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Abstract

Autoimmune disease results from inflammatory destruction
of tissues by aberrant self-reactive lymphocytes. Westudied
the autoimmune potential of T lymphocytes immunologi-
cally ignorant of viral antigens acting as self antigens and
whether the host defense molecule IFN-y could stimulate
these cells to cytotoxic competency. For this purpose, we
produced double transgenic mice expressing pancreatic
IFN-y as well as lymphocytic choriomeningitis virus
(LCMV) nucleoprotein (NP) or glycoprotein (GP) antigen.
100% of the NP+/IFN-y' mice became diabetic before 2 mo
of age, while none of the NP single transgenic littermates
and only 10% of IFN-y single transgenic littermates did.
Strikingly, NP'/IFN-y' mice spontaneously developed cyto-
toxic T lymphocyte activity on LCMV-infected targets and
vaccinia virus-NP-infected ones without prior LCMVinfec-
tion but NPf/IFN-y- mice did not, which indicates specific
sensitization to the viral antigen by IFN-y. These results
suggest that lymphocytes ignorant of self antigens can be
activated by IFN-y released after immunologic stimulation
such as viral infection. This mechanism may account for the
loss of apparent tolerance to self antigens in autoimmune
diseases such as insulin-dependent diabetes mellitus. (J.
Clin. Invest. 1995. 95:486-492.) Key words: autoimmunity
* transgenic mice * pancreatic islets * diabetes * B7-1

Introduction

The question of how a pathogenic autoimmune response devel-
ops has been of interest to immunologists and clinicians for
many years. In many autoimmune diseases, sensitized and acti-
vated autoreactive T lymphocytes destroy target cells harboring
the corresponding tissue-specific antigens. In insulin-dependent
diabetes mellitus patients, circulating autoreactive T lympho-
cytes that respond to the islet/brain antigen glutamic acid decar-
boxylase have been demonstrated (1-3). If an understanding
of the events that cause these lymphocytes to become sensitized
to antigens such as glutamic acid decarboxylase could be at-
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tained, then development of preventative treatment for autoim-
mune diseases might follow.

To study this process of lymphocyte sensitization in insulin-
dependent diabetes mellitus, we initially addressed the conse-
quences of targeted expression of the host defense molecule
IFN-y in the pancreatic islets (Ins-IFN-y mice) (4, 5). These
studies demonstrated that islet expression of IFN-y does lead
to immunological sensitization to whole pancreatic islets, how-
ever, the target antigen was not identified, and thus the mecha-
nism of autoimmunity could not be studied. Specifically, it is
not known whether sequestered antigens within islets are en-
countered by lymphocytes for the first time after islet damage
or whether circulating cells within the normal repertoire become
activated to destroy their target when they are in contact with
the IFN in the pancreas.

To address these mechanistic issues, we used transgenic
mice that express lymphocytic choriomeningitis virus (LCMV)'
antigen on their pancreatic ,1 cells (RIP-LCMV mice) to provide
a unique tissue-specific antigen toward which the cell-mediated
and humoral immune responses can be monitored. The RIP-
LCMVtransgenic mice are normoglycemic and free of insulitis;
however, they develop autoimmune diabetes when infected with
LCMV(6, 7). These results suggested that lymphocytes that
could react to peripheral self antigens are not deleted but have
never encountered these antigens because of their location on
non-antigen-presenting cells (APC). It is possible that the acti-
vation of such T cells specific for self antigens may be mediated
via inflammatory cytokines elicited by viral infection.

To determine whether T cells that had never encountered
self antigens could be activated by inflammatory cytokines, we
crossed Ins-IFN-y mice with RIP-LCMV mice. LCMVantigen
was in the form of either the viral glycoprotein (GP) or nucleo-
protein (NP). The incidence of spontaneous diabetes, histopa-
thology, and anti-viral cytotoxic T lymphocyte (CTL) responses
were studied. Strikingly, we observed the spontaneous genera-
tion of CTL specific for self (viral) antigen in double transgenic
mice but not in LCMV single transgenic littermates. Since
LCMV-specific T cells would be present in both the double and
single transgenic mice (6, 7), our data suggest that IFN-y can
induce the development of CTL from circulating T lymphocytes
within the repertoire of a normal individual.

