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It has previously been shown that the administration of cyclosporine A to newborn mice results in the devel- 
opment of autoimmunity later in life. It has been proposed that the neonatal administration of cyclosporine A 
results in altered thymic selection or inhibition of the development of suppressor cells. In the present study, 
treatment of day 3 thymectomized C3H/HeN mice with cyclosporine A (20 mg/kg/day) for 9 d post surgery 
increased the prevalence of antigastric autoantibodies. In contrast, the administration of IL-2 
(300-600 Units/g/day) for 7 days after thymectomy inhibited the development of antigastric antibodies. We 
hypothesize that CsA may act by causing transient lymphokine abnormalities in the extrathymic environment 
during the first few weeks of life which lead to the development of antigastric antibodies. In contrast to the 
inhibition of development of antigastric antibodies, the administration of a similar course of IL-2 produced 
only a transient suppression of diabetes in NOD mice. These results and other data suggest that diabetes in 
NOD mice is probably due to a different immunologic defect. 
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INTRODUCTION 

Two animal models have been described in which 
interruption of T cell development in the perinatal 
period results in the induction of organ-specific auto- 
immune disease. Thymectomy (Tx) of mice on day 2- 
4 of life resulted in the development of autoimmune 
diseases such as oophoritis, gastritis, and thyroiditis’,2. 
Similarly, Sakaguchi and Sakaguch? were able to 
induce autoimmune gastritis in mice by injecting them 
with the immunosuppressive drug, cyclosporine A 
(CSA)~,  during the first week of life. Although i t  has 
been postulated that the autoimmune diseases pro- 
duced by Tx or CsA administration early in life may 
be secondary to the presence of “forbidden clones” 
which have escaped deletion in the thymus or to the 
absence of regulated T cells needed to suppress auto- 
reactive T cells, the precise role of the T lymphocyte 
in the pathogenesis of autoimmune disease in these 
models remains poorly defined. 

In this report, we have induced transient alterations 
in the extrathymic environment of the developing 
immune system to help discern the cause of autoim- 
munity in certain animal models. We hypothesize that 
transient abnormalities, possibly extrathymic lympho- 
kine deficiencies during the first 2 wk of life, could 
cause autoimmunity to develop later in the life of ani- 
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IlN315, Bcthesda. Maryland 20892, USA. 

mals. C3H and NOD mice thymectomized on day 3 or 
4 of life were treated with CsA and different immune 
modulators and the effect of these agents on the devel- 
opment of autoantibodies was studied. We demon- 
strate for the first time that the treatment of a thymec- 
tomized animal with CsA enhances the development 
of autoantibodies. The results give insight into poss- 
ible causes of autoimmunity and may lead to the 
development of new approaches to modulate auto- 
immunity. 

MATERIAL AND METHODS 

Animuls 

C3H/HeN mice were obtained from the Small Ani- 
mals Section, Veterinary Resources Program, NIH; 
NOD mice were purchased from Taconic, German- 
town, NY. All animals were housed in microisolator 
cages and fed ud libitum. 

Tx 

C3H/HeN and NOD mice were thymectomized 
between days 3 and 4 of life. The method of Sjodin er 
ul.’ was used. Mice were anesthetized with Methoxy- 
flurane (Pitman-Moore, Washington Crossing, New 
Jersey), placed on a dissecting board, and the neck 
cleansed with a swab saturated in alcohol. A midline 
longitudinal incision was made in the neck, the maxil- 
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lary gland moved anteriorly, and the sternohyoid 
muscles separated. An incision was then made in the 
midline of the sternum bisecting the first four ribs. 
The thymus was exposed by separating the sternal 
halves and the thymus was aspirated using a glass 
pasteur pipet attached to a vacuum source. The skin 
was closed with 3 or 4 sutures. Sham Tx animals were 
made by performing the same surgical procedures 
except that the thymus was not aspirated and the skin 
incision was closed with the thymus still intact. Ani- 
mals that failed to wake up immediately after surgery 
were caged separately from their mothers and exposed 
to a heat lamp to prevent hypothermia. 

Immune modulators 

All agents were diluted in approximately 0.05 ml of 
PBS (Biofluids, Rockville, MD) and injected intraper- 
itoneally within 24 h after Tx or on day 4 of life. The 
following immune modulators were used: CsA 
(Sandoz, New Jersey), human rIL2 (Hoffman La 
Riche, Nutley, NJ), murine IFNy (Amgen, Thousand 
Oaks, CA), normal hamster IgG (Jackson Immuno- 
research, West Grove, PA), and anti-CD3 (mAb 2CI 1,  
Leo et al.') purified from ascites on a protein A col- 
umn (Beckman, Fullerton, CA). 

ELISA 

An enzyme-linked immunosorbent assay (ELISA) to 
determine the presence of autoantibodies to gastric 
antigen was performed as previously described'.'. 
Plates were read on a MicroFLUOR Reader 
(Dynatech, Chantilly, VA) which has a 365 nm broad- 
band filter blocking the excitation beam along with 
both a 450 nm narrowband interference filter and a 
400 nm UV blocking filter which alter the emission 
beam. Mouse serum was tested for antibodies at a 
dilution of 1:80. A standard serum was plated in tripli- 
cate in each plate and the average reading of the 3 was 
subtracted from the readings of the other wells in 
order to standardize variability from plate to plate. 
Diluted sera with an average reading of 200 above the 
standard were scored as positive. The numbers of 
positive sera in each treatment group were compared 
to determine if treatment had an effect. 

Blood glucose 

Blood glucose was determined by removing a few 
drops of tail blood from non-fasting mice which were 
3 months old or older and smearing the blood on a 
glucose sensitive Chemstrip (Boehringer Mannheim, 
Indianapolis, IN). Blood glucose levels above 
300 mg/dl were scored as positive. 

RESULTS 

Administration of CsA post Tx enhances autoantihody 
production 

In order to determine if CsA exerted an effect on the 
extrathymic development of the immune system, we 
studied the development of autoantibodies in 
C3H/HeN mice which were thymectomized 3 to 4 d  
after birth. Approximately 50% of the thymectomized 
animals developed antigastric autoantibodies by 
20 wk of age (Table 1; Figure l) ,  while antigastric 
antibodies were not detected in the control animals. 
When CsA (20 mg/kg/day) was administered for 9 d 

Table 1 Effect of immune manipulation on the production of 
antibodies to gastric antigen 

Treatment +/Total % P value 

A. 
No Tx 
Day 3 Tx* 
Day 3 Tx 
Tx+CSA 
Tx+lL-2* 
T x + I L - 2 
Tx+IFNpIL-2* 
B .  
Tx+Hamster IgG 
Tx+Anti-CD3 

0130 
22/50 
24/48 
30139 
7/36 

10135 
27/32 

1213 1 
23/27 

0% 
44 % 
50% 
77% 0.0049 
19% 
29% 0.0274 
84% 0.00 I0 

39% 
85% 0.0004 

C3tiDIeN mice were thymectomiied except where otherwise indicated and treated a\ 
\hewn. Antigastric antigen aniibody titers were determined a1 I1-12* or 20 wk of age. 
Siaii\t!c\ were performed by ualculaiing L values u v n g  a 1e5t for difference between IWO 

population, proponion,. A one  la i l  analyva was used In convening 7 values into P. In part 
A. treated groups are compared 10 the day 3 Tx group, while in par1 B. the anti-CDR lreated 
animal\ are compared to the animal\ treated with control hamster IgC 

Gastric Autoantibody Response 
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Figure 1 C3H/HeN mice were thymectomized on day 3 or 4 and 
given different immune modulating treatments. Sera were obtained 
from mice at 20 wk of age except for the group which received IL-2 
and IFNy( 12 wk). The ELISA readings were performed in duplicate. 
Each cross represents the average reading of an individual animal at a 
1/80 dilution of serum; the values obtained with the reference 
standard have been subtracted from each reading. Average readings 
of 200 or above were scored positive. 
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post-Tx, the incidence of autoantibody production 
increased to 77% (Table I ;  Figure 1). 

Inhibition of antigastric antibody production by 
administration of IL-2 

In order to examine the effects of IL-2 on the induc- 
tion of autoantibody production, day 3 Tx mice were 
treated with IL-2 (300-600 U/g/day) for 7 d post-Tx. 
All animals were followed for approximately 20 wk 01 

longer. The incidence of antigastric antibodies was 
markedly reduced in the IL-2 treated animals when 
assayed at either 1 1  or 20 wk post-Tx (Table 1; Figure 
1). 

Enhancement of autoantibody production by 
administration of anti-CD3 

As the preceding studies suggested that autoantibody 
production could be inhibited by IL-2 administration 
in the immediate post-Tx period and enhanced by an 
immunosuppressive drug that may block IL-2 pro- 
duction, we next evaluated whether stimulation of IL- 
2 production by the systemic administration of anti- 
CD3 would also inhibit the generation of antigastric 
antibodies. Surprisingly, administration of the anti- 
CD3 mAb (20 pg/animal) increased the incidence of 
antigastric antibodies from 39% in animals receiving 
the control normal hamster IgC (20 pg/animal) to 
85% (Table 1). We tested the effect of administering 
multiple cytokines to see if the results of the anti-CD3 
treatment could be explained by the release of several 
cytokines. The combined administration of a IL-2 
with IFN-y (1700-3300 U/g/d) increased the inci- 
dence of antigastric antibodies from 50% to 84% 
(Table I ) .  The administration of IFNy (1700- 
3000 U/g/d) for 4 d post Tx did not increase the inci- 
dence of antigastric antibodies in a group of 14 mice 
(data not shown). 

Effects of IL-2 on autoantibody production in NOD 
mice 

In order to extend our studies on the beneficial effects 
of IL-2 in reducing the incidence of autoantibody pro- 
duction to a different experimental model of autoim- 
munity, we studied the effects of Tx on the induction 
of antigastric antibodies in NOD mice. Although it 
has previously been reported that, in addition to dia- 
betes, NOD mice develop autoimmune responses to 
other organs including the thyroid gland and stom- 
a ~ h * . ~ ,  the frequency (3%) of antigastric antibodies 
was very low in euthymic NOD mice (Table 2;  Figure 
2); however, following day 3 Tx, the incidence of 
antigastric antibodies increased to 32% at 12 wk 
which was less than that seen in thymectomized C3H 
mice (44%). We were unable to study the incidence of 

antigastric antibodies in the NOD mice after 12 wk 
because a significant percentage of the mice had 
developed diabetes and many of the animals had died. 
The incidence of antigastric autoantibodies was simi- 
lar in male and female in the thymectomized NOD 
mice and in C3H mice (data not shown). The post-Tx 
administration of IL-2 decreased the incidence of anti- 
gastric antibodies in thymectomized NOD mice from 
32% to 12% (Table 2; Figure 2). 

Effects of IL-2 on the development of diabetes in NOD 
mice 

In order to determine whether the beneficial effects of 
IL-2 administration could also be observed on the 
incidence of diabetes in NOD mice, we treated both 
euthymic and day 3 Tx animals with IL-2 and moni- 
tored their blood glucose levels The prevalence of dia- 
betes in euthymic NOD mice maintained in our colony 
varied greatly depending on sex (0/18 males com- 
pared to 15/21 females, 71%). This sex difference was 
much less apparent in the Tx NOD mice where 43% of 
males and 84% of females (Table 3) developed dia- 
betes. Although the administration of IL-2 during the 

Table 2 Effect of immune manipulation on the production of 
antibodies to gastric antigen in NOD mice. 

Treatment P value +/Total % 

Sham Tx 1/34 3% 
Day 3 Tx 12/38 32% 
Day 3 Tx+IL-2 4/33 12% 0.0222 

NOD mice were ihymectomized or sham ihymeciomired around day 3 o f  life. Antigawic 
antigen liters were performed at 12 wk of age. P values were calculaled as in the legend to 
Table I .  The day 3 Tx+lL-2 group is compared 10 the day 3 Tx group. 

Gastric Autoantibody Response 

5c 

1 I I + +  I 
0 

-1 
Sham Tx Tx + IL2 

Treatments 

Figure 2 NOD mice were either sham Tx or Tx on day 3 or 4 of 
life. One group of thymectomized animals was treated with human 
recombinant IL-2. Sera were prepared from mice approximately 
12 wk old and the ELISA readings were performed as described in 
the legend to Figure 1. 
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Table 3 Effect of immune manipulation on the incidence of 
hyperglycemia in NOD mice 

Trearment Sex +/Total % 

PBS 

IL-2 

Sham Tx 

Tx 

Tx+lL-2 

Females 
Males 
Females 
Males 
Females 
Males 
Females 
Males 
Females 
Males 

1512 1 
0118 

11/16 
1/23 
9/16 
0118 

16/19 
912 1 

1612 1 
5/13 

71% 
0% 

69% 
4% 

56% 
0% 

84% 
43% 
76% 
38% 

NOD mice in the first two g r o u p  received either PBS or IL-2 treatment for 7 d rtaning on 
day three of life. Tx or sham Tx were performed on the last three groups with the fifth group 
receiving both Tx and a 7 d course of IL-2 port Tx. Animalr were bled and tested for 
hyperglycemia using a chemstrip. Blood glucose levels over 700 mgidl were regarded a\ 
positive. The experiment was stopped when the animals reached 6 months of age. 

Effect of IL2 on Development of Diabetes 
9 0 1  

80 
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2 6 0  
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2 40 
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Z 30 
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g 50 
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4 20 - 
s o  I I I I I I I 

2.5 3 3.5 4 4.5 5 5.5 6 6.5 

Months 

1 PBS 2 IL-2 
3 Thyrnectomy 4 Thymectomy and IL-2 

Figure 3 Effect of IL-2 on the development of hyperglycemia. 
Euthymic female, NOD mice were given PBS (group I )  or IL-2 
(Group 2) for 7 d starting on the fourth day of life; alternatively, 
female NOD mice were thymectomized on day 3 or 4 of life and 
injected with PBS (group 3) or IL-2 (group 4) for 7 d post surgery. 
Blood glucose levels were determined using a glucose sensitive 
chemstrip. Levels above 300 mg/dl were scorcd positive. 

first week of life was able to modestly suppress the 
onset of diabetes during the first few months of life, at 
4-6 months of age, no difference in the incidence of 
hyperglycemia was observed between the IL-2 treated 
and the control animals (Table 3; Figure 3). 

DISCUSSION 

The goal of the present studies was to determine 
whether the administration of immunomodulatory 
cytokines or drugs in the immediate post-Tx period 
would influence the development of autoantibodies in 
animals thymectomized on day 3 of life. We moni- 
tored antigastric antibodies because they are easy to 

assay and because about 50% of our C3H mice devel- 
oped these autoantibodies; thus, they provided a good 
system for determining if the frequency of disease 
increased or decreased'.''. These autoantibodies may 
have clinical significance because the human equival- 
ent react with the H/K-ATPase pump in parietal cells 
and are used to diagnose autoimmune gastritis in 
man". We attempted to monitor autoantibodies to thy- 
roid, ovary, DNA, RNA, and histones, but these anti- 
bodies were too rare to be used as indicators. Histo- 
pathology was also too rarely observed in C3H mice 
to use as an indicator of immune modulation. 

Our experiments demonstrated that post-Tx admin- 
istration of CsA was able to significantly increase the 
incidence of animals which produced antigastric anti- 
bodies in day 3 thymectomized mice. The addition of 
IL-2 in the immediate post Tx period decreased the 
incidence of antigastric antibody production in  both 
C3H/HeN and NOD mice. In contrast, the combined 
administration of IL-2 and gamma interferon during 
this same period increased the development of anti- 
gastric antibodies. To our knowledge these results are 
the first to provide strong evidence that transient 
lymphokine changes in the extrathymic immune sys- 
tem during the first week of life have a major effect in 
determining if an animal develops antigastric 
antibodies. 

We also examined the effects IL-2 administration 
on the development of hyperglycemia in  the NOD 
mouse which develops insulitis by 3-5 wk and dia- 
betes within 3-6 months of age. There is strong evi- 
dence that diabetes in the NOD strain is caused by an 
autoimmune response to the pancreatic islet cells 
because the disease can be transferred by T cells, the 
animals develop islet cell antibodies, lymphocytic 
infiltrates can be seen around the /3 cells, and the dis- 
ease can be modulated by immunosuppressants or 
other immune modulators. Although Tx on day 0 
inhibited the development of the disease", we 
observed that day 3 Tx markedly enhanced the inci- 
dence of the disease particularly in male mice. We 
believe these findings are the first to show that day 3 
Tx enhances the development of diabetes. While the 
effect of IL-2 in diminishing the frequency of antigas- 
tric antibodies in day 3 Tx NOD mice was substantial, 
IL-2 produced only a modest and transient diminution 
in the frequency of animals that developed hypergly- 
cemia. It is therefore possible that these two models of 
autoimmune disease may involve distinct patho- 
genetic mechanisms. 

Our results on the failure of IL-2 to prevent dia- 
betes in NOD mice agree with those of Satoh et u1.I3, 
but differ from those of Serreze et ~ 7 1 . ' ~  who demon- 
strated a highly therapeutic effect of IL-2 in NOD 
mice. The differences between these studies may be 
secondary to the concentration of 1L-2 administered, 
the time of administration, the diet used to feed the 
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animals, or to the substrain of NOD mouse used. In 
the studies of Serreze et a1.I4 the incidence of diabetes 
in males was 50%-70% compared to the NOD mice in 
our studies where the incidence in males is around 
5%. 

Several mechanisms have been proposed to explain 
the induction of autoimmune disease following day 3 
Tx. Smith et a/." have demonstrated that mice thy- 
mectomized soon after birth contain in their periph- 
eral lymphoid tissues T cells with receptors that are 
normally deleted in the thymus. Although it is poss- 
ible that these T cells with potentially autoreactive 
receptors are responsible for the induction of organ 
specific autoimmunity, Jones, et a1.I6 have shown that 
such potentially autoreactive cells are non-functional 
as measured by their inability to proliferate and pro- 
duce cytokines following stimulation with anti-TCR 
mAbs. Furthermore, T cells with potentially auto- 
reactive receptors have been observed in day 3 Tx 
mice from strains which do  not develop autoimmune 
diseases. An alternative possibility is that Tx may also 
be inducing autoimmunity by the removal of cells that 
can make IL-2. Although it has been proposed that the 
induction of autoimmunity following the adminis- 
tration of CsA may be secondary to the failure to clon- 
ally delete autoreactive T cells" or to aberrant devel- 
opment of suppressor cells3, it is also possible that 
CsA may induce autoimmunity by inhibiting the pro- 
duction of IL-2 in vivo. 

Taken together our studies suggest that the presence 
of IL-2 early in life can reduce the development of 
certain autoantibodies later in life. We hypothesize 
that both the CsA and the day 3 Tx may be inducing 
autoantibodies by inhibiting the production of IL-2 
early in life. Although we have not determined the 
cellular site of action of IL-2, we favor the view that 
IL-2 plays a major role in the thymic independent 
induction of non-responsiveness or anergy to self- 
antigens in the periphery. Schell and Fitch" have 
shown that a large pulse of IL-2 can cause anergy in 
vitro. Lenardo" has proposed that IL-2 plays a critical 
role in the clonal elimination of T cells extrathy- 
mically by inducing apoptosis after antigen receptor 
engagement. Thus, the elimination of T cells with 
autoreactive TCRs could be facilitated by IL-2 treat- 
ment. Alternatively, we cannot rule out the possibility 
that IL-2 may induce the proliferation and expansion 
of a regulatory T cell population which has been sug- 
gested to prevent disease". 
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