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disease in BB rats
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Summary The impact of oral treatment with insulin
on disease development was studied in diabetes
prone BB rats. Because of the positive outcome of a
prior study in non obese diabetic (NOD) mice, BB
rats received insulin in combination with a bacterial
adjuvant. Porcine insulin was given orally twice
weekly from 35-100 days of age, the E. coli prepara-
tion OM-89 was fed on alternate days. Other groups
received vehicle, the bacterial adjuvant, or insulin
alone. Both insulin containing oral dosing regimens
induced a transient non significant delay in diabetes
onset. Insulin alone, however did not decrease the fi-
nal diabetes incidence. Oral dosing with insulin plus
adjuvant caused exacerbation of disease develop-
ment as judged from the decreased survival rate in
comparison with the insulin treated group (p < 0.05).
Intra-islet infiltration also increased (p < 0.005) com-

pared with the insulin or vehicle treated groups. The
effect correlated with enhanced interferon gamma
(IFNy) and decreased interleukin 10 (IL-10) gene ex-
pression in the gut suggesting a shift towards proin-
flammatory T helper 1 (Th1) reactivity (p < 0.01). Al-
though treatment with adjuvant alone also increased
the degree of insulitis, an enhanced incidence of dia-
betes and a shift in cytokine expression was only
seen in the group receiving insulin plus adjuvant. Tak-
en together, the data suggest that treatment with a
bacterial adjuvant and oral insulin may alter the gut
immunoregulatory state such that disease promoting
rather than protective immune responses are in-
duced. [Diabetologia (1998) 41: 844-847]

Keywords Oral tolerance, oral insulin, BB rat, im-
mune intervention, gut, cytokines.

Mucosal dosing with autoantigens has been regarded
as a benign approach for the treatment of inflamma-
tory diseases of assumed autoimmune origin [1]. The
available evidence suggests that giving antigen orally
causes apoptosis or anergy or both in specific T cells,
or induces antigen reactive T cells releasing anti-in-
flammatory cytokines — in particular transforming
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growth factor beta TGFp, interleukin (IL)-4 or IL-10
— or both. The latter cells are thought to migrate
from the gut associated immune system to the sites
of organ inflammation and suppress tissue destruc-
tive immune reactions [1].

Giving insulin orally or through the nose is pres-
ently being tried in clinical trials of diabetes preven-
tion. These studies are based on previous successful
attempts to delay and partially prevent disease devel-
opment in diabetes prone non obese diabetic (NOD)
mice [2]. In two other models of human Type I diabe-
tes, the low dose streptozotocin induced diabetes of
mice and the diabetes prone BB rat, a beneficial im-
pact of oral insulin dosing on disease development
was not observed [3,4].

We recently reported that diabetes prevention by
oral insulin in NOD mice could be additionally im-
proved by feeding a bacterial adjuvant on alternate
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days [5]. The possible mechanism involved a shift to-
wards T helper (Th)2 cytokine expression in the gut
in response to repeated dosing of the adjuvant. Be-
fore applying an intervention protocol effective in
the NOD mouse to human patients, we tested the ap-
proach in the other well characterised model of spon-
taneous Type I diabetes, the BB rat.

Materials and methods

Animals. Diabetes prone BB rats were kindly provided by Dr.
Pierre Thibert, Animal Resources Division of Health Canada,
(Ottawa, Canada), where the stock animals were maintained
under specific pathogen-free conditions. Routine serological
analyses confirmed bacterial and viral antibody-free status.
Animals received a standard, open formula NITH-07 (NIH)
diet (Zeigler Brothers, Gardiner, Pa., USA) and tap water ad
libitum from weaning at 23 days of age when they were ran-
domised into sex and litter matched control and experimental
groups. Animals were dosed orally from 35 days of age with
1 ml of phosphate buffered saline (PBS) (vehicle) or test solu-
tion until 100 days of age. Groups of 22-24 rats received either
PBS (control), porcine insulin (2 mg per rat, Hoechst AG,
Frankfurt, Germany), OM-89 (40 mg active substance/kg
body weight, Laboratoires-OM, Geneva, Switzerland) or insu-
lin plus OM-89. Insulin was given twice weekly (Tuesday,
Thursday) while OM-89 was given on alternate days (Monday,
Wednesday, Friday). OM-89 is an endotoxin-free ( < 12 ppm)
extract of E. coli containing mainly acidic glycolipoproteins of
10-300 kDa molecular weight of mostly unknown nature [5].
Wistar rats (50 day old) were provided from the central animal
facilities, University of Diisseldorf.