Methods

Double transgenic mice. The Ins-IFN-y murine line was maintained by
repeated crossings with BALB/c mice. RIP-LCMV-GP mice (line 34-

1. Abbreviations used in this paper: APC, antigen-presenting cell; CTL,
cytotoxic T lymphocyte; LCMV, lymphocytic choriomeningitis virus;
NP, nucleoprotein; VV, vaccinia virus.
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Table I. Incidence of Spontaneous Diabetes* in LCMV/IFN-y
Double Transgenic Mice

NP+ or GP' IFN-y+
Both+ only only Both-

LCMV-NP/IFN-y 13/13t 0/6 1/10 0/10
LCMV-GP/IFN-y 2/9 0/7 4/9 0/9

* Diabetes was confirmed by a glucose level of >300 mg/dl in monthly
determinations of ocular blood samples over the 4-mo observation pe-
riod. * The incidence of diabetes in NP+fIFN-y' mice was significantly
higher than that in all other groups of mice (P < 0.005).

20) were selected from those maintained by repeated crossings to
C57BL/6. Ins-IFN-y mice were intercrossed to RIP-LCMV-NP (line
25-3) or RIP-LCMV-GP mice to derive lines positive for both
transgenes. Fl mice were screened by PCR amplification of genomic
DNA. NP-specific primers were CAGTTATAGGTGCTCTTCCGCand
AGATCTGGGAGCCTTGCTLTG.GP-specific primers were CGC-
CGGTCTFTlGCATGTTCTAGand GCACATTCACCTGGACTT-
TGTC. Primers for human insulin promoter sequences were CCTGGT-
CTAATGTGGAAAGTGand TGCAATI7CCGGACCATTTCC.20
Mtg/ml tail DNA, 1 tM each primer, 200 1M each deoxynucleoside
triphosphate, 2 mMMgCl2, and 40 U/ml Taq polymerase were mixed
for PCR. Annealing and polymerization were done at 60 and 720C,
respectively, for a total of 25 cycles. The incidence of spontaneous
diabetes in Fl mice was determined by monthly determination of blood
glucose level over the 4-mo observation period. In some mice, weekly
measurement of blood glucose level was done. Diabetes was confirmed
by a glucose level of >300 mg/dl in ocular blood samples tested with
a Glucometer 3 (Miles Inc., Elkhart, IN).

Immunohistochemistry. Fresh-frozen sections of the pancreatic tissue
were incubated with anti-CD4 (PharMingen, San Diego, CA), anti-CD8
(PharMingen), anti-B220 (PharMingen), anti-Mac-1 (Boehringer
Mannheim, Indianapolis, IN), F4/80 (Serotec Ltd., Kidlington, Oxford,
United Kingdom), or anti-B7-1 antibody (8) for 30 min at room temper-
ature. The concentration of primary mAbs was between 5 and 10 Mg/
ml. Incubations with biotinylated secondary antibody and then with
avidin-biotin-peroxidase complex followed for 30 min each. After the
color reaction with diaminobenzidine, the sections were counterstained
in hematoxylin solution or methyl green for histopathologic examina-
tion. Weevaluated 15-30 islets from 2-3 histological sections of each
mouse.

Double immunofluorescence. Fresh-frozen sections of pancreatic tis-
sue were incubated with either one of anti-B220, anti-Mac-l, or F4/80
antibody followed by incubation with tetramethylrhodamine isothiocya-
nate (TRITC)-labeled anti-rat IgG for 30 min at room temperature.
They were sequentially incubated with anti-B7-1 antibody and then
FITC-labeled anti-hamster IgG for 30 min, respectively. Control experi-
ments using one of the primary antibodies and an irrelevant one of the
two secondary antibodies were performed and confirmed the specificity
of our results.

CTL response. Secondary CTL activity was measured as previously
described (9). Splenocytes and PBL were cultured for > 1 wk on macro-
phage-coated plates that were infected with LCMVArmstrong at a moi
of 1 and then irradiated 2,000 rad. These macrophages had been har-
vested 3 d after intraperitoneal injection of 3.85% thioglycolate. BALB
C1.7 (H-2d) or MC57 (H-2b) targets were infected with LCMVArm-
strong at a moi of 1 or with vaccinia virus (VV)-NP (or VV-GP) at a
moi of 3. Uninfected target cells were used as controls. All cells were
labeled with 5"Cr and incubated with stimulated lymphocytes at various
ET ratios. Lymphocytes from BALB/c or C57BL/6 mice infected with
2 x 105 plaque forming units of LCMVArmstrong served as positive
controls.
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Figure 1. Weekly blood glucose determination in four NP'/IFN-y'
mice. All NP+/JFN-y' mice became diabetic (> 300 mg/dl) between 5
and 6 wk with wasting. One NP-/IFN-y' mouse and one NP+/IFN-y-
mouse were not diabetic although the former showed mild hyperglyce-
mia. Blood glucose level of 500 mg/dl at 8 wk of age means > 500
mg/dl.

