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Abstract
Abnormalities in DC function are implicated in defective immune regulation that leads to type-1
diabetes (T1D) in NOD mice and humans. In this study, we used GM-CSF and Flt3-L to modulate
DC function in NOD mice and observed the effects on T1D development. Treatment with either
ligand at earlier stages of insulitis suppressed the development of T1D. Unlike Flt3-L, GM-CSF was
more effective in suppressing T1D, even when administered at later stages of insulitis. In vitro studies
and in vivo adoptive transfer experiments revealed that CD4+CD25+ T cells from GM-CSF-treated
mice could suppress effector T cell response and T1D. This suppression is likely mediated through
enhanced IL-10 and TGF-β1 production. Adoptive transfer of GM-CSF exposed DCs to naive mice
resulted in an expansion of Foxp3+ T cells and a significant delay in T1D onset. Our results indicate
that GM-CSF acted primarily on DCs and caused an expansion of Foxp3+ Tregs which delayed the
onset of T1D in NOD mice.
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Introduction
Type 1 diabetes (T1D) is a T cell-mediated disease in which insulin-producing pancreatic β-
cells are selectively destroyed. Studies in T1D patients and using NOD mice show an essential
role for CD4+ T cells in β-cell destruction [1;2;3]. Thus, these pathogenic T cells most likely
encounter the β cell antigens on APCs because the target cells do not express MHC class II
molecules under normal conditions [4;5;6]. Dendritic cells (DC) are a major type of APC
constituent of islet infiltrates. It has long been recognized that DCs are the most potent APCs
and the only population capable of activating primary T cell response to self-antigens [7;8]. A
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number of studies suggest a critical role for DCs in the development and progression of T1D
in the NOD mouse because they are the first leukocytes to infiltrate islets during insulitis [1;
9]. Therefore, the importance of DCs in initiating and promoting autoimmunity through β-cell
antigen presentation is well-recognized.

On the other hand, a growing body of evidence indicates that DCs play a key role in maintaining
peripheral tolerance to self-antigens [10;11;12]. This notion has been further substantiated by
the ability of immature and non-activated DCs to induce and/or stimulate regulatory T cell
populations (Tregs) under normal circumstances [13]. Maintenance of natural Tregs function
in both mice and humans are linked to their direct interactions with DCs [12;14]. Therefore,
abnormalities in the functions of DCs and Tregs in T1D patients and animal models have been
implicated in promoting autoimmunity in T1D. Phenotypic, maturation and functional
abnormalities in DCs have been noted in both humans with T1D and NOD mice [15;16;17].
Waning of naturally-existing Treg function during the progression of T1D has also been
reported and implicated in the development of T1D [18]. It has been shown that DCs in NOD
mice fail to efficiently activate Tregs, due in part to maturation defects, thus allowing
pathogenic T cells to cause autoimmune destruction of β cells [19]. Therefore, restoration of
tolerogenic DC and Treg functions has been the focus of recent immunotherapeutic studies
aimed at preventing and suppressing autoimmune responses against β-cell antigens [20;21].

In recent studies, we examined GM-CSF and Flt3-L for their ability to modulate DC function
and induce T cell tolerance in different immunization induced-autoimmune models [22;23;
24;25]. These studies demonstrated the ability of GM-CSF to induce maturation-resistant
tolerogenic CD8a- DCs in vivo and suppress autoimmune response by generating Tregs. On
the other hand, Flt3-L induced both CD8a+ and CD8a- DCs and skewed T cell response against
inoculated antigens predominantly towards Th1 type and aggravated the disease [22;23;24].
However, studies using NOD mice in which T1D develops spontaneously without the
requirement for exogenous antigen inoculation have shown that both GM-CSF and Flt3-L
could delay the onset of diabetes [26;27;28;29]. Therefore it is likely that the ability of these
DC modulators to repair and/or restore tolerogenic function of DCs and suppress autoimmunity
in T1D might depend on the dose and/or time of initiation of the treatment relative to the
development of insulitis.

In the current study, we examined the ability of GM-CSF or Flt3-L treatment, initiated at
different times, to modulate the function of CD8a+ and CD8a- DC sub-populations and affect
the disease progression in NOD mice. Treatment of NOD mice with Flt3-L or GM-CSF at very
early stages of insulitis resulted in an overall increase in the number of DCs and CD4+CD25
+ Tregs, and caused significant delay in the onset of T1D. However, treatment with GM-CSF,
not Flt3-L, at later stages of insulitis significantly delayed the onset of hyperglycemia until
long after the cessation of treatment. The protection was mediated through IL-10 and TGF-
β1 produced by CD4+CD25+ Tregs. Furthermore, adoptive transfer of GM-CSF-modulated
DCs into naïve recipient NOD mice was sufficient to restore natural Treg function and cause
delay in the disease onset.

Research Design and Methods
Mice

Female NOD/Ltj and NOD SCID mice (Jackson Laboratories Bar Harbor, ME) were housed
in the Biological Resources Laboratory facility at the University of Illinois-Chicago and cared
for in accordance with the guidelines set forth by the University of Illinois animal care and use
committee.
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Cytokines and Antibodies
Recombinant mouse GM-CSF and Flt3-L were purchased from either Cell Sciences or
Biosource. FITC-conjugated anti-CD11c and PE-conjugated anti-H-2kd (MHC II), anti-CD4,
anti-CD8a, anti-CD25, anti-CD80, anti-CD86, and anti-CD40 were obtained from BD
Pharmingen. APC conjugated anti-Foxp3 was obtained from eBiosciences.

Treatment with DC Modulators
NOD mice were given i.p. injections of GM-CSF (2 μg/mouse/day) or Flt3-L (5 μg/mouse/
day) for 5 consecutive days. In some experiments, mice were given more than one course of
treatment as described in the respective figure legend. Blood samples were collected using tail
vein incision and glucose levels examined weekly for hyperglycemia using an “accu-chek
complete” glucometer. Mice were considered diabetic when glucose level was maintained
>250 mg/dl for two consecutive weeks.

Analysis of DCs
Spleen cells were stained with FITC-conjugated anti-mouse CD11c in combination with PE-
conjugated anti-mouse B7.1, B7.2, CD40, CD8a, or MHC class II, and analyzed in a FACS
analyzer (BD Biosciences). RNA and mRNA were isolated from enriched splenic CD11c+,
CD8a+CD11c+, CD8a-CD11c+ DCs using Trizol and mRNA isolation kit (Miltenyi Biotec),
respectively. cDNAs were synthesized and used for PCR to detect the levels of IL-10, IL-6,
TNF-α, IL-1, and IL-12 transcripts (Maxim Biotec).

Tregs Analysis
Cells were blocked with anti-CD16/CD32 Fc block antibody on ice for 15 minutes. Cells were
surface-stained with FITC-labeled anti-CD4 and PE-labeled CD25 antibodies on ice for 30
minutes. These cells were fixed, permeabelized using fixation/permeabelization kit
(eBiosciences) and stained using APC labeled anti-Foxp3 or isotype control antibody. Stained
cells were analyzed using BD Facs Calibur or CyAn analyzer (DAKO-Cytomation), and the
data were analyzed using Summit or WinMdi applications.

DC and T cell Enrichment
For CD4+CD25+ enrichment, splenic CD4+ T cells were first negatively selected using
magnetic beads and CD25+ T cells were then positively selected using magnetic beads
(Miltenyi Biotec). We consistently obtained >90% pure CD4+CD25+ T cells. For CD11c DC
isolation, splenocytes were positively selected by magnetic bead separation (Miltenyi Biotec).
DC purity was around 85%. For the isolation of CD8a+ and CD8a- DCs, whole splencoytes
were labeled with fluorchrome-conjugated CD11c and CD8a antibodies, and CD11c+CD8a+
and CD11c+CD8a- DCs were isolated by fluorescence-activated cell sorting (FACS) using a
MoFlo high-speed sorter. This enabled us to obtain >95% pure CD8a+ and CD8a- DC sub-
populations.

In Vitro Inhibition Assays
CD4+CD25- T cells were labeled with CFSE and placed in the lower wells of 24 well trans-
well plates (Corning) along with irradiated (5000 gray) APCs (generated from pan T cell
depleted splenocytes) and soluble anti-CD3 antibody. Increasing numbers of CD4+CD25+ T
cells were added to the upper well. After 4 days of incubation, CD4+CD25- T cell proliferation
was determined by FACS. In some assays, anti-IL-10R and anti-TGF-β (20 μg/mL) were added
either separately or together to the trans-wells.
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Adoptive Transfer of T cells
Splenocytes (5 × 106) from recently diabetic mice were adoptively transferred either alone or
with purified CD4+CD25+ T cells (1× 106) from GM-CSF treated or untreated mice into 6-
week-old female NOD SCID mice and blood glucose levels monitored.

Measurement of Cytokine Production
To examine the spontaneous cytokine release by DCs from naïve and GM-CSF or Flt3-L treated
mice, FACS-enriched DC subpopulations were cultured ex vivo for 48 h. Cell free supernatants
from these cultures were assayed for pro-inflammatory cytokines, IL-1β and IL-12. Similarly,
T cell culture supernatants were tested for the production of the Th1 and Th2 cytokines by
ELISA following the manufacturer’s instructions (eBioscience) and the OD450 was recorded
using a Microplate reader (Bio-Rad).

In Vivo DC Function
Effect of GM-CSF-induced modulation of DC function on T cells and the disease development
was tested in two separate experiments. In one set of experiments, we adoptively transferred
either purified CD4+ or CD4+CD25- T cells (3 × 106) into NOD SCID mice (n=5) that were
either treated or left untreated with GM-CSF. In another experiment, DCs (2 × 106 cells) from
GM-CSF-treated or untreated female NOD SCID mice were adoptively transferred into 7-
week-old (n=5) female NOD mice and monitored for diabetes by measuring glucose levels.

Histochemistry
Pancreata were fixed in 10% formaldehyde, 5-μm paraffin sections were prepared and stained
with hematoxylin and eosin (H&E). Stained sections were analyzed in a blinded fashion, using
a grading system, in which 0 = no evidence of infiltration, 1 = peri-islet infiltration, 2 = <25%,
3 = 25–50%, 4 = >50% infiltration of each islet, and 5 = complete loss, or only remnants, of
islets seen. Approximately 100 islets were examined for every group.

Statistical analysis
Mean, SD, and statistical significance were calculated using an SPSS application. Statistical
significance was determined using student’s T-test, or Log rank test. In most cases, values of
individual treated groups were compared with those of untreated groups. A value of p≤0.05
was considered significant.

Results
GM-CSF and Flt3-L Induce Modulation of DC Phenotype

DCs in NOD mice exhibit phenotypic, maturation and functional defects [6;16;17]. To examine
the ability of GM-CSF and Flt3-L to modulate DC phenotype, pre-diabetic NOD mice were
treated with these cytokines and examined for DC surface markers and cytokine transcript
levels. Unlike our previous reports using other mouse strains [22;23;24], the frequencies of
peripheral myeloid (CD8a-) and lymphoid (CD8a+) DCs were not significantly different than
in cytokine-treated mice (Fig. 1A). However, the total number of cells in the spleen from GM-
CSF and Flt3-L-treated mice were 2-3 times higher compared to controls (not shown).
Examination of surface activation markers revealed that DCs from cytokine-treated and
untreated mice expressed comparable levels of B7.1, B7.2, CD40 and MHC-II (Fig. 1B). Cells
were sorted to contain either CD11C+CD8a+ or CD11C+CD8a- DCs (Figure-1C upper panel)
and RNA obtained from these two distinct populations were subjected to RT-PCR to determine
the relative levels of relevant cytokine transcripts. The level of IL-12 transcripts was
comparable in CD8a+ DCs obtained from all three groups; however, the IL1β levels were
reduced in both treatment groups relative to the untreated control (Figure-1C). In contrast, the
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levels of both IL1β and IL-12 transcripts were lower in CD8a- DCS from Flt3-L treated mice.
However, the levels of these two cytokine transcripts were even lower in CD8a- DCs from
GM-CSF treated groups (Figure-1C).

To further substantiate these findings, we measured the cytokine levels in supernatants from
these DC cultures. The amounts of IL-12 and IL1β secreted by CD8a- DCs from GM-CSF
mice were significantly lower compared to CD8a- DCs from either control or Flt3-L treated
mice. CD8a- DCs from Flt3-L also showed lower secreted cytokines relative to untreated
controls. However, the levels of suppression in CD8a- DCs from Flt3-L mice were not as
significant as they were in CD8a- DCs from GM-CSF treated mice (Figure-1D). These data
show that both Flt3-L and GM-CSF have the ability to suppress inflammatory cytokine
production by DCs of NOD mice and therefore, may exert a suppressive effect on ongoing β
cell specific effector T cell response.

Later Treatment with GM-CSF, not Flt3-L, Delays the Onset of T1D in NOD Mice
To determine the effects of treatment with GM-CSF and Flt3-L on T1D development, female
NOD mice were either left untreated, treated with 2μg/mouse/day of GM-CSF or 5μg/mouse/
day of Flt3-L for 5 consecutive days starting week 7 (stage 1), 11 (stage 2), or 15 (stage 3) and
monitored for up to 30 weeks of age. While treatment with GM-CSF and Flt3-L at stage 1 (Fig.
2A, left panel) significantly delayed the onset of diabetes by up to 20 weeks of age, only GM-
CSF could delay hyperglycemia significantly when the treatment was initiated at week 11 (Fig.
2A, middle panel). However, both GM-CSF and Flt3-L failed to show significant protective
effect when the treatment was initiated at an hyperglycemic stage (week 15 of age). Although
Flt3-L showed protection during stage 1, a similar treatment at stage 2 and stage 3 appeared
to exacerbate the disease. While GM-CSF treatment at different ages resulted in a significant
increase in the frequency of CD4+CD25+ T cells, Flt3-L caused an increase in these cell
numbers only when the treatment was initiated at week 7 compared to control mice (Fig. 2B).
These results suggest that GM-CSF is more effective than Flt3-L in suppressing the disease
progression by enhancing CD4+CD25+ T cell numbers even when the treatment is initiated at
a later stage. Since GM-CSF was better able to inhibit inflammatory cytokines and induce
protection from diabetes, only this cytokine was used in further studies.

Repeated Treatment with GM-CSF Leads to Prolonged Suppression of T1D
Although GM-CSF showed the potential to delay hyperglycemia significantly, therapeutic
effect was diminished at later stages. Therefore, we reasoned that repeated intermittent
treatment initiated before the onset of destructive insulitis may result in a longer lasting
protection from the disease. Therefore, we treated NOD mice bi-weekly from 7 to 19 weeks
of age with GM-CSF and monitored for hyperglycemia. As shown in Fig. 3, 80% of the
untreated mice developed disease by 22 weeks of age compared to none of the GM-CSF-treated
mice. To determine the duration of protection, we monitored the animals until 40 weeks of age
without further GM-CSF treatment. Treated mice remained disease-free through 28 weeks of
age, and even as late as week 34 the disease incidence was only one-half of that noted in the
untreated controls by 22 weeks of age. Eventually, by 39 weeks of age, 70% of the treated mice
developed hyperglycemia (Fig. 3A). This result indicated that intermittent treatment with GM-
CSF initiated at pre-hyperglycemic stages could provide sustained protection against T1D.

Histopathological examination of pancreatic sections from cytokine-treated and untreated mice
showed that while the untreated mice had severe insulitis, treated mice had moderate peri-
insulitis and/or insulitis (fig. 3B and 3C). These results indicated that relatively early (e.g. when
animals might have insulitis but with sufficient residual functional β cells) treatment with GM-
CSF can delay the onset of hyperglycemia, perhaps by suppressing ongoing autoimmune
response and β cell destruction.
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GM-CSF Treatment expands CD4+CD25+ T cells that Express Fox3 and Secrete IL-10 and
TGF-β

To understand the effect of GM-CSF exposed DCs on T cell function, we examined T cells
from treated mice for their phenotype and cytokine profiles. First, CD4+ T cells of GM-CSF-
treated pre-diabetic (12 weeks old) NOD mice were examined for CD25 and Foxp3 expression.
As shown in Fig. 4A, about 10% of the splenic CD4+ T cells from untreated control mice were
CD25+Foxp3+, whereas approximately 17% from the treated mice showed this phenotype.
These results showed that GM-CSF treatment resulted in an expansion of CD25+Foxp3+
Tregs, which may have contributed to disease suppression.

Next, we tested the cytokine profiles of both CD4+CD25+ and CD4+CD25- T cell populations.
While CD4+CD25- T cells from GM-CSF-treated mice produced higher amounts of IL-10,
CD4+CD25+ T cells from these mice produced substantially higher amounts of both IL-10
and TGF-β1 compared to untreated controls upon activation (Fig. 4B). In contrast, both CD4
+CD25+ and CD4+CD25- T cells from untreated mice produced significantly lower, but
comparable, levels of IL-10 and TGF-β1. These results indicated that GM-CSF-mediated
suppression of diabetes in NOD mice may occur through induction of IL-10 and TGF-β
producing T cells.

CD4+CD25+ T cells from GM-CSF-Treated Mice Suppress Induction of T1D by Adoptively
Transferred Splenocytes

To examine whether CD4+CD25+ T cells from GM-CSF-treated NOD mice can suppress
diabetes, NOD-SCID mice were adoptively transferred with splenocytes from diabetic NOD
mice alone or along with CD4+CD25+ T cells from GM-CSF-treated and untreated mice. Co-
adaptive transfer of CD4+CD25+ T cells from either treated or untreated mice delayed the
onset of diabetes compared to mice that received only the diabetogenic splenocytes. However,
the onset of hyperglycemia was delayed in animals that received CD4+CD25+ T cells from
GM-CSF-treated mice by at least 4 weeks, compared to those that received CD4+CD25+ T
cells from untreated controls (Fig. 5; p=0.04). Fifty percent of control CD4+CD25+ recipients
developed diabetes 2 weeks later than the untreated control group. However, in mice that
received CD4+CD25+ T cells from GM-CSF-treated donors the onset of diabetes was delayed
in 60% of animals until 15 weeks post cell transfer. This suggested a higher efficiency of
suppression by CD4+CD25+ T cells from GM-CSF-treated donors relative to CD4+CD25+
cells from control mice.

GM-CSF-Exposed DCs Cause Expansion of CD4+CD25+Foxp3+ T cells In Vivo
Although GM-CSF treatment led to the expansion of CD25+Foxp3+ Tregs and sustained DCs
in a semi-matured status, it was not clear whether the primary effect was on DCs. To test this,
we adoptively transferred total CD4+ or CD4+CD25- T cells from non-diabetic mice into GM-
CSF-treated and untreated NOD-SCID mice that are devoid of a functional adaptive immune
system and monitored them for hyperglycemia. As shown in Fig. 6, there was a considerable
delay in the disease onset in GM-CSF-treated NOD-SCID mice that received either total CD4
+ T cells or CD4+CD25- T cells relative to untreated control mice. This suggested that direct
exposure of T cells to GM-CSF may not be necessary for the GM-CSF-induced suppression
of their diabetogenic ability. These results combined with the ability of GM-CSF to suppress
inflammatory cytokine production by DCs (Figure-1) and delay the onset of diabetes in NOD-
SCID mice (Figure-6) further indicate that GM-CSF acts on DCs, which in turn exert
tolerogenic effect on adoptively transferred T cells in recipient mice.

To unequivocally demonstrate the role of DCs in inducing Tregs purified DCs from GM-CSF-
treated and untreated NOD mice were adoptively transferred into pre-diabetic NOD mice, and
the recipients were monitored for hyperglycemia. Mice that received DCs from GM-CSF -
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treated donors showed a significant delay (by at least 4 weeks) in disease onset relative to
recipients of DCs from controls (Fig. 7A). Further, the percentage of Foxp3+ cells was
significantly higher in GM-CSF-exposed DC recipient spleen and pancreatic lymph nodes (Fig.
7B). These results indicated that GM-CSF-exposed DCs facilitate expansion of Foxp3+ Tregs
and promote their tolerogenic function leading to disease suppression.

Discussion
In this study, we demonstrated that treatment with GM-CSF can significantly delay the onset
of T1D in NOD mice and that the protective effect can persist long after cessation of the
treatment. The protection was mediated through IL-10 and TGF-β1 produced by an expanded
population of CD4+CD25+ Tregs. The Treg expansion was facilitated by tolerogenic DCs
induced by GM-CSF.

GM-CSF and Flt3-L are potent DC growth factors that can profoundly affect expansion,
maturation and function of different subsets of DCs [30;31]. We showed earlier that GM-CSF
can suppress ongoing EAT and experimental myasthenia gravis [22;23;32], and that
suppression was associated with an increase in CD4+CD25+ T cell frequencies and was
mediated through IL-10 produced by these cells. In contrast, Flt3-L treatment exacerbated the
disease [22;23].

Unlike our earlier studies using other strains of mice, neither GM-CSF nor Flt3-L treatment
induced an increase in the overall percentage of CD8a- DC subset in NOD mice; perhaps due
to inherent defects in myeloid DC differentiation in NOD mice [33]. However, both treatments
resulted in reduced levels of pro-inflammatory cytokine transcripts and significant reduction
in secreted IL-1β/ IL-12 in CD8a- and IL-1β in CD8a+ subsets of DCs, features often noted in
tolerogenic DCs.

Recent studies have shown that DCs which produce lower levels of pro-inflammatory
cytokines, irrespective of the levels of activation markers on the surface, can promote T cell
tolerance [24;34]. Importantly, pro-inflammatory cytokines play a key role in breaking
tolerance by antagonizing Treg expansion and development. For example, while TNF-α can
negatively regulate Treg numbers and function [35], IL-1β can break tolerance by directly
expanding effector T cell populations in NOD mice [36]. Interestingly, GM-CSF can influence
DC maturation by increasing IL1Ra, an IL1-β inhibitor, production by monocytes and PBMCs
in humans, and activating NF-kB which is a key regulator of DC maturation [37;38]. Therefore,
down-modulation of IL-12 and IL-1β levels in DCs induced by GM-CSF and Flt3-L suggests
that these cytokines might protect NOD mice from T1D through the induction of tolerogenic
DCs and by promoting Treg function.

As anticipated, treatment using both GM-CSF and Flt3-L resulted in an increase in the overall
number of CD4+CD25+ Treg frequencies. However, the efficacy of GM-CSF and Flt3-L
treatments in suppressing the disease progression in NOD mice was dependent on the time of
treatment initiation. In a very recent study, treatment of NOD mice with GM-CSF was initiated
at 3 weeks of age and was repeated 3 times per week for the first 3 weeks, followed by 2
injections per week, up to 52 weeks of age. This study showed that prolonged treatment with
GM-CSF starting at an age as early as 3 weeks could help maintain the DCs in a tolerogenic
state, induce Tregs and abrogate T1D in NOD mice [27]. Similarly, early treatment with Flt3-
L can overcome DC deficiency in NOD mice and protect against diabetes development [26].
These observations are consistent with the current findings which show that early treatment
with either GM-CSF or Flt3-L can confer protection. However, none of these earlier studies
evaluated the efficacy of initiating the treatment at later stages of the disease development
process, which would be the likely scenario in humans. Therefore, we examined the ability of
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GM-CSF and Flt3-L to modulate DC function and influence T1D outcome in NOD mice at
different stages of disease development. While GM-CSF caused a delay in the disease onset
in 100% and 80% of mice that received the treatment starting on week 7 and 11, respectively,
Flt3-L could induce a significant delay in the onset of hyperglycemia only when the treatment
was initiated at an earlier age (i.e. week 7 of age). It is important to note that in this study,
intermittent treatment with GM-CSF starting as late as week 7 (at a time when insulitis has
likely ensued) and only through week 19 of age was sufficient to cause a prolonged delay in
the onset of hyperglycemia. These results indicate that GM-CSF is more efficient in
suppressing the development of hyperglycemia.

Suppression of T1D in GM-CSF-treated NOD mice appeared to be mediated by CD4+CD25
+FoxP3+ T cells. The frequency and the overall number of these T cells were significantly
higher in GM-CSF treated mice compared to control mice. Further, the dominant regulatory
function of CD4+CD25+ T cells was evident from their ability to produce significantly higher
amounts of IL-10 and TGF-β1 compared to control CD4+CD25+ T cells. The superior ability
of CD4+CD25+ T cells from GM-CSF-treated mice to suppress diabetogenic T cell function
compared to control CD4+CD25+ T cells was evident when they delayed the onset of diabetes
in an adoptive splenocyte transfer model using NOD-SCID mice. It has been clearly
demonstrated that CD4+CD25+ T cells from diabetic patients are less effective than their
normal counterparts in suppressing effector T cells [18]. Defective APC function, as evidenced
by their inability to activate CD4+CD25+ T cells effectively, has been implicated in the loss
of natural Treg function in T1D patients and NOD mice over time [19]. Our observations show
that GM-CSF can enhance tolerogenic T cell function.

Although GM-CSF is known to act primarily on DCs, it is not clear whether the enhancement
of Treg function in NOD mice upon treatment with this cytokine was a consequence of the
direct effects on T cells or indirect effects mediated through DCs. The delayed onset of
hyperglycemia in GM-CSF treated NOD-SCID recipients of diabetogenic T cells (Fig. 6) and
in pre-diabetic NOD mice that received GM-CSF-exposed DCs (Fig. 7) supported the notion
that GM-CSF primarily acted on DCs and rendered them tolerogenic. Therefore, an increase
in the CD4+Foxp3+ T cell numbers and their enhanced suppressor function observed in GM-
CSF-treated mice are most likely the result of tolerogenic DC-T cell interaction. Earlier studies
have shown that GM-CSF-exposed DCs induce weaker activation of diabetogenic TCR
transgenic CD8+ T cells, and tolerance to auto- and allo-antigens [27;39]. Our observation that
GM-CSF-exposed adoptively transferred DCs could significantly delay hyperglycemia in
NOD mice with a concomitant significant increase in the frequency of CD4+Foxp3+ T cells
in recipient mice further support this notion.

In summary, our results clearly show that the DC defect in NOD mice may be contributing
significantly to the disease development, and GM-CSF treatment ameliorates this defect and
delays the onset of T1D. This inherent defect in DC function may also explain the disease onset
approximately 10 weeks after cessation of GM-CSF treatment, perhaps due to replenishment
with new DCs that were not exposed to exogenous GM-CSF. Therefore, long-term, but
intermittent, treatment with GM-CSF might be necessary to “educate” newly generated DCs
and sustain them in a tolerogenic state for a longer term protection from T1D.
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Figure 1. GM-CSF and Flt3-L treatments suppress inflammatory cytokines in both CD8a+ and
CD8a- DC subsets of NOD mice
Euglycemic female NOD mice were treated with either GM-CSF (2μg/mouse/day), Flt3-L
(5μg/mouse/day) or PBS (naïve group) for 5 consecutive days starting 11 and 13 weeks of age
intra-peritoneally (i.p.). A) Mice were sacrificed 48 hours after the last treatment, single cell
suspension of splenocytes were stained with anti-CD8a and anti-CD11c Abs conjugated to
fluorescent probes to examine for changes in the frequency of DC subsets. Percentage values
of CD8a+ and CD8a- populations among total splenocytes are shown. B) Purified CD11c+
DCs were stained with fluorochrome labeled anti-CD8a and MHC-II, CD80, CD86, or CD40
Abs and analyzed by FACS. Mean fluorescence intensity values of activation marker specific
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staining on CD8a+ and CD8a- populations are shown. C) Purified CD11c+ DCs were stained
using fluorochrome labeled anti-CD8a Ab and sorted into CD8a+ and CD8a- DCs using a cell
sorter. Dot plots show the gating pattern for the isolation of CD8a+ and CD8a- DCs from
enriched CD11c+ DCs (upper panels). RNA samples prepared from CD8a+ and CD8a- DC
subsets were used in a multiplex RT-PCR assay to detect relative levels of cytokine transcripts
(middle). Relative densitometry values of individual bands are plotted as bar diagrams (lower
panels). D) Purified CD8a+ or CD8a- DCs were cultured (1×106 cells/ml) for 48h and
supernatants were tested for secreted levels of IL-1β and IL-12 by ELISA. Mean + SD values
from three independent assays carried out in triplicate are shown. *** represents p<0.001, **
represents p < 0.01. * represents p<0.05.
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Figure 2. Diabetes incidence in Flt3-L and GM-CSF treated NOD mice
Groups of 10 NOD mice were treated with GM-CSF (2μg/mouse/day), Flt3-L (5μg/mouse/
day), or PBS (naïve) for 5 consecutive days starting 7 and 9 weeks (upper panel), 11 and 13
weeks (middle panel), or 15 and 17 weeks (lower panel) of age i.p, and blood glucose levels
monitored weekly. A) Mice were considered diabetic when glucose levels remained above 250
mg/dL for 2 consecutive weeks. Experiment was terminated when >70% of untreated NOD
mice became diabetic or mice reached 30 weeks of age. Log-rank test was carried out to
determine statistical significance and the corresponding P values are shown in the figure. B)
Sets of mice from parallel experiment were euthanized 48 hours after the last treatment,
splenocytes from treated and untreated mice were stained using fluorochrome labeled anti-
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CD4 and CD25 Abs and analyzed by FACS. Plots represent splenocytes gated on CD4+
population and the representative percentage values of CD25+ cells (inside the scatter plot)
and the range of percentage values from 3 mice analyzed individually (above the scatter plot)
are shown.
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Figure 3. Therapeutic potential of GM-CSF
Groups of 10 NOD mice were treated with 2μg/mL/mouse of GM-CSF or PBS (naïve) for five
consecutive days starting 7, 9, 11, 13, 15 and 19 weeks of age and monitored for T1D. A) Blood
glucose levels monitored weekly and the mice were considered diabetic when glucose levels
remained above 250 mg/dL for 2 consecutive weeks. Log-rank test was carried out to determine
statistical significance. B) Pancreatic sections from a set of mice were stained with hematoxylin
and eosin. Representative images of islets from GM-CSF-treated and naive animals are shown.
C) Stained sections were examined, insulitis was scored in a blinded fashion as described in
research design and methods, and the mean±SD of insulitis grades plotted as bar-diagram. *
indicates a p value of <0.05.
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Figure 4. GM-CSF treatment induces CD4+CD25+Foxp3+ T cells
A) Splenocytes from pre-diabetic GM-CSF and PBS (naïve)-treated NOD mice were stained
using fluorochrome labeled anti-CD4, CD25, and Foxp3 Abs and analyzed by FACS.
Representative scatter plots and range of percentage values of CD25+Foxp3+ and CD25-Foxp3
+ cells from 4 mice tested individually are shown. Mean + SD values of CD25+Foxp3+ and
CD25+Foxp3- T cells (lower panel) are shown. B) CD4+CD25+ and CD4+CD25- cells were
isolated from GM-CSF-treated and untreated naïve mice, cultured for 48 hours in anti- CD3/
anti-CD28 Ab (5μg each/mL) coated wells. Cell free supernatants were harvested and analyzed
for cytokine production by ELISA. Bars represent Mean±SD of values obtained from 4 mice
tested in triplicates. (*** p<0.001, ** p<0.01)
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Figure 5. CD4+CD25+ T cells from GM-CSF-treated mice delay splenocyte-adoptive transfer
induced hyperglycemia in NOD-Scid mice
Splenocytes from 16-20-week-old diabetic mice were transferred i.v into 6-week-old NOD
scid mice (n=5; 5×106 cells/mouse) either alone (control) or with CD4+CD25+ T cells
(1×106/mouse) from pre-diabetic GM-CSF-treated or untreated (naïve) non-diabetic female
NOD mice. Blood glucose levels were monitored weekly. Recipient mice were considered
diabetic when glucose levels remained above 250 mg/dL for 2 consecutive weeks. Log-rank
test was carried out to determine statistical significance.
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Figure 6. Diabetogenicity of adoptively transferred T cells is inhibited in GM-CSF-treated NOD-
Scid mice
Six-week-old female NOD scid mice (n=5/group) were either treated with GM-CSF as
indicated in methods or left untreated (naïve). These mice received CD4+CD25- or CD4+ T
cells (2×106/mouse) from 8-week-old female NOD mice. T cell recipients were bled weekly
for monitoring blood glucose levels and considered diabetic when it remained above 250 mg/
dL for 2 consecutive weeks. Log-rank test was carried out to determine statistical significance.
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Figure 7. Tolerogenic effect of GM-CSF on DCs alone is sufficient to induce Foxp3+ T cells and
suppress T1D
A) DCs from female NOD scid mice treated with GM-CSF for 5 consecutive days or left
untreated (naïve) were isolated and transferred i.v. into 7-week-old NOD mice (n=5/group)
and the recipient mice were monitored weekly for blood glucose levels. B) Two weeks post-
DC transfer, mice from a parallel experiment (n=3/group) were sacrificed and analyzed for
Foxp3+ expression in both spleen and pancreatic lymph node (PLN) cells. Shown are
percentage ranges of CD4+Foxp3+ T cells from 3 mice analyzed individually. Bars in the right
panel represent mean ±SD of percentage of Foxp3+ T cells among CD4+ cells. ** represents
p < 0.01.
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