Animals were tested twice weekly for glucosuria and other
clinical symptoms of diabetes. In suspected diabetic rats, blood
glucose was determined using a glucometer. Diabetes was de-
fined by fasting hyperglycaemia (> 11.1 mmol glucose per
ml) with concomitant weight loss. At 80 days of age, 6 animals
from each group were killed by exsanguination under 3 % iso-
flurane anesthesia. For histological analysis, the pancreas was
removed from each rat and fixed in Bouin’s solution. The prox-
imal part of the gut was dissected, flushed with ice-cold PBS
and a 4-5 cm long piece of the intestine was used for RNA ex-
traction. Additional rats (Wistar and BB) at 50 days of age
were killed for RNA isolation of the gut. The “Principles of
laboratory animal care” (NIH publication No. 85-23, revised
1985) were followed, as well as the current version of the Ger-
man Law on the Protection of Animals.

Histological analysis. Pancreata were removed, cleaned of fat
and lymph nodes and fixed in Bouin‘s solution. Sections
(5 um) were cut at 100 um intervals and stained with haema-
toxylin and eosin for evaluation of macrophage/mononuclear
cell infiltration (insulitis).

Allislets in two separate sections at least 100 um apart were
evaluated. A subjective rating was given for the extent of insu-
litis. Peri-insulitis was defined as 5 mononuclear cells or more
surrounding the islet, and intrainsulitis as 5 mononuclear cells
or more inside the boundary of the islet.

mRNA analysis. Total RNA was isolated from the small intes-
tine using Trizol Reagent (Gibco BRL, Berlin, Germany). We
determined and quantified specific mRNA by reverse tran-
scriptase polymerase chain reaction (RT-PCR) as described
elsewhere [6]. We did control experiments to check for a linear
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Fig.1. Impact of oral insulin and bacterial adjuvant on diabe-
tes incidence. BBdp rats received oral doses of vehicle (PBS;
n =18), insulin (INS; n = 18), the bacterial preparation OM-
89 (OM; n = 16), or a combination of insulin and OM-89 (INS
+ OM; n =17) between 35 and 100 days of age. P < 0.05 be-
tween the insulin and the insulin and OM-89 treated groups

relationship between amount of PCR product and amplifica-
tion cycle number. Specific primers were used for S-actin, inter-
feron gamma (IFNy), IL-10, (Clontech Laboratories Inc., Palo
Alto, Calif., USA) and inducible NO-synthase (iNOS) [6].
PCR products were labelled by hybridization to **P labelled
probes binding at sites between the primer sequences. Signals
were quantified by measuring the P stimulated luminescence
(PSL) using a phosphoimager. Relative PSL was calculated by
normalization of the measured PSL to the strength of the f-ac-
tin signal, which was assigned a value of one.

Statistics. Differences between mean insulitis scores were eval-
uated using a one way analysis of variance (ANOVA) with
posthoc comparison by the (LSD) method. Differences in dia-
betes development were analysed using survival analysis with
log rank test, differences in cytokine mRNA levels were analy-
sed using two-sided Student’s t-test, with the level of signifi-
cance set as p less than 0.05.

Results

In vehicle-treated BioBreeding diabetes prone
(BBdp) rats, the first cases of diabetes were seen in
animals between 60 and 70 days of age. The incidence
of diabetes reached 44 % by 100 days, with no further
increase up to age 146 days (Fig.1). Bacterial adju-
vant, OM-89, given orally did not alter the kinetics
of disease development. Interestingly, both insulin
containing treatment regimens showed an initial but
transient delay of diabetes onset of 1-2 weeks. The
insulin-dosed group finally reached the same inci-
dence as the control group (44 %, Fig.1). Surprising-
ly, the diabetes incidence steadily increased in the
group receiving insulin plus adjuvant, reaching 76 %
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Table 1. Analysis of islet infiltration

Oral Number Total num- % Islets with % Islets with
treatment of rats  ber of islets peri-insulitis intra-insulitis
PBS 6 408 11 48
Insulin 6 360 10 55
OM-89 6 324 8 79
Ins + OM-89 6 432 8 920

Each islet was classified as normal, with peri-insulitis or intra-
insulitis. Bold type denotes change to the control group of
p <0.005.

at the end of the observation period (Fig.1). The in-
creased rate of diabetes development was significant
in comparison with the group receiving insulin alone
(p <0.05) but not when compared with the vehicle
treated group (p = 0.16).

Analysis of islet histology was performed in diabe-
tes prone BB rats at a crucial prediabetic stage, e.g.
80 days of age, when large numbers of rats became di-
abetic, suggesting peak inflammatory activity in the
islets. Rats receiving insulin exhibited a similar per-
centage of islets with intrainsulitis as in the control
group (Table 1). When insulin was given in conjunc-
tion with OM-89, however, or OM-89 was given
alone, a significant increase of intraislet infiltration
was noted (Table 1, p < 0.005).

Total gut RNA was analysed by RT-PCR for levels
of IFNy, IL-10 and iNOS mRNA. Both, IFNy and
IL-10, mRNA were present in BBdp rats dosed orally
with PBS (Fig.2 A,B). Oral insulin treatment almost
completely down regulated gene expression for
both, IFNy and IL-10 (p < 0.05). Conversely, treat-
ment with insulin plus adjuvant or adjuvant alone in-
duced a rise of IFNy gene expression (p < 0.05) and
IL-10 mRNA remained in the range of the control
group. As a consequence, the ratio of IFNy to IL-10
was increased, in particular for the group receiving
insulin plus OM-89, in comparison with the two other
groups (Fig.2C).

As an additional marker of the gut inflammtory
bias we analysed the IFNy to IL-10 ratio in BB rats
at the age of 50 days prior to visible islet infiltration
and compared this with genetically closely related
Wistar rats of the same age. As shown in Figure 2D
we observed a significantly higher IFNy to I1-10 ratio
in the BB rat gut compared with the Wistar rats.

Discussion

Kinetics of diabetes development in the vehicle-
treated control group showed that most diabetes
cases occurred between 65 and 90 days of age, as ob-
served previously for the Ottawa colony of BB rats
[6]. Although diabetes development reached a pla-
teau by 100 days of age in the PBS-treated group,
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Fig.2A-D. Cytokine gene expression in the gut. Gut RNA
was analysed for (A) interferon gamma, and (B) IL-10 by RT-
PCR with quantitation of PCR-products by posphoimaging.
The levels of mRNA were calibrated to the amount of S-actin
mRNA which was set as 1. The ratio of IFNy vs IL-10 mRNA
(C) was calculated from these figures. A and B show
means = SD for gut RNA pooled from six animals per group
analysed in three separate experiments. C shows the quotient
of means of A and B. D shows means =+ SD with n = 3-6.
* p <0.05; ** p<0.01 compared with the control if not in-
dicated differently

there was a steady further increase of diabetes cases
in the group receiving insulin plus OM-89. Survival
analysis showed that the diabetes rate was higher in
the group dosed with insulin plus adjuvant compared
with insulin alone (p < 0.05), suggesting exacerbation
of disease.

Both groups receiving insulin showed an initial de-
lay in appearance of diabetes cases. Though the dia-
betes incidence reached 39% by 75 days of age in
the control group, there were still no cases of diabetes
in the group receiving insulin plus OM-89, and less
than 10% of rats became diabetic if insulin alone
was given. Although not substantial, the delay was
seen only for the two groups receiving autoantigen.
The latter result confirms a previous study in which
a protective effect of oral insulin in the BB rat was
not observed [4]. Delay followed by exacerbation
has also been reported in attempts to prevent the de-
velopment of multiple sclerosis in marmosets by au-
toantigen treatment [7], and also when low doses of
myelin basic protein were fed prior to the induction
of experimental allergic encephalomyelitis in mice
[8].

The analysis of insulitis in the four groups mir-
rored the differences observed in rates of diabetes.
Oral dosing with insulin or vehicle led to a similar de-
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gree of islet infiltration. There was a non-significant
increase of insulitis scores in the group receiving ad-
juvant alone and significant exacerbation of insulitis
in the group dosed with insulin plus adjuvant. In this
case, 90% of islets exhibited intra-islet infiltration,
in comparison with 48% in the PBS-treated group
(p <0.001). We observed previously a close correla-
tion between intra-insulitis and a bias towards Thl
cytokine expression in the pancreas [5]. The group re-
ceiving insulin plus adjuvant differed from the group
dosed with adjuvant alone also with regard to gut
cytokine patterns. A shift towards enhanced IFNy
over IL-10 production was only seen for the cohort
treated with insulin plus OM-89.

The outcome of our study in BB rats contrasted
with the result of a similar oral immunisation proto-
col in NOD mice where dosing with insulin and bac-
terial adjuvant decreased diabetes incidence and
ameliorated islet inflammation [5]. In NOD mice,
treatment with insulin and OM-89 shifted the immu-
noregulatory balance of the gut towards enhanced
Th2 cytokine expression [5], which is known to pro-
mote oral tolerance responses [1, 2]. The present
findings in the BB rat gut demonstrate an opposite ef-
fect of adding bacterial adjuvant to oral insulin treat-
ment, that is, an increase of Thl over Th2 reactivity.
We chose IFNy and IL-10 for analysis because these
two cytokines represent major antagonistic cytokines
determining the Th1/Th2 balance [S]. The BB rat gut
immune system may have a predisposition towards
Th1 reactivity. When comparing the small intestine
of untreated BB rats with that of non-diabetes prone
but genetically related Wistar rats a significant bias
towards IFNy expression was noted.

A more marked diabetic development by oral
ovalbumin has been described for an animal model
comprising a transgenic mouse expressing (OVA) on
beta cells and carrying an enriched population of
OVA-specific CD8* T cells [9]. This adverse outcome
was seen though in a highly artificial animal model
where the target autoantigen (OVA) was introduced
as a transgene. Furthermore, the immune system in
these mice was chimeric and contained a major frac-
tion of CD8" T cells expressing a transgenic T cell re-
ceptor recognising OVA in the context of MHC class
I[9]. Our study of BB rats indicates that exacerbation
of disease development can also be induced in a spon-
taneous model of autoimmune diabetes, by oral ex-
posure of susceptible individuals to a natural autoan-
tigen, insulin. We have shown previously that certain
wheat or soy proteins of rat laboratory diets are dia-
betes promoting in BBdp rats, while a hypoallergen-
ic, hydrolysed, protein-based formula is not [10]. Pre-
vious studies have shown that bacterial immunostim-
ulatory compounds such as LPS potentiate oral toler-
ance mechanisms [1]. These studies were performed,
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however, in normal animals. In this study a compari-
son with genetically related Wistar rats showed a
Thl bias of cytokine gene expression in the gut of
BB rats. Therefore we assume that the gut immune
system of BB rats is biased towards inflammatory
Th1 reactivity in contrast to NOD mice and exhibits
impaired oral tolerance. The present findings further
underline an important role for the gut in the patho-
genesis of Type I diabetes.

In conclusion, our findings in the BBdp rat indi-
cate some potential for untoward effects when insulin
is given in the presence of immunostimulatory anti-
gens which could be part of food.
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