doses of STZ
in the pancreatic idets.

Furthermore, wefound anincreased number of CD4"'CD25*
T regulatory cellsin the spleens of iDC-treated mice com-
pared with diabetic mice, which might be responsible for
protection against diabetes. We hypothesized that iDC cir-
culated and took up dying cells derived from normal cell
turnover. Upon phagocytosisin the absence of inflammation,
DC remained immature, but were till ableto migrateto re-
gional lymph nodes. Then naive T cellsin thelymph nodes
may encounter antigen on these iDC, receive a suboptimal
signal, and differentiateinto T regulatory cells rather than
effector T cells. As multiplelow doses of STZ can induce
inflammatory reactions in micg®, iDC may be activated to
express maturation markersin the local microenvironment
and become unable to expand T regulatory cells. Therefore,
administration of DC after STZ-injections could not be ef-
fective against diabetes.

CD4'CD25" T regulatory cells appear to play an impor-
tant role in controlling the progression of type 1 diabetes
because a low level of CD4'CD25" T cells correlates with
exacerbation and accel eration of the diseasd™®. Inthe NOD
mice and IDDM patients, defectsin the differentiation of the
regulatory T cells that maintain peripheral tolerance to
autoantigens probably contribute to di sease devel opment!®-2,
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Our previous study also demonstrated that there are some
abnormalitiesin the proportion of CD4"'CD25" T cell subsats
inmultiplelow doses of STZ-induced diabeticmiceé?. iDC have
been shown to induce profound accumulation of the regula-
tory CD4'CD25" T cdl subset. The shift of cytokine produc-
tion towards Th2 profiles by iDC also appears to be associ-
ated with the increased CD4'CD25" T cell population.
CD4'CD25" T regulatory cells could enhance regulatory Th2
response, inhibiting the Th1-mediated B cell destruction®.
Protective Th2 cells produced high levels of IL-4 and IL-10,
which may even contribute to the protection. Thus, iDC
administration restored the bal ance between pathogenic Thl
and regulatory Th2 cellsin vivo by the CD4'CD25" T regula-
tory cells. In addition, CD4°CD25" T céllsinhibit there-
sponse of conventional CD4* T cellsin a contact-dependent
manner and simultaneously confer suppressive properties
to such cells, resulting in suppression of the proliferation of
autoreactive T cell§*!. Thus, the generation or survival of
regulatory cell activity in the splenocyte fraction may be a
primary role of the protective effects of iDC in recipients.

In summary, data from the present study indicate that
adoptive transfer iDC can confer protection to mice from
STZ-induce diabetes. However, the DC subset, character-
ized by mature phenotype, failed to modul ate the disease.
The immunoprotection of iDC may berelated to establishing
immunotolerance by promoting the differentiation of
CD4'CD25" T cells and enhancing Th2 cytokine expres-
sion invivo. Our results may have important implications
for the development of therapeutical protocols based on
DC transfer for the prevention of autoimmune diabetes.
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