
Recent studies in the diabetes prone non-obese dia-
betic (NOD) mouse have led to the concept of two
contrasting qualities of islet infiltration. A benign,
non-destructive form is characterised by a dominance
of Th2 cell reactivities as recognized by the local ex-
pression of Th2 cytokines interleukin (IL)-4 and IL-
10, while there is little expression of the Th1 cytokine
interferon g (IFNg ). In contrast, beta-cell destructive
insulitis is associated with enhanced expression of Th1
cytokines and of the inducible nitric oxide (NO)
synthase (iNOS) [1–4]. Studies of the natural or
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Summary In diabetes prone BB rat pancreas the Th1/
Th2 cytokine balance and the expression of inducible
nitric oxide synthase (iNOS) was determined by
mRNA analysis before and after the onset of insulitis.
Specific mRNA was amplified by reverse tran-
scriptase polymerase chain reaction, quantitated
with radiolabelled probes by phosphoimaging and
calibrated with the amount of co-amplified b -actin
mRNA. At 50 days of age, prior to recognizeable in-
sulitis, there was already significantly enhanced ex-
pression of both, Th1 and Th2 cytokines, and of
iNOS mRNA, when compared to Wistar rat pancreas
(p < 0.001). This supports the concept of an incon-
spicuous early phase of islet infiltration by single im-
munocytes, called single cell insulitis. At 70 days of
age mononuclear infiltration of islets had begun and
was associated with upregulation of interferon g
(IFNg ) and iNOS, but downregulation of interleu-
kin-10 and transforming growth factor b mRNA
(p < 0.001). These findings correlate the onset of insu-
litis with a shift of the Th1/Th2 cytokine balance to-
wards Th1 cell reactivity. Indeed there was a close
correlation of the Th1/Th2 cytokine ratio but not of
absolute IFNg mRNA levels with the insulitis score.

Vaccination at day 50 with tetanus toxoid did not af-
fect cytokine gene expression while diphtheria toxoid
and even more strongly BCG administration induced
a shift towards Th2 reactivity (p < 0.001) while iNOS
mRNA was decreased (p < 0.01). Oral dosing with
immunostimulatory components of Escherichia coli
also changed the quality of inflammation. Oral li-
popolysaccharide (LPS) from E.coli and OM-89, an
endotoxin free extract containing immunostimulato-
ry glycolipopeptides and heat shock protein (hsp) 65,
both downregulated IFNg mRNA while only OM-89
in addition suppressed iNOS mRNA and enhanced
Th2 cytokine gene expression (p < 0.001). We con-
clude that the onset of insulitis is associated with a
shift towards Th1 cytokine and iNOS gene expres-
sion. Diphtheria toxoid and BCG vaccination stimu-
lates Th2 reactivity but does not downregulate Th1.
The latter can be achieved through oral administra-
tion of LPS or a glycopeptide fraction (OM-89) from
E.coli. [Diabetologia (1996) 39: 1448–1454]
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cyclophosphamide accelerated course of insulitis
showed that early peri-insular infiltration of islets is
dominated by Th2 cells [4, 5] while the transition to in-
tra-insular insulitis is associated with a rise in Th1 reac-
tivity [4, 6, 7], most probably initiated by the enhanced
production of the Th1 inducing cytokine IL-12 in mac-
rophages [8]. This shift from benign to destructive in-
sulitis was shown to be suppressedwhen mice received
vaccinations early in life with BCG or complete
Freund’s adjuvant [9–12], treatments that inhibited
Th1 cytokine expression in inflamed islets [1, 2].
Finally, islet-reactive clones of the Th1 but not of Th2
type were shown to adoptively transfer diabetes [13].

The natural course of insulitis in Bio-Breeding
(BB) rats differs strongly from NOD mice in that
there is no pronounced and persisting peri-insular in-
filtration prior to the eventual progression to intra-in-
sulitis. Rather, small foci of peri-ductular or peri-in-
sular infiltrates progress to a mild and transient peri-
insulitis. Massive infiltration by mononuclear cells is
only seen during intra-insulitis [14–16]. Early infiltra-
tion stages are dominated by members of the mac-
rophage/dendritic cell family, followed by T- and sub-
sequently by B-lymphocytes [14–21].

