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SUMMARY

 

The phenotype and function of splenic DC populations from diabetes-prone NOD mice were chara-
cterized and compared to DC from diabetes-resistant strains in the presence or absence of Flt3 ligand
(FL) treatment. NOD mice were found to have significantly fewer CD8

 

a

 

+

 

 DC than both B10.BR and
C57BL/6 mice, and this defect was reversed by FL treatment. Freshly isolated CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC
from all three strains were found to express similar levels of costimulatory molecules and this was sim-
ilar in both FL-treated and untreated animals. IL-12 p40 production was significantly lower in purified
CD11c

 

+

 

 DC from NOD mice compared to DC from C57BL/6 or B10.BR mice. CD8

 

a

 

+

 

 DC isolated from
NOD mice produced lower levels of IL-12p40 than CD8

 

a

 

+

 

 DC from C57CBL/6 and this was dependent
on the nature of the stimulus given. In contrast both CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC from FL-treated mice pro-
duced high levels of IL-12p40 following activation, but only the CD8

 

a

 

–

 

 DC produced IL-12p70. Func-
tionally, freshly isolated CD8

 

a

 

–

 

 DC were more stimulatory than CD8

 

a

 

+

 

 DC in a primary allogeneic
mixed lymphocyte reaction. However, DC maturation resulted in increased T cell stimulatory capacity
for both DC subsets, and this pattern was seen in all strains. These results demonstrate significant dif-
ferences in phenotype and function of splenic NOD CD8

 

a

 

+

 

 DC, and further suggest that FL treatment
may reverse some of these abnormalities.
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INTRODUCTION

 

Although dendritic cells (DC) are known for their immunostim-
ulatory capabilities, subsets of DC have been shown to regulate T
cell responses [1,2]. In the mouse spleen, two phenotypically dis-
tinct DC populations can be isolated on the basis of CD8

 

aa

 

expression, and more recently additional populations, CD11b

 

+

 

/
CD4

 

+

 

 and plasmacytoid DC, have been described [3–5]. CD8

 

a

 

+

 

and CD8

 

a

 

–

 

 DC have both been shown to initiate T cell activation
[6,7]. However, after the initial activation CD8

 

a

 

–

 

 DC appeared to
have the traditional stimulatory capacity associated with DC,
whereas CD8

 

a

 

+

 

 DC exerted regulatory effects on activated CD4

 

+

 

and CD8

 

+

 

 T cell responses [1,2]. The regulatory effects of CD8

 

a

 

+

 

DC on CD8

 

+

 

 T cells were associated with a greatly diminished
induction of IL-2 when compared to CD8

 

a

 

–

 

 DC-stimulated CD8

 

+

 

T cells [1,8]. On the other hand, CD4

 

+

 

 T cells stimulated by

CD8

 

a

 

+

 

 DC were killed by Fas-mediated apoptosis, due to the
presence of Fas-ligand on CD8

 

a

 

+

 

 DC [2].
Recent 

 

in vivo

 

 experiments have suggested that CD8

 

a

 

+

 

 DC
induce Th1 immune responses and CD8

 

a

 

–

 

 DC direct Th2-domi-
nated responses [6,7]. CD8

 

a

 

+

 

 DC are reported to produce high
levels of interleukin-12 (IL-12) and IFN-

 

g

 

 that promote the devel-
opment of Th1 CD4

 

+

 

 T cells [9,10]. Recent studies showed that
CD8

 

a

 

+

 

 DC, but not CD8

 

a

 

–

 

 DC, differ in their antigen presenta-
tion capacity such that CD8

 

a

 

+

 

 DC efficiently cross-present anti-
gen to CD8

 

+

 

 T cells whereas CD8

 

a

 

–

 

 DC efficiently present antigen
to CD4

 

+

 

 T cells [11,12]. Most recently it has been shown that
CD8

 

a

 

+

 

 DC are uniquely able to take up apoptotic cells, providing
a mechanistic explanation for their ability to cross present cellular
antigens to both CD4

 

+

 

 and CD8

 

+

 

 T cells [13]. These data suggest
that CD8

 

a

 

+

 

 DC are more than a specialized DC subset dedicated
to regulating T cells. In addition, recent studies have revealed that
CD8

 

a

 

+

 

 DC can be generated from both myeloid and lymphoid
precursors [14], as well as Langerhans cells [15] suggesting that
the CD8

 

a

 

+

 

 marker may be a maturation and/or functional marker
rather than a lineage marker.