ELISA ofanti-LCMVantibody. Humoral immune response to LCMV
protein was assayed using an ELISA according to a modification of
previously described methods (9). After coating each well of 96-well
plates with 1 pg of LCMVantigen and blocking with 10% bovine
serum/0.2% Tween 20, serial dilutions of serum from 1:10 to 1:1,000
were added, and incubation was done for 1 h at room temperature. After
washing, peroxidase-conjugated antimurine IgG was added. Subse-
quently, substrate solution containing o-phenylene diamine (Sigma Im-
munochemicals, St. Louis, MO) was added, and absorption at 492 nm

was measured.
Statistical analysis. The Z test was used to compare the incidence

of spontaneous diabetes between groups.

Results

Development of diabetes. To characterize the islet function in
double and single transgenic mice, we initially measured the
blood glucose levels. All of 13 NP'/IFN-y' double transgenic
mice became diabetic, but none of 6 NP'/IFN-y- and only 1
of 10 NP-/IFN-y' mice became diabetic over the 4-mo observa-
tion period (Table I). In contrast, two of nine GP'/IFN-y'
double transgenic mice became diabetic, whereas none of seven
GP+IIFN-y- and four of nine GP-/IFN-y' littermates became
diabetic (Table I). The incidence of diabetes in NP+/IFN-y'
mice was significantly higher than that in NP-/IFN-y' or GP'/
IFN-y' mice (both P < 0.005); however, the incidence of diabe-
tes in GP+/IFN-y' was not significantly different from that in
GP-JIFN-y' mice (P > 0.1). All NPT/IFN-y' double transgenic
mice became diabetic before 2 moof age on the basis of monthly
blood glucose determination. Weekly blood glucose levels on
mice from typical litters showed that all four NPA+IFN-y+ dou-
ble transgenic mice became diabetic between 5 and 6 wk of age
(Fig. 1). In addition, all NP'fIFN-y' mice showed emaciation at
the age of 2 mo. These suggested that probably all NP+/IFN-
Y' double transgenic mice became diabetic before 6 wk of age.
The other three kinds of mice (NP-/IFN-y', GP'AIFN-y', and
GP-/IFN-y') developed diabetes after 2 mo of age.

Histology of the pancreas. Histopathological studies of the
NP or GP single transgenic littermates (n = 4 each) revealed
no pancreatic inflammation; however, in both NP+/IFN-y+ (n
= 5) and GP'/IFN-y' (n = 4) double transgenic mice as well
as IFN-y single transgenic mice (n = 2) at the age of 2-5 mo,
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Figure 2. Histopathology of the
double transgenic mice. (A) The
pancreas from a 4-mo-old NP+/
IFN-y' mouse showed infiltration
of mononuclear cells into the islets
that were almost completely de-
stroyed (x400). (B) The pancreas
from a 4-mo-old GP'/IFN-y+
mouse showed mononuclear cell
infiltration of similar pattern with
remaining islet tissue (x400).

mononuclear cell infiltration into the islets was documented
with islet destruction of variable degree (Fig. 2, A and B). Immu-
nohistochemical studies showed that infiltrating cells comprised
macrophages stained with anti-Mac-I or F4/80, CD4' or CD8'
T lymphocytes, and also B lymphocytes stained with anti-B220
in both NP'/IFN-y' and GP'/IFN-y' double transgenic mice
at the age of 2-4 mo (n = 3 each) and in a 3-mo-old IFN-y
single transgenic littermate (n = 1) (Fig. 3, A-D). Weestimated
that CD4+ T lymphocytes and CD8+ T lymphocytes accounted

j.

for 65 and 15% of total infiltrating cells, respectively, whereas
macrophages and B lymphocytes each represented 10% of the
infiltrating cells.