We therefore compared the kinetics of Th1 and
Th2 cytokine gene expression before and soon after
the onset of insulitis in BB rats. Since the expression
of the iNOS had been found to be linked closely to
destructive insulitis in NOD mice, we included an
analysis of iNOS mRNA.

Similarly, as reported in NOD mice, early treat-
ment with bacterial vaccines has been reported to ab-
rogate or attenuate the disease process in BB rats
[22–24]. The possible impact of such vaccinations on
Th1/Th2 cytokine balance and iNOS gene expression
was measured as a further endpoint.

Materials and methods

Experimental animals. Diabetes prone BB rats were kindly
provided by Dr. P.Thibert, Animal Resources Division of
Health Canada, Ottawa, Canada, where the stock animals
were maintained under specific pathogen-free conditions. Ex-
perimental animals were kept in Ottawa and in a parallel study
at the animal facilities of the Diabetes Research Institute,
Düsseldorf, Germany, under clean conventional conditions.
Routine serological analyses confirmed bacterial and viral spe-
cific pathogen-free status. The initial experimental series in Ot-
tawa and repeat experiments in Düsseldorf were without ap-
parent differences in results obtained. Wistar rats were from
the Central Animal Laboratory of the University of Düssel-
dorf. Animals received a standard, open formula NIH-07 diet
(Ziegler Brothers, Gardner, PA, USA) and tap water ad libi-
tum. Animals were kept according to the respective national
guidelines and experiments were approved by the local author-
ities.

Treatment of animals. Rats were randomized into sex and litter
matched control and experimental groups. Tetanus toxoid
(8 units; Behringwerke, Marburg, Germany), diphtheria toxoid

(15 units, Behringwerke) or BCG (1.3 × 107 cells; Connaught,
Toronto, Canada) were injected into the rear foot pad at
50 days of age. Lipopolysaccharide (1 mg, from Escherichia
coli 0127 : B8; Sigma, Geisenhofen, Germany) or OM-89
(40 mg/kg of E.coli fraction; kindly provided by Dr. J.-C.Farine,
Laboratoires OM, Geneva, Switzerland) were administered or-
ally in 1 ml of phosphate buffered saline three times per week
starting at 50 days of age. Control rats received vehicle only.
The three vaccines and OM-89 contained less than 12 parts per
million endotoxin. During the experiment, animals were moni-
tored twice weekly for body weight and glucosuria using test
sticks. At 70 days of age animals were killed. Blood glucose
was determined by the hexokinase method. The pancreas was
removed, split in half longitudinally and immediately snap fro-
zen in pre-chilled isopentane and kept at −70 °C. The two halves
were analysed for islet infiltration and mRNA expression.

Histological analysis. Cryostat sections were prepared from
three different regions of the pancreas, at least 100 mm apart.
For each animal, 10 islets of 100 mm or more in diameter were
analysed. Sections on coded slides were stained with haema-
toxylin and eosin and were evaluated for mononuclear infiltra-
tion after using the following semiquantitative rating system:
score 0, no detectable infiltrate; score 1, small mostly focal in-
filtrate (K 5 mononuclear cells) in the islet periphery; score
2, infiltration by more than 5 mononuclear cells but less than
20 % of the islet area infiltrated; score 3, more than 20 % of
the islet area infiltrated with pronounced intra-insulitis and
loss of a clear frontier between endocrine and exocrine tissue.
All sections were analysed by the same individual.

mRNA analysis. Total RNA was isolated by acid guanidine-
thiocyanate-phenol-chloroform extraction. Analysis of specific
mRNA was performed by reverse transcriptase polymerase
chain reaction (RT-PCR) followed by quantitation of PCR
products obtained. Specific primers for iNOS [25, 26], for
IFNg, transforming growth factor b (TGFb ) (Clontech Labo-
ratories, Palo Alto, Calif., USA), IL-10 [27] and b -actin (3′ pri-
mer TCA TAG ATG GGC ACA GTG TG, 5′ primer CTA
AGG CCA ACC GTG AAA AG) were used in both steps of
RT-PCR. Of total RNA 6 mg was used for cDNA preparation.
PCR was performed with hot start at 78 °C, followed by 5 min
of denaturation at 95 °C, 1 min of annealing at 60 °C (IFNg ),
57 °C (IL-10), 55 °C (iNOS), 62 °C (TGFb ) or 61 °C (b -actin)
and 2 min of elongation phase at 72 °C. In the following cycles
denaturation and elongation was for 1 min. The final cycle
had 7 min of elongation. Different mRNAs were amplified in
different tubes. After a total of 35 cycles, the products were
separated by electrophoresis on a 2 % agarose gel. Quantita-
tion of PCR products was done as described previously [3] by
hybridization to a specific 32P labelled probe and determining
32P stimulated luminescence by phosphoimaging. Counts ob-
tained for iNOS and cytokine mRNA were calibrated to the
amount of b -actin mRNA which was assigned a value of one.
Two types of control experiments were performed with repre-
sentative samples. For one, samples were run for only 20, 25
or 30 cycles to check for a linear increase of PCR products.
Secondly, samples were run also 1 : 3 diluted to test for repro-
ducibility of differences between mRNA types.

Statistical analysis

Differences between mean values were evaluated by two-sided
Student’s t-test, with a level of significance set as p less than
0.05. Regression analyses were done using Statview 4.01 soft-
ware package.
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Results

Cytokine gene expression before and after onset of in-
sulitis. At 50 days of age about half of the BB rat pan-
creata analysed had minimal signs of islet infiltration
with few mononuclear cells in the periphery of some
islets or adjacent ducts. By 70 days of age insulitis
had developed in 8 of 15 rats with peripheral or in-
tra-insular infiltration, while the remainder still dis-
played minimal or no peri-insulitis (Fig. 1). Hence,
these two time points described the pancreas prior to
and soon after the onset of classic, light microscopy-
defined mononuclear islet infiltration. These kinetics
correlated well with the diabetes incidence observed;
i. e. at 70 days of age 18% of BB rats had progressed
to overt diabetes.

In pancreas RNA the message for IFNg and IL-10
was determined in order to recognize Th1-like as
opposed to Th2-like immune cell activities. There
was minimal or no cytokine mRNA detectable in
Wistar rat pancreas (Fig. 2A). Surprisingly, mRNA
of IFNg and IL-10 was found in significantly elevated
levels in the pancreas of 50 day old BB compared to
Wistar rats (p < 0.001) despite the near lack of recog-
nizable insulitis. Concomitantly with the progression
of mononuclear infiltration of islets by 70 days of
age a significant increase of IFNg mRNA levels was
observed (p < 0.001) while a decrease of IL-10
mRNA was seen (p < 0.001) (Fig. 2B).

In a parallel analysis we determined the expression
of two genes reflecting the pro- or anti-inflammatory
state of immune and also non-immune tissue cells.
As shown in Figure 2B, iNOS mRNA and TGFb
RNA levels were already elevated in the pancreas of
50 day old BB compared to Wistar rats (p < 0.001).
With the onset of insulitis by 70 days of age there
was a further increase in iNOS gene expression
(p < 0.01) while TGFb mRNA was downregulated
(p < 0.01).

An analysis of possible correlations between indi-
vidual Th1 cytokine mRNA levels and insulitis scores
was performed (Fig. 3). Surprisingly, IFNg mRNA
levels correlated poorly with the insulitis score
(r = 0.40, p > 0.1). However, the ratio of IFNg vs IL-
10 mRNA closely reflected the state of islet inflam-
mation (r = 0.78, p < 0.001). Moreover, the four ani-
mals found to be hyperglycaemic had significantly
higher ratios of IFNg /IL-10 than the remainder of
the rats (p < 0.05). Interestingly, only these four
acutely diabetic animals showed background levels
of both Th2 cytokine mRNAs, IL-10 and TGFb.

Impact of bacterial vaccines on cytokine and iNOS ex-
pression. Three different vaccines were injected into
the footpad and analyses of the possible effect on in-
sulitis quality and quantity were performed as de-
scribed above. Vaccination with tetanus toxoid did
not affect Th1/Th2 cytokine gene expression in BB
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Fig. 1. Onset of insulitis in BB rats. Each point represents one
animal. The average score of 10 islets is shown for each animal.
Bars indicate means plus SD
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Fig. 2. A, B Cytokine and iNOS gene expression in BB rat
pancreas. Each point represents one animal. mRNA levels for
IFNg, IL-10 (A) and iNOS, TGFb (B) were determined by
RT-PCR followed by quantitation of radiolabel by phosphor
stimulated luminesence (PSL). Shown are mRNA levels cali-
brated to the amount of b -actin mRNA (set as 1). Bars indi-
cate means plus SD



rat pancreas (Fig. 4A) nor did it alter the levels of
iNOS and TGFb mRNA (Fig. 4B). The injection of
diphtheria toxoid did not alter IFNg mRNA levels
but significantly upregulated those of IL-10
(p < 0.001) resulting in a decrease of the IFNg /IL-10
ratio (Fig. 4 A). In parallel iNOS gene expression
was downregulated (p < 0.05) and levels of counter-
regulatory TGFb increased (p < 0.001) (Fig. 4 B).

The strongest effects on insulitis quality were ob-
served after BCG vaccination, with a similar gene ex-
pression pattern as seen after diphtheria toxoid.
There was no change of IFNg mRNA but a major up-
regulation of IL-10 mRNA (p < 0.001) (Fig. 4A),
downregulation of iNOS mRNA (p < 0.01) and
TGFb gene expression was increased (Fig. 4B,
p < 0.001). In total, tetanus toxoid vaccination had
no effect on pancreatic cytokine patterns while both
diphtheria toxoid and BCG administration enhanced
the gene expression of Th2 anti-inflammatory cyto-
kines (IL-10, TGFb ) and downregulated iNOS.

In parallel, a semi-quantitative analysis of insulitis
was performed. As shown in Figure 5 A there were
no significant differences between the experimental
and control groups for mean insulitis scores, indicat-
ing no effect on the degree of islet inflammation.
Also, no effect of vaccination on body growth was de-
tected.

Impact of orally administered E.coli fractions on cy-
tokine and iNOS gene expression. Lipopolysaccha-
ride or the endotoxin free glycoprotein preparation
OM-89 from E.coli were given three times per
week. Oral administration of the two immunostimu-
latory compounds had significant effects on cyto-
kine and iNOS gene expression patterns. As shown
in Figure 6A IFNg mRNA was significantly down-
regulated by both compounds (p < 0.001). OM-89
also had a stronger impact on the two other para-
meters, suppressing iNOS mRNA (p < 0.001) and
strongly inducing TGFb gene expression (p < 0.05)
(Fig. 6B). As seen before for the injected bacterial
vaccines there was no suppression of islet infiltra-
tion in BB rats receiving oral immunostimulation
(Fig. 5B).
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Discussion

This study focused on the expression of key Th1 and
Th2 cytokines and of iNOS mRNA in the BB rat pan-
creas before and after the onset of insulitis. IL-10 was
given preference over IL-4 in our analysis since in
NOD mice IL-10 but not IL-4 mRNA was found to
correlate with Th2-type benign insulitis [4]. Some ex-
periments were performed in parallel with RNA
from freshly isolated islets. However, the latter ap-
proach yielded in our hands highly variable results
while the analysis of total pancreatic RNA provided
data correlating well with islet histology and disease
state of the animal. An earlier study in NOD mice
had also shown close correlation of mRNA detected
in total pancreas with the immunohistochemically de-
termined presence of cytokines or iNOS in islet sec-
tions [3]. Therefore, although cytokine and iNOS
mRNA from whole pancreas also included message
from non-endocrine tissue, the mRNA profile was in
close accord with the histological determined state
of islet inflammation. Several points render the use
of RNA from isolated islets difficult. For one, the
number of islets obtained from inflamed NOD mouse
or BB rat pancreas is 25–50% lower than from tissue
prior to insulitis onset. This suggests loss of damaged
islets and enrichment for non-infiltrated or poorly in-
filtrated islets. Secondly, the isolation procedure in-
cludes several centrifugation steps which will favour
the loss of peri-insular and in particular peri-ductular
infiltrates. Finally, mRNA levels can be rapidly up- or
downregulated, and such changes may occur during
the in situ digestion period with collagenase at 37 °C.

The time points of the study were chosen to have
one sample with minimal or no insulitis (at 50 days
of age 4 pancreases appeared normal, in 6 cases there
was minimal peri-insular infiltration (grade 1) in one
or a few islets. The next time point chosen was at
70 days of age. By this time 8 of 15 rats had pro-
gressed to grade 2 or 3 insulitis in some or all of the is-
lets, with 4 animals being acutely diabetic. RNA sam-
ples were not pooled before analysis but determined
individually so that correlations between cytokines,
iNOS and insulitis grade could be tested.

The data obtained reveal several characteristic fea-
tures of the disease process. At 50 days of age, the ele-
vated cytokine and iNOS mRNA levels demonstrate
the presence of an inflammatory process in the ab-
sence of classic, light microscopy-defined insulitis.
These data are in accord with previous reports of sin-
gle cell insulitis, an inconspicuous form of islet infiltra-
tion, recognizable only with the aid of an electron mi-
croscope [28, 29], and preceding “classical” insulitis.
However, constitutively elevated cytokine and iNOS
mRNA levels cannot be ruled out. A further argu-
ment in support of early inflammatory changes in the
observation of IFNa expression in beta cells of young
BB rats which also indicates some inflammatory
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changes prior to insulitis [30]. In addition, a decrease
in beta-cell volume has been noted prior to the onset
of classical insulitis [31]. Focal infiltrates in the exo-
crine pancreas have been seen in the BB rat and in
man [14, 29, 32, 33] and they may contribute. It is of
interest that this early stage is characterized by the
expression of proinflammatory (IFNg, iNOS) as well
as counter-regulatory mediators (IL-10, TGFb ).
With the progression towards significant peri- and in-
tra-insular infiltration, this balance shifts towards
proinflammatory gene expression, while Th2 cyto-
kine mRNA is decreased. To our knowledge, this is
the first demonstration of a close individual correla-
tion between the degree of insulitis and the Th1/Th2
balance. An earlier study demonstrated the expres-
sion of IL-1, IFNg, TNFa and IL-6 mRNA in pancre-
ata of acutely diabetic BB rats by in situ hybridization
[34]. There was an excess of tumour necrosis factor
(TNF)a positive over IL-6 positive cells during intra-
insulitis, which is compatible with a dominance of
Th1 reactivity [35]. A very recent study [35] demon-
strated age-dependent increases of mRNA levels of
IFNg and IL-12 p40 in islets of diabetes-prone BB
rats, whereas IL-10 mRNA levels in islets did not
change, except for a transient increase at 7 weeks of
age in diabetes-prone BB rats. Although the latter
went uncommented by Zipris et al. [36], it supports
our conclusion of an early contribution of Th2 reac-
tivity followed by a dominance of Th1 as insulitis pro-
gresses.

Analysis of mRNA levels of single pancreata un-
derscored the role of the Th1/Th2 balance. There
was a close correlation between the individual insuli-
tis score and the Th1/Th2 balance found. Surprisingly,
the absolute level of IFNg mRNA showed only poor
correlation with insulitis scores; i. e. animals with
high IFNg mRNA levels only had an advanced insuli-
tis score if the level of IL-10 mRNA was low. We con-
clude that the immune status of an inflammatory in-
filtrate can only be assessed by determining the ratio
of counter-regulatory cytokines or mediators. A re-
cent study of peripheral mononuclear cells in man
has also found the ratio of Th1 compared to Th2 cyto-
kines to be the best reflection of the immunomodula-
tory status [37]. In addition, the ratio of IFNg /IL-10
was recognized as distinguishing patients with type I
(insulin-dependent) diabetes from healthy individu-
als or patients with atopic dermatitis [38, 39].

The second part of our study dealt with the impact
of treatment with bacterial vaccination on the cyto-
kine balance in pancreatic lesions. Several laborato-
ries have reported that the administration of highly
immunogenic bacterial preparations or adjuvants
suppressed diabetes development in BB rats or
NOD mice but did not necessarily inhibit islet infil-
tration [9–12, 22–24]. In the NOD mice, these treat-
ments were found to freeze the Th2 state of periph-
eral islet infiltration and inhibit the progression

towards destructive Th1 insulitis [1, 4, 12]. The data
presented here show that strongly immunogenic vac-
cines significantly inhibit the shift towards Th1 reac-
tivity although the development of insulitis was not
suppressed. Hence, despite major differences in the
extent and kinetics of islet infiltration BB rats and
NOD mice respond quite similarly to bacterial im-
munostimulants.

Our study included five different bacterial prepa-
rations, and the comparison of results obtained of-
fers some further insight into the mechanisms in-
volved. Tetanus toxoid was the only compound lack-
ing general immunostimulatory properties and also
did not affect mRNA levels or ratios. Hence, it is
not the immune response to a foreign (bacterial)
protein which accounts for the immunoregulatory ef-
fect of the bacterial preparations. Secondly, a single
subcutaneous injection of BCG or diphtheria toxoid
did not “normalize” the Th1/Th2 balance by inhibit-
ing the production of IFNg mRNA but upregulated
the counter-regulatory IL-10 and TGFb. As a conse-
quence, there was a downregulation of inflammatory
activity, as apparent from the significantly decreased
iNOS mRNA levels, despite the persistence of ele-
vated IFNg mRNA levels. Inhibition of IFNg gene
expression was only reached after repeated oral ad-
ministration of lipopolysaccharide or OM-89. The
E.coli extract OM-89 contains mainly acidic glyco-
lipoproteins of 10–300 kDa molecular weight and
mostly unknown nature, heat shock protein (hsp) 65
and minimal amounts of lipopolysaccharide
( < 12 ppm) [24, 40, 41]. Hsp 65 is also an immuno-
dominant antigen of BCG. Whether the hsp 65 con-
tent of BCG and OM-89 is similar, has not been re-
ported. OM-89 administration turned out to be
more strongly anti-inflammatory than lipopolysac-
charide in that there was not only downregulation
of IFNg mRNA but also upregulation of both Th2
cytokine mRNAs. With respect to an eventual appli-
cation in man it is important to learn that orally ad-
ministered bacterial preparations may have an im-
pact on the quality of islet inflammation. Interest-
ingly, OM-89 was shown to ameliorate clinical mea-
sures of rheumatoid arthritis in placebo-controlled
trials [40].

We conclude that immunostimulatory bacterial
preparations exert strong effects on the Th1/Th2 ratio
of insulitis. Whether changes in the Th1/Th2 ratio will
delay or prevent diabetes development depend on
the extent and duration of such effects. Dosing and
timing of bacterial vaccinations will be important.

Further studies are warranted to elucidate the
mechanism of action and therapeutic effects of bac-
terial immunostimulants on autoimmune disease.
The ratio of Th1/Th2 cytokine gene expression, as de-
scribed here, may become a useful tool for moni-
toring the immunoregulatory effect of these com-
pounds.
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