Insulin-dependent diabetes mellitus (IDDM) is caused by
the progressive Th1-mediated autoimmune destruction of insulin
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producing 

 

b

 

 cells of the pancreatic islets of Langerhans. In the
nonobese diabetic (NOD) mouse, an animal model for human
IDDM, islet destruction is preceded by a period of insulitis
during which the islets are infiltrated by antigen presenting
cells and autoreactive T cells. DC have been implicated in the
induction of diabetes since they are found among the earliest
infiltrates of NOD islets [16]. In addition, the administration of
IL-12 to NOD mice results in disease acceleration accompa-
nied by DC accumulation in the pancreatic islets [17]. Although
the precise mechanisms leading to the loss of tolerance to islet
antigens have not been defined, defects in function and matura-
tion of APC have been proposed [18]. We, and others, have
studied bone-marrow-derived and splenic DC in NOD mice
and have identified abnormalities when compared to diabetes-
resistant strains [19–23]. Because of the differential roles
defined for CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC (regulatory 

 

versus

 

 stimula-
tory or Th1 

 

versus

 

 Th2) in directing the immune response, this
study aimed to determine phenotypical or functional differ-
ences in NOD CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC that might contribute to
islet autoimmunity.

 

MATERIALS AND METHODS

 

Mice

 

Four-week-old female NOD/LTJ (H-2

 

g7

 

), NOR (H-2

 

g7

 

) C57BL/6
(H-2

 

b

 

), B10.BR (H-2

 

k

 

) and SWR/J (H-2

 

q

 

) mice were obtained
from Jackson laboratories (Bar Harbor, ME, USA). All mice
were housed in a specific pathogen-free facility at the University
of Pittsburgh and were treated under IACUC-approved guide-
lines in accordance with approved protocols.

 

Purification of splenic DC

 

DC were purified from the spleen as previously described [5],
with modifications. Briefly, spleens were digested for 30 min at
37

 

∞

 

C 0·5–1 ml of a 1 mg/ml collagenase type V (Sigma, St Louis,
MO, USA) solution. Spleen fragments were passed through a
steel mesh and RBC were depleted with ACK lysis buffer
(Sigma). DC were enriched by passage over a 16% metrizamide
gradient. T and B cells were depleted by antibody (anti-Thy1·2
and anti-B220) and complement treatment and DC were further
purified by incubation with CD11c microbeads (Miltenyi Biotec,
Auburn, CA, USA). This procedure yielded 60–80% pure DC
populations.

 

Isolation of CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC from either untreated or 
FL-treated mice

 

To maximize 

 

in vivo

 

 generation of DC, 6–12 week old NOD,
B10.BR, or C57BL/6 were injected intraperitoneally for 10 con-
secutive days with 10 

 

m

 

g/day recombinant human Flt3L (FL)
(kindly provided by Immunex, Seattle, WA, USA). Single cell
spleen suspensions from either FL-treated or untreated mice
were depleted of RBC and incubated with anti-CD8

 

a

 

 magnetic
beads (Miltenyi Biotec) and the CD8

 

a

 

–

 

 and CD8

 

a

 

+

 

 splenic frac-
tions were separated by passage over a magnet. T and B cells were
depleted from both subsets by antibody and complement treat-
ment. In the case of the CD8

 

a

 

–

 

 DC subset the anti-CD8 mAb
(53·6.7) was included in the depletion cocktail. In some experi-
ments, the CD8

 

a

 

–

 

 fraction was further incubated in anti-CD11c
magnetic microbeads for further enrichment of the DC subset.
This isolation method resulted in 70–90% purity for each DC
subset.

 

DC cultures

 

To analyse DC maturation 

 

in vitro

 

, CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC iso-
lated from FL-treated NOD and B10.BR mice were cultured (10

 

6

 

DC/well) overnight with 2·5 ng/ml GM-CSF (R & D Systems,
Minneapolis, MN, USA) alone, 10 ng/ml TNF-

 

a

 

 (Genzyme, Cam-
bridge, MA, USA) alone or in combination. These cells were then
analysed for their phenotype and immunostimulatory capability.

 

T cell isolation

 

Single cell spleen suspensions were prepared from SWR mice.
Spleens were depleted of RBC and incubated on nylon wool col-
umns for 45 min at 37

 

∞

 

C. Following enrichment over nylon wool
columns, the T cells were further purified by sorting on FACStar-
Plus (Becton Dickinson, San Jose, CA, USA) and/or MoFlo
(Cytamation) after staining of the cells with PE-conjugated
Thy1·2 mAb (PharMingen, San Diego, CA, USA). The average
purity of T cells after sorting was 98–100% which would minimize
any potential indirect presentation of alloantigen [24] and the via-
bility was 

 

>

 

90%.

 

Immunophenotypical analysis of DC

 

Immunophenotypical analyses of whole spleen, purified DC,
freshly isolated and cultured CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC subsets were
performed by 1-, 2- or 3- colour staining with directly labelled
monoclonal antibodies (mAbs). The mAbs used in these staining
experiments consisted of mAbs to CD80, CD86, B220, CD11b,
DEC-205 (NLDC145), I-A

 

g7

 

 (10·2.16) CD8

 

a

 

, CD11c and appro-
priate isotype controls. To inhibit nonspecific FcR-mediated bind-
ing of mAb, cells were preincubated with 10 

 

m

 

g/ml anti-CD16/32
(PharMingen) for 10 min at room temperature prior to staining.
Flow cytometric analyses were performed using a FACSVantage
(Becton Dickinson) flow cytometer.

 

Induction of IL-12 from DC subsets

 

Splenic DC subsets from untreated or FL-treated mice were iso-
lated as described above and DCs (1 

 

¥

 

 10

 

6

 

/ml) were stimulated for
24–48 h in culture with Staphylococcus aureus Cowan I (SAC)
(Sigma) (1 : 100) + IFN-

 

g

 

 (PharMingen) (50 ng/ml) + GM-CSF
(2·5 ng/ml). After incubation the supernatants were collected,
separated from cells by centrifugation and stored until analysis at

 

-

 

70

 

∞

 

C. Alternatively, DCs (1 

 

¥

 

 10

 

6

 

/ml) were stimulated with LPS
(10 

 

m

 

g/ml) + IFN-

 

g

 

, TNF-

 

a

 

 (Pharminger)(20 ng/ml) or poly I:C
(Sigma) (20 

 

m

 

g/ml) for 24 h. The resulting IL-12p40, IL-6 and IL-
12p70 production was measured by specific ELISA as previously
described [20,25]

 

Mixed lymphocyte reactions (MLRs)

 

The stimulatory capabilities of freshly isolated or cultured splenic
CD8

 

a

 

+

 

 and CD8

 

a

 

–

 

 DC from FL-treated mice were determined by
allogeneic MLRs with SWR T cells. Briefly, increasing numbers of
irradiated DCs (2000 RADs) were cultured with 2 

 

¥

 

 10

 

5/well
FACS sorted splenic T cells. After 96 h, the cultures were pulsed
with 0·5 mCi of [3H] thymidine for 18 h; the cells were harvested
and counted in a b-scintillation counter.

Cytokine measurements following secondary MLR
Freshly isolated CD8a+ or CD8a– DCs (3 ¥ 105/ml) from the dif-
ferent mouse strains were cultured with FACS sorted SWR T cells
(3 ¥ 106/ml) for 7 days in 12 well plates. After the 7-day primary
stimulation, the T cells were collected and cultured (0·5 ¥ 106/ml)
with splenic T cell-depleted APCs (1 ¥ 106/ml) for 2 days in 48
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well plates. Samples of the T cells collected from the 7 day MLR
were submitted to phenotypical analysis, and were examined for
the expression of CD62L and CD25 by labelling with PE-
conjugated anti-CD62L mAb, FITC-conjugated anti-CD25 and
Cy-Chrome- conjugated anti-CD4 mAb (PharMingen). Cells
were also stained with Cy-Chrome anti-CD8 mAb in order to
determine the CD4/CD8 ratio of T cells recovered from the long-
term MLR assays and the 2 day restimulation assays. Flow cyto-
metric analyses were performed using an EPICS-XL (Coulter).
Culture supernatants from the primary MLR and the 2-day
restimulation with APCs were collected and the levels of IFN-g
and IL-10 were measured by ELISA as previously described [26].

In vivo therapy with DC subsets
DC subsets were purified as described above and were pulsed for
5 h with a mixture of three peptides (GAD65 509–528;
GAD65 524–543; hsp60 437–460) as previously described [27].
The cells were then washed in PBS and injected (4–5 ¥ 105/mouse)
iv into 5 week-old NOD mice, which were then followed for the
development of diabetes by the weekly monitoring of blood glu-
cose levels (300 mg/dl).

Statistics
The statistical analyses were determined by Student’s t-test with a
P-value £0·05 denoting significance.