Spontaneous generation of CTL against self (viral) antigens.
To determine if lymphocytes from NP'/IFN--y' or GP'/IFN-'y+
mice could be specifically sensitized to LCMVantigen without
LCMVinfection, secondary CTL assays were performed. These
studies revealed that lymphocytes from three NP+/IFN-y' mice
tested killed 20, 30, and 41% of LCMV-infected target cells at
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Figure 3. Immunohistochemical staining of the
double transgenic pancreas. (A) CD4+ lympho-
cytes in the pancreas of a 3-mo-old NP+/IFN-
y+ mouse; (B) CD8+ lymphocytes in the pan-
creas of the NPJ/IFN-y' mouse; (C) CD4+ lym-
phocytes in the pancreas of a 3-mo-old GP+/
IFN-y+ mouse; and (D) CD8+ lymphocytes in
the pancreas of the GP'/IFN-y+ mouse. B lym-
phocytes stained with anti-B220 and Mac-I -

positive macrophages were also observed in
both NP+/IFN-y' and GP+/IFN-y+ double
transgenic pancreata.
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Figure 4. Secondary CTL response to LCMVantigens in double transgenic mice and single transgenic littermates used as controls. Lymphocytes
from NP'AIFN-y' mice killed both LCMV-infected (A) and VV-NP-infected targets (B) to a moderate degree, whereas lymphocytes from NP+/
IFN-y- mice exerted only negligible killing of these targets (A and B). Lymphocytes from GP+/IFN-y' mice killed a small portion of LCMV-
infected targets (C). Lymphocytes from LCMV-infected mice used as positive controls showed strong CTL response to LCMVantigens (A-C).

an E/T ratio of 5 or more (Fig. 4 A). To further characterize
the CTL response, we used VV-NP-infected target cells instead
of LCMV-infected targets. Lymphocytes from NP/+IFN-y+
mice killed 17, 19, and 31% of VV-NP-infected targets but no

VV-GP-infected targets or uninfected cells (Fig. 4 B). Lympho-
cytes from three GP'/IFN-y' nondiabetic mice killed 12, 14,
and 22% of the LCMV-infected targets at an E/T ratio of 5 but
not uninfected targets (Fig. 4 C). CTL response of GP'fIFN-
y' mice was not characterized further.

In contrast to CTL response, the humoral response to LCMV
antigens was not detected in double transgenic mice. Sera from
five NP'/IFN-y', two GP'/IFN-y', one NP'/IPN-y-, and one

GP+/IFN-y- mice did not show any antibody activity in an

ELISA test up to 1:10 dilution, whereas sera from LCMV-
infected mice showed strong antibody activity even at 1:1,000
dilution.

Expression of costimulatory molecules. Activation or sensi-
tization of naive T cells depends critically on the recognition
of costimulatory signals. Wehistochemically examined the ex-

pression of B7-1, a membrane-bound costimulatory molecule
expressed by APC (10). Wefound that B7-1 was expressed on

infiltrating cells in the pancreas of NP'AIFN-y' and GP'/IFN-

y' double transgenic mice at the age of 2-4 mo (n = 3 each)
as well as in a 3-mo-old IFN-y single transgenic mouse but not
on pancreatic parenchymal cells (Fig. 5, A-C). Additionally,
double immunofluorescence studies disclosed that B7-1 mole-
cules were expressed on macrophages and B lymphocytes in
the pancreata of NP+/IFN-y+ and GP+/IFN-y' double
transgenic mice (Fig. 6, A-D).

Discussion

Weobserved a very high incidence of diabetes in NPJ/IFN-y'
mice with accelerated onset, while that in GP/IrFN-y+ mice
was not different from IFN-y' single transgenic littermates.
The incidence of early onset diabetes was high in the initial
generations of Ins-EFN-y mice (4) but gradually decreased to
30-40% in males and 0-10% in females after repeated crossing
with BALB/c (Lee, M.-S., et al., unpublished data). This change
appeared to be caused by a shift in the balance between destruc-
tion and regeneration of islet cells (11, 12). The incidence of
diabetes in NP-/IFN-y', GP-/IFN-y', and GP+/IFN-y+ mice
is consistent with those recent observations. However, that
100% of NP'/IFN-y' mice spontaneously developed diabetes
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Figure 5. Expression of B7-1 mol-
ecules. Immunohistochemical
staining disclosed that B7-1 mole-
cules were expressed on infiltrat-
ing cells but not on islets or other
parenchymal cells in the pancreata
of a 3-mo-old NP'/IFN-y' mouse
(A) (x400) and a 3-mo-old GP'/
IFN-y+ mouse (B) (X 1,000). In-
filtrating cells in the pancreata of
a 3-mo-old IFN-y single
transgenic mouse also expressed
B7-1 molecules (C) (X 400).

represents a significantly increased incidence compared with
other mice.

We demonstrated the spontaneous generation of CTL
against self antigens (LCMV) in our LCMV/IFN-y double
transgenic mice but not in LCMVsingle transgenic littermates.
These CTL were observed both in NP+/IFN-y' mice and to a

lesