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Endogenous interleukin-12 only plays a key pathogenetic role in non-obese diabetic
mouse diabetes during the very early stages of the disease
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SUMMARY

A rat monoclonal antibody (mAb) that neutralizes mouse interleukin-12 (IL-12) was administered
to female non-obese diabetic (NOD) mice of different ages to dismantle the role of endogenous
IL-12 in murine autoimmune diabetogenesis. This mAb was effective in preventing clinical, but
not histological signs of spontaneous diabetes when treatment was started early in life at the age
of 4 weeks and consecutively continued for 10 weeks. Delaying commencement of anti-IL-12 mAb
prophylaxis until the age of 18 weeks, when NOD mice suffer from advanced insulitis, was
ineffective. Anti-IL-12 mAb did not influence the course of the accelerated model of diabetes
induced by cyclophosphamide. These data prove that the pathogenetic role of endogenous IL-12
in NOD mouse diabetes is restricted to the very early diabetogenic events presumably occurring
prior to insulitis development.

A delayed-type hypersensitivity (DTH ) reaction mounted from homodimer of IL-12 p40 that antagonizes IL-12p75 bioactivi-
autoreactive macrophages and T lymphocytes against relevant ties, may inhibit CY-induced type-1 diabetes in NOD mice.10
b-cell autoantigens, may be involved in the pathogenesis of Local expression of the IL-12p40 gene also prolongs syngeneic
type 1 diabetes both in humans and animal models [non-obese islet graft survival in diabetic NOD mice by dampening
diabetic (NOD) mouse, diabetes-prone biobreeding (DP-BB) immuno-inflammatory destruction of the islet cells.11 Further
rat].1 Studies in the NOD mouse have also indicated that the support for a pathogenetic role of IL-12 in type-1 diabetes
anti-b-cell response is driven by the T helper 1 (Th1) cell comes from in vitro studies showing that high-risk type-1
subset of T lymphocytes that produce type 1 cytokines such diabetes first-degree relatives produce more IL-12 than con-
as interleukin-2 (IL-2), tumour necrosis factor-a/b (TNF-a/b) trols12 and that IL-12 exerts a weak suppressive effects on
and interferon-c (IFN-c) that stimulate DTH reactions.2–4 normal rodent islets.13

Interleukin-12, a heterodimeric cytokine composed of the Other reports have however, questioned or limited the
p30 and p45 subunits, is produced by antigen-presenting cells pathogenicity of IL-12 in type-1 diabetes. When administered
(APC) such as macrophages and dendritic cells. Because IL-12 under a different treatment regimen than that of Trembleau
powerfully up-regulates IFN-c production from T cells and et al., IL-12 inhibits NOD mouse diabetes,14 and IL-12p(40)2natural killer (NK) cells and polarizes Th0 cells into a Th1 is only capable of preventing disease development in NOD
secretory penotype, a disregulated production of IL-12 from mice if treatment is started early during the pre-diabetic period
APC has been hypothesized to be an important pathogenetic when the mice are devoid of insulitis.15 Moreover, unlike
movens in eliciting the type 1 cytokine-mediated anti-b-cell Rothe et al.,10 CY-induced diabetes could not be suppressed
response.5 Studies in NOD mice and BB rats have demon- by exogenous IL-12p(40)2 in this study.15
strated an association between IL-12 gene expression and These conflicting data prompted us to undertake this study
disease development both in cyclophosphamide-(CY ) induced where we used a neutralizing rat anti-mouse IL-12 monoclonal
(NOD mouse) and spontaneous type-1 diabetes.6–8 Moreover,

antibody (mAb) to treat NOD mice at different stages during
exogenous IL-12 accelerates the course and augments the

development of spontaneous and CY-induced type-1 diabetes.
incidence of type 1 diabetes in female NOD mice, apparently

Our data clearly demonstrated that blockage of endogenousby inducing Th1 cells,9 and treatment with IL-12p(40)2, the
IL-12 only significantly reduced type-1 diabetes development
in these animals if the anti-IL-12 mAb is given early in life

Received 20 February 1999; revised 1 April 1999; accepted within the age of 4 weeks. Starting anti-IL-12 mAb prohylaxis
1 April 1999. in NOD mice at 18-weeks old was ineffective, as it was in
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River Laboratories (Calco, Italy) were kept under standard
laboratory conditions (non-specific pathogen free) and pro-
vided with food and water ad libitum.

The mice were screened for diabetes development by twice
weekly examination of glycosuria. Diabetes was diagnosed in
the presence of two consecutive days of glycosuria followed
by fasting glycaemia above 11·8 mmol/l.

The rat IgG2a anti-mouse IL-12 mAb, C17.8 neutralizes
mouse IL-12 in vivo and exerts biological effects in a mouse
model of experimental colitis and experimental allergic ence-
phalomyelitis.16,17 The C17.8 mAb is widely used for neutraliz-
ation of IL-12, and an isotype-matched control is no longer
considered necessary.17 Therefore, irrelevant rat immunoglob-
ulin G (IgG; Sigma, St Louis, MO) were used as irrelevant
control.

The degree of mononuclear cell infiltration was graded in
a blind fashion as described elsewhere:18 0, no infiltrate; 1, Figure 1. Early prophylaxis with anti-IL-12 mAb reduces the incidence
peri-ductular infiltrate; 2, peri-islet infiltrate; 3, intraislet infil- of type-1 diabetes in NOD mice. Euglycaemic 4-week-old female NOD
trate; 4, intraislet infiltrate associated with beta-cell destruc- mice, received for 10 consecutive weeks 1 mg/mouse of either anti-
tion. At least 15 islets were counted for each mouse. A mean IL-12 mAb or irrelevant rat IgG. An additional control group received
score for each pancreas was calculated by dividing the total no treatment. At the age of 14-weeks old, treatments were withdrawn

and the mice were followed for diabetes development until the age ofscore by the numbers of islets examined.
30 weeks. Each group consisted of 12 mice. Data from two independentFour-week old, euglycaemic female NOD mice were
experiments are shown.randomly allocated into six groups (A-F) that received anti-

IL-12 mAb, irrelevant rat IgG or no treatment, for 10 consecu-
tive weeks. This period of age was chosen to evaluate the
effects of anti-IL-12 mAbs on the early diabetogenic pathways
of the NOD mice because virtually all mice are free from
insulitis until 4–5 weeks of age.1 At the age of 14 weeks
euglycaemic mice from groups A–C were killed for histological
examination of insulitis, while the mice from the other groups
D–F were left untreated and followed for diabetes development
until the age of 30 weeks.

The extent of insulitis (mean values±SD) was comparable
between anti-IL-12 mAb-treated (1·9±0·7, n=8) and control
mice either untreated (2·1±0·7, n=8) or treated with irrelevant
rat IgG (2·4±0·5, n=6) (P>0·05 versus both control groups
by ). However, in spite of this, the number of mice
becoming overtly diabetic was significantly reduced by anti-
IL-12 mAb, the so-treated mice having a reduced incidence of
disease that appeared at an older age as compared with the
controls (P<0·02 versus both control groups by Logrank Figure 2. Late prophylaxis with anti-IL-12 mAb does not reduce the
(Cox-mantel, see Fig. 1). However, continuous treatment with incidence of type-1 diabetes in NOD mice. From the age of 18-weeks
anti-IL-12 mAb seemed necessary for the anti-diabetogenic old, euglycaemic NOD mice were continuously treated for 8 weeks
effects to be maintained as type-1 diabetes occurred in the with 1 mg/mouse weekly of either anti-IL-12 mAb (n=12) or irrelevant
majority of the mice after 2–3 months from treatment with- rat IgG (n=12). An additional control group of mice received no

treatment (n=11). These mice were followed for type-1 diabetesdrawal (Fig. 1).
development until the age of 30 weeks. Data from two independentTo ascertain whether blockage of endogenous IL-12 later
experiments are shown.during advanced phases of pre-diabetes was also effective in

diminishing type-1 diabetes development, NOD mice were
treated with either anti-IL-12 mAb or irrelevant rat IgG for mice by one or two large injections with CY.1 Euglycaemic

105-day-old female NOD mice were randomly divided intoeight consecutive weeks from the age of 18-weeks old, a period
of life when these animals have developed severe insulitis.1 An three groups that received anti-IL-12 mAb, irrelevant rat IgG

or no treatment. The mice were challenged i.p. with 250 mg/kgadditional control group of mice received no treatment. These
mice were followed for type-1 diabetes development until the CY (Endoxan Asta, Schering Plough, Milan, Italy) on day 0.

As shown in Table 1, 14 days after CY injection the majorityage of 30-weeks old. As shown in Fig. 2, anti-IL-12 mAb was
ineffective under this late prophylactic regimen, most of the of the control mice were either treated with irrelevant rat IgG

or untreated developed type-1 diabetes. Anti-IL-12 mAb treat-so-treated mice developing type-1 diabetes with a similar
kinetic and incidence as the control mice. ment had no effect on the course of CY-induced type-1 diabetes

as shown by the comparable rate of diabetes incidence thatFinally, we examined the effects of anti-IL-12 mAb in the
accelerated model of diabetes that can be induced in NOD was observed in these mice as compared with the controls
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Table 1. Failure of anti-IL-12 mAb to modify CY-induced diabetes CD4 mAb,20 soluble (s) IL-1 receptor (R)21 and anti-IL-1b
and insulitis in NOD mice antibody.22 Trembleau et al.15 report that exogenous

IL-12(p40)2 deviates pancreas-infiltrating CD4+, but not
Treatment (n) Diabetes incidence Insulitis score CD8+, T cells from a Th1 into a Th2/Th0 phenotype, dimin-

ishing the percentages of IFN-c-positive cells and augmenting
Nil15 8/15 (53·3%) 3·3±0·6

those of IL-4 and IL-10. Because anti-IFN-c mAb or theIrrelevant rat IgG15 8/15 (53·3%) 3·2±0·4
sIFN-cR18,23–25 and exogenously administered IL-426 andAnti-IL-12 mAb14 6/14 (42·9%) 3±0·7
IL-1023 prevent NOD mouse diabetes, the above immuno-
modulatory effects may be related to the anti-diabetogenicEuglycaemic 105-day-old female NOD mice were challenged with
action of early IL-12(p40)2 prophylaxis. In fact, IL-12(p40)2-250 mg/kg CY on day 0. One day prior to the treatment (−1) and

on days +3, +7, and +11. Thereafter, they were injected i.p. with treated normoglycaemic mice have lower numbers of Th1
1 mg/mouse of either irrelevant rat IgG or anti-IL-12 mAb. An pancreas-infiltrating lymphocytes than those NOD mice
additional control group consisted of untreated mice. Mice were eventually developing type-1 diabetes in spite of IL-12(p40)2screened for diabetes development by means of glycaemia on days treatment. In as much as late prophylaxis with either IFN-c
+7, +10, +11, +13 and +14. Diabetes was diagnosed in the inhibitors18 or IL-426 also prevent NOD mouse type-1 diabetes,
presence of two consecutive days of fasting glycaemia above the inability of exogenous IL-12 (p40)2 (and anti-IL-12 mAb
11·8 mmol/l. All mice were killed at day +14 and pancreata were

here) to significantly do so under late treatment regimen maycollected for histological analysis. Insulitis scores are the mean
be secondary to the lower capacity of late versus earlyvalues±SD. Statistical analysis was performed using the x2 test with
IL-12(p40)2 prophylaxis to skew pancreas-infiltrating lympho-Yates correction for diabetes incidence and  for the insulitis
cytes towards Th2/Th0 phenotype. The reason for the reducedscores. Data from two independent experiments are shown.
immunomodulatory and clinical efficacy of IL-12 antagonists
in NOD mice with advanced pre-diabetes is not known One
possibility would be that other cytokines that appear late(Table 1). Significant differences could not be found in the

severity of insulitis between the three groups of mice killed on during the insulitis process can compensate for the deficit in
IL-12-mediated IFN-c production. A likely candidate may beday +14 (Table 1).

We have demonstrated that type-1 diabetes development IL-18, an IL-1-related cytokine that stimulates IFN-c pro-
duction and whose intra-insular expression coincides with andcan be temporarily suppressed in NOD mice if the action of

endogenous IL-12 is negated early in life when the insulitis perhaps promotes the onset of Th1 destructive insulitis
lesions.27process is likely not to have started or it is still in its very

early stages. Blockage of IL-12 in older NOD mice that are In conclusion, this clinical and histological study proves
that the pathogenetic role of endogenous IL-12 in NOD mouseexpected to suffer from actively ongoing insulitis or in the

accelerated model of diabetes induced by CY was ineffective. diabetes is restricted to the very early diabetogenic events
presumably occurring prior to insulitis development. IL-12These data are consistent with those of Trembleau et al.15

showing that exogenously administered IL-12(p40)2 only has, if any, a replaceable role in the advanced efferent phases
of b-cell destruction.reduces in a reversible fashion the clinical development of

spontaneous type-1 diabetes in NOD mice if treatment started
in 3-week-old mice is continued until the age of 12 weeks.
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