RESULTS

NOD mice have fewer CD8a+ DC than diabetes-resistant strains
Flow cytometric analysis of whole spleen demonstrated two dis-
tinct populations of CD11c+ cells in the spleen based on CD8a
expression (Fig. 1a,b). NOD mice had significantly fewer CD8a+

DC than C57BL/6 mice (P = 0·007) (Fig. 1a–c). This difference
was also apparent following purification of the CD11c+ DC from
spleen (Fig. 1d). The proportions of CD8a+ and CD8a– DC in the
CD11c+ DC population purified from spleen appeared to vary
substantially between individual strains. Interestingly, NOD mice
had significantly fewer CD8a+/CD11c+ DC than either C57BL/6
(P = 0·03) or B10.BR (P = 0·001) (Fig. 1d). The diabetes resistant
strain, NOR also showed a reduced number of CD8a+ DC
(25% ± 2·9, n = 4), consistent with previous reports [21]. FL was
used to expand DC number in the spleen to facilitate the pheno-
typical and functional characterization of CD8a+ and CD8a– sub-
sets in NOD and B10.BR and C57BL/6 mouse strains. FL
administration induces a profound expansion of various DC sub-
sets in various tissues including the spleen, and has recently been
shown to induce the preferential expansion of the CD8a+/CD11c+

DC population [28,29]. After FL treatment, the apparent defect in
the number of CD8a+/CD11c+ DC in NOD mice was reversed and
no differences between the strains were observed (Fig. 1e).

The phenotype of CD8a+ and CD8a– DC from FL-treated
diabetes-prone and diabetes-resistant mice was assessed by flow
cytometry. As previously reported [30], significant differences in
expression levels of DEC-205 and CD11b were observed
between CD8a+ and CD8a– DC within strains (data not shown).
No significant differences in the expression levels of any of the
cell surface markers tested were observed between diabetes
prone (NOD) and diabetes resistant (B10.BR and C57BL.6)
strains (data not shown). Similar results were obtained using DC
subsets purified from mice that were not FL-treated (data not
shown).

Phenotype of cultured DC
Several stimuli are known to activate DC including microbial
components, inflammatory cytokines, and CD40 triggering. To
analyse the maturation of splenic DC in response to GM-CSF or
TNF-a, purified CD8a+ and CD8a– DC isolated from FL-treated
mice were cultured overnight in the presence of these cytokines.
Both GM-CSF and TNF-a cultures induced up-regulation of
costimulation and activation markers (CD80, CD86 and CD40) to
similar levels in both subsets (Fig. 2). In both subsets, up-
regulation of CD80, CD86 and CD40 occurred less efficiently
after overnight culture in TNF-a alone as compared to culture
systems utilizing GM-CSF + TNF-a (Fig. 2). The up-regulation of
CD40 expression was more marked in the CD8a+ DC population,
since only minimal up-regulation of CD40 was noted in the
CD8a– DC (Fig. 2), and in this case GM-CSF was no better than
TNF-a. Interestingly, CD8a expression on the CD8a+ DC
decreased after overnight culture in either TNF- a or GM-
CSF + TNF-a. CD8a+ and CD8a– DC from B10.BR mice cul-
tured in GM-CSF and TNF-a showed similar results to those seen
with NOD mice (data not shown).

Splenic DC from NOD produce less IL-12p40
DC produce biologically active IL-12 (IL-12p70) upon microbial
stimulation and CD40 triggering [9,31]. CD11c+ DC, purified from
the spleen of NOD, C57BL/6 and B10.BR mice, were stimulated
with SAC/IFN-g/GM-CSF. No IL-12p70 was detected in these cul-
tures but high levels of IL-12p40 were observed (Fig. 3a). DC
from NOD mice produced significantly less IL-12p40 than DC
from C57BL/6 (P = 0·03) and B10.BR (P = 0·009). Similar results
were obtained when the DC were stimulated with either TNF-a
or LPS/IFN-g (Fig. 3b). DC from NOD mice produced signifi-
cantly less IL-12p40 in response to TNF-a than DC from C57BL/
6 mice (P = 0·04).

In order to determine if the observed difference was confined
to a particular DC subset, splenic CD8a+ and CD8a– DC from
untreated and FL-treated mice were activated with various stim-
uli. In general CD8a+ DC produced higher levels of IL-12p40
than CD8a– DC (Fig. 4a). CD8a+ DC from NOD mice produced
lower levels of IL-12p40 than DC from C57BL/6 (Fig. 4a), and
this was most apparent when the DC were stimulated with either
LPS/IFN-g or poly I:C. When the same supernatants were analy-
sed for the presence of IL-6, similar levels of IL-6 were observed
from both strains and both DC subsets (Fig. 4b). No IL-12p70 was
detected following the stimuli used in these experiments for
either of the DC subsets (data not shown).

Following FL treatment both DC subsets produced similar
amounts of IL-12p40 (Fig. 4c), whereas IL-12p70 was only pro-
duced by CD8a– DC (Fig. 4d). There were no apparent differ-
ences in the levels of IL-12p40 production between NOD and the
other strains, suggesting the FL treatment had reversed this phe-
notype in NOD mice. Although the levels of IL-12 p40 appeared
lower in DC from B10.BR mice this was not a consistent finding.

Mixed lymphocyte reactions
To determine if the two distinct subgroups of splenic DC in NOD
show differential effects on T cell proliferation in comparison to
nondiabetic strains, splenic CD8a+ and CD8a– DC isolated from
the different strains were cultured with FACS sorted allogeneic
SWR T cells. As shown in Fig. 5a, freshly isolated NOD CD8a–

DC from FL-treated mice were more stimulatory in allogeneic
MLRs than NOD CD8a+ DC. A similar pattern was obtained in
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MLRs utilizing splenic DC isolated from the B10.BR and C57BL/
6 (data not shown). After overnight GM-CSF + TNF-a culture
which induced up-regulation of costimulatory molecules in both
subsets (Fig. 2), NOD CD8a+ and CD8a– DC were found to acti-
vate T cells to a comparable degree (Fig. 5b).

CD8a+ or CD8a– DC induced Th1 cytokines in allogeneic MLR
The cytokine production levels in 7 day allogeneic MLRs stimu-
lated by CD8a+ or CD8a– DC from the different strains was
determined by ELISA. In these cultures, CD8a– DC induced
higher IFN-g production from the allogeneic T cells (Fig. 6a). No

Fig. 1. NOD mice have fewer CD8a+ DC in the spleen than diabetes-resistant strains. Histograms of CD8a expression on gated CD11c+

cells from whole spleen are shown for (a) NOD and (b) C57BL/6. The numbers represent the percentages of CD11c+ DC that express
CD8a. (c) The mean ± SD of the percentage CD11c+ CD8a+ DC from 4 individual NOD or C57BL/6 mice are presented in the bar graph.
*P = 0·0007 NOD compared to C57BL/6. (d) Similar results were obtained following purification of CD11c+ DC from untreated NOD,
C57BL/6 and B10.BR mice. The means ± SD of the percentage CD11c+ CD8a+ DC from 6 to 7 experiments are shown. *P = 0·03 NOD
compared to C57BL/6; †P = 0·001 NOD compared to B10.BR. (e) FL treatment reverses the defect in the proportion of CD8a+ DC in
NOD mice. The proportions of CD8a+ DC were obtained from FACS analysis of whole spleen, gated on CD11c+ cells. The means ± SD of
the percentage CD11c+ CD8a+ DC from 2 to 3 experiments are shown. In all cases side-by-side experiments of DC from NOD with one
or both diabetes resistant strains were performed.
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Fig. 2. Overnight culture in cytokines induced DC maturation. Phenotype of splenic DC subsets from FL-treated mice after overnight
culture in TNF-a alone (T, thick dark line) or in combination with GM-CSF (T+GM, thin solid line) as compared to freshly isolated
(F, dotted line) DC. Results are representative of 3 experiments.
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Fig. 3. DC from NOD mice produced low levels of IL-12p40. (A) Purified splenic CD11c+ DC from untreated mice were cultured for
24 h with SAC/IFN-g/GM. IL-12 p40 production was significantly lower in NOD than C57BL/6 or B10.BR DC (*P = 0·03 and P = 0·009,
respectively). (b) IL-12p40 production by DCs following 24 h incubation with TNF-a (�) or LPS/IFN-g ( ). IL-12p40 was lower in NOD
compared to C57BL/6 DC (*P = 0·04) following stimulation with TNF-a. No IL-12 p70 was detected. Results are presented as the mean
of cytokine production ± SD of the indicated number of side-by-side experiments.
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Fig. 4. CD8a+ DC from NOD produce low levels of Il-12p40 and this is reversed by FL treatment. (a, b) Purified CD8a+ and CD8a– DC
from untreated NOD and C57BL/6 were stimulated with the indicated stimuli. Supernatants were collected after 24 h and examined for
the presence of (a) IL-12 p40 (b) IL-6 and IL-12p70 (not detected). The results shown are representative of 2–4 independent experiments.
(c, d) Purified CD8a+ and CD8a– DC from FL-treated mice were stimulated with SAC/IFN-g/GM as described in the methods and examined
for the production of (c) IL-12 p40 and (d) IL-12p70. The results shown are representative of 3 independent experiments.

Fig. 5. Proliferation of allogeneic SWR T cells in response to fresh (a) or cultured (b) splenic CD8a+ and CD8a– DC from FL-treated
NOD mice.  NOD(–); � NOD(+) After overnight culture in TNF-a + GM-CSF, CD8a+and CD8a– DC induce similar levels of prolifer-
ation in SWR T cells. Results represent the mean ± SD of triplicate cultures from a representative experiment of 3 MLR assays.
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IL-10 was detected at 7 days in supernatants from any of the cul-
tures (data not shown).

To determine if exposure to CD8a+ DC had induced anergy in
the responding T cells, T cells were collected subsequent to a 7-
day primary stimulation with NOD and C57BL/6 DC and cul-
tured with T cell-depleted NOD or C57BL/6 splenocytes for
2 days. With both strains, regardless of whether CD8a+ or CD8a–

DC were used as the primary stimulators, similar levels of IFN-g
production were detected upon restimulation with APC from the
corresponding mouse strain (Fig. 6b). Much lower levels of IFN-
g were detected when the T cells were stimulated with third party
APC, demonstrating the specificity of the response. Very low lev-
els of IL-10 were produced after restimulation, and no differences
were observed either between DC subsets or between strains
(data not shown).

It was possible that the difference in IFN-g production in
MLRs stimulated by CD8a+ and CD8a– DC in the primary MLR
reflected differences in the total number of T cells that expanded
in the cultures. The numbers of total live T cells recovered after the
primary culture were counted and no significant difference in
recovery was observed (Table 1). In addition, no significant dif-
ference in the CD4/CD8 ratio in the responding populations was
observed in any of these cultures (Table 1). We also determined
the percentage of activated CD4+ cells by determining the per-
centage of cells exhibiting an increase in forward scatter. Although
the trend suggested that both NOD and C57BL/6 CD8a– DC acti-
vated a larger proportion of SWR blasts than CD8a+ DC, this dif-
ference was not statistically significant (Table 1).

To better characterize the T cell populations present in CD8a+

and CD8a– DC-stimulated 7 day cultures in terms of activation
phenotype, as well as, regulatory phenotype, splenic T cells recov-
ered from these cultures were stained with anti-CD4, CD62L and
CD25 mAbs and analysed by flow cytometry. We analysed the
expression of this set of markers because they allow the distinc-
tion between naïve (CD25–/CD62L+), activated (CD25+/CD62L–),
resting (CD25–/CD62L–) and regulatory (CD25+/CD62L+) T cells.
The responder CD4+ T cells were divided into CD4low and CD4high

subgroups. CD4high cells have been shown to contain the majority
of antigen reactive cells in mixed lymphocyte cultures as well as in
vivo [32]. In our case, all of the activated cells were found in the
CD4high population. NOD CD8a+ DC-stimulated T cells con-
tained significantly higher percentages of CD25+CD62L+

(P = 0·05), CD25+CD62L– (P = 0·01) and lower CD25– CD62L–

(P = 0·01) CD4+ T cells than C57BL/6 CD8a+ DC-stimulated
CD4+ T cells (Fig. 7).

Both CD8a+ and CD8a– DC delay the onset of diabetes in 
NOD mice
In order to determine whether CD8a+ or CD8a– DC would influ-
ence the onset of diabetes in NOD mice, 5 week-old NOD mice
were given a single injection of purified DC from FL treated mice
and followed for the development of diabetes. Both DC popula-
tions were able to induce a slight delay in the onset of diabetes
(Fig. 8) and mice receiving CD8a+ DC had a reduced incidence
overall, but these differences were not statistically significant
(P > 0·05). These results are suggestive but merit confirmation
using DC at different stages of maturation [27].

Fig. 6. IFN-g production by SWR T cells in a 7-day primary DC stimula-
tion and upon restimulation with splenic APC. (a) IFN-g production fol-
lowing 7 day primary stimulation of SWR T cells with CD8a+ and CD8a–

DC from FL-treated NOD or C57BL/6 mice (N = NOD; C = C57BL/6)
(P-values: 0·033 *N CD8– versus N CD8+ 0·035 *C CD8– versus C CD8+).
(b) IFN-g production following a 2-day restimulation of SWR T cells with
T-cell depleted NOD or C57BL/6 APCs. Following a primary stimulation
for 7 days, T cells were collected and restimulated (0·5 ¥ 106/ml) with
splenic NOD or C57BL/6 APC (1 ¥ 106/ml) for 2 days. (N-/N = NOD
CD8a– DC as primary stimulator/NOD APC as secondary stimulator,
etc.). Results presented in (a) and (b) are the means ± SD of 2–4
experiments.
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Table 1. Yield and phenotype of SWR T cells recovered after 7-day MLR 
with DC populations

CD8a– DC CD8a+ DC

% T cell recovery*
NOD 94.0 ± 20.0 53.0 ± 28·7
C57BL/6 132.0 ± 64.0 70.0 ± 43·4

CD4/CD8 ratio†
NOD 2·03 ± 0·31 1·6 ± 0·1
C57BL/6 2·6 ± 0·95 1·7 ± 0·01

% CD4 lymphoblast†
NOD 11·4 ± 2·04 8·9 ± 0·8
C57BL/6 16·4 ± 2·3 8·7 ± 2·3

*Results represent percentage of input T cells recovered (± SD)
from 3–4 experiments. †Results are the average ± SD of two experiments.
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DISCUSSION

It has been suggested that defects in APC function contribute to
the development of autoreactive CD4+ and CD8+ T cells respon-
sible for the destruction of pancreatic b cells in IDDM [18]. Sev-

eral mechanisms have been proposed to explain how APC may
contribute to IDDM development in the NOD mice, including
defects in negative selection [33] and in the induction of regula-
tory/tolerogenic mechanisms in the periphery [34]. Dendritic cells
(DC) have the unique ability to prime naïve T-cells, and they reg-
ulate the nature and extent of immune responses initiated. In the
murine spleen, two major populations of DC have been identified
based on CD8a expression. CD8a– DC were considered a classi-
cal immunogenic DC population, whereas CD8a+ DC were
thought to have tolerogenic activity [1,2]. On the other hand,
CD8a+ DC have also been shown to produce high amounts of IL-
12 when pulsed with Ag in vitro and to initiate Th1 responses
when injected into recipient hosts [6,7]. These two conflicting
properties of CD8a+ DC (tolerogenic versus Th-1 promoting
activity), which have the potential to abrogate or enhance IDDM,
respectively, were studied in the context of the NOD mouse in
order to identify differences that might contribute to the devel-
opment of autoimmunity.

Phenotypic analysis of the DC subsets revealed that NOD
mice had significantly fewer CD8a+ DC when compared to
B10.BR and C57BL/6. A quantitative defect in this population
could result in a reduced ability to take up and remove dead cells,
a function recently attributed to the CD8a+ DC [13] that is likely
to be important for the maintenance of self-tolerance [35]. Recent
reports have shown that activation of NKT cells, using a-Gal-Cer,
protects NOD mice through the induction of a protective DC
population [36,37]. NKT cells are deficient in NOD mice [38] and
this might be related to a defect in CD8a+ DC since CD1d, the
NKT cell restriction element, is primarily expressed by this DC
population [37]. On the other hand, CD8a+ DC have been shown
to drive Th1 differentiation in some systems [9,10], although this
property is influenced by the nature of the maturation signal
delivered to the DC [39,40]. Our results show that when NOD
mice were treated with FL the  defect in CD8a+ DC number was
no longer apparent, and this is consistent with the recently

Fig. 7. Phenotype of SWR CD4+ T cells following 7-day culture with splenic DC from NOD and C57BL/6. Following incubation, the cells
were collected, stained with anti-CD4, -CD62L and -CD25 mAbs and analysed using flow cytometry. (a) Phenotypical profile of SWR T
cells prior to incubation with DC subsets. (b, c) Percentage of CD4hi T cells with the CD25+/CD62L+ (regulatory), CD25+/CD62L–

(activated), CD25–/CD62L+ (naïve) and CD25–/CD62L– (resting) phenotype following stimulation by CD8a+ DC (b) or CD8a– DC (c)
from NOD (�) or C57BL/6 (�) mice. *P = 0·048: CD25+/CD62L + T cells stimulated by NOD CD8a+ DC versus C57BL/6 CD8a+ DC;
*P = 0·010: CD25+/CD62L- T cells stimulated by NOD CD8a+ DC versus C57BL/6 CD8a+ DC; *P = 0·0123: CD25-/CD62L- T cells
stimulated by NOD CD8a+ DC versus C56BL/6 CD8a+ DC. Results represent the means ± SD of 2 experiments.
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Fig. 8. DC subsets can modulate the development of diabetes in NOD
mice. Ability of CD8+ (�) and CD8– (�) splenic DC to modulate diabetes
development in NOD mice. NOD mice (5 weeks of age; 10 mice/group)
were given peptide-pulsed DC (4 ¥ 105 DC/mouse iv) as described in the
methods and were monitored for the development of diabetes. Control
mice received an iv injection of PBS (�). Results shown are from two
independent experiments.
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reported function of FL in DC subset expansion [28,29]. In these
studies it was shown that treatment with murine FL led to a pref-
erential increase in CD8a+ DC, whereas when human FL was
administered there was a more even increase in both DC subsets
[29]. In our studies, we used human FL and found that, in NOD
mice the apparent defect in CD8a+ DC was reversed, whereas
there was equal expansion of both subsets in the other strains
tested. These data suggest that further investigation of DC ontog-
eny in NOD mice is warranted. There is no evidence to date that
FL treatment either accelerates or prevents diabetes develop-
ment in NOD mice, and this is an area of further investigation.

Since IDDM is a Th1-mediated autoimmune disease, we
looked at the ability of splenic DC subsets to produce the cytok-
ine IL-12. The fact that NOD splenic DC produced significantly
lower levels of IL-12p40 than DC from other strains suggested a
defect in the production of the inactive/antagonist IL-12p40 in
NOD DC. IL-12p40 production by NOD macrophages been pre-
viously studied and an increase in IL-12p40 production by mac-
rophages was reported [41]. Reduced serum levels of IL-12p40
following in vivo LPS administration to NOD mice have also been
reported [42]. In both murine and human systems, the p40
homodimer and to a lesser extent the dissociated, free p40 mono-
mer, can suppress the responsiveness to IL-12 by competitively
inhibiting the IL-12 receptor binding [43]. It has previously been
shown that administration of IL-12p40 to young NOD mice pre-
vents the onset of diabetes by inducing a Th2 response [44,45]. In
addition, the gene for IL-12p40 has been implicated as a suscep-
tibility locus in human diabetes [46]. Thus, the lower levels of IL-
12p40 induced in NOD DC might play a significant role in the
skewing towards Th1 responses that is a prominent feature of the
NOD immune system [47].

In this study, we found that IL-12p70 was only produced by
CD8a– DC after stimulation with SAC/IFN-g/GM in all strains
and this was only seen in FL-treated mice. The levels of IL-12 p40
production were also increased in CD8a– DC from FL-treated
mice. This is in contrast to results by other groups who reported
higher IL-12 induction in the CD8a+ subset [6,7]. However, other
authors have also reported IL-12 production by CD8a– DC fol-
lowing stimulation with known Th1 skewing adjuvants, such as
LPS or P. acnes [39,40]. The effects of FL on DC maturation and
development are still being characterized, but recent reports have
suggested that the ability of CD8a– DC to produce IL-12 is
increased following in vivo FL administration [29].

CD8a+ DC had a reduced ability to stimulate allogeneic T
cells in an MLR compared to CD8a– DC and this was enhanced
following maturation with GM+TNF-a such that both DC subsets
stimulated T cells to the same extent. This is in agreement with a
recent study in C57BL/6 and BALB/c mice which showed that
splenic DCs reside in the tissue in an immature state and that DC
maturation is necessary for optimal activation of naïve CD4 and
CD8 T cells [48]. It is interesting that despite the low level of T cell
response in the presence of CD8a+ DC, the T cells in these cul-
tures could be restimulated with APC from the corresponding
mouse strain to produce high levels of IFN-g, indicating that these
T cells had not been made anergic during this period. It is also
interesting that the responder allogeneic T cells recovered from
long-term cultures with NOD CD8a+ DC had a higher frequency
of CD25+/CD62L+(regulatory) and CD25+/CD62L–(activated)
CD4+ T cells compared to similar cultures using C57BL/6 CD8a+

DC. In experiments addressing whether APC restimulation of T
cells previously primed by CD8a+ and CD8a– DC would drive

Th1- or Th2-responses, we found that both CD8a+ and CD8a– DC
priming preferentially induced the Th1 cytokine, IFN-g, with little
or no IL-10 production in both NOD and C57BL/6 mice. Thus, it
can be concluded that both DC populations can function as DC1
under these conditions.

In conclusion, these results demonstrate significant quantita-
tive and qualitative differences in splenic DC populations from
NOD mice when compared to diabetes-resistant strains. The
reduced number of CD8a+ DC in NOD mice could have impor-
tant implications for the maintenance of self-tolerance. The fact
that NOD DC produce lower levels of the antagonist IL-12p40
could be responsible for a disposition towards Th1 responses [47],
leading to the development of a destructive autoimmune
response in these mice. The role of FL in reversing the defect in
CD8a+ DC numbers and in altering the cytokine production pat-
tern by DC subsets deserves further attention in the context of the
NOD mouse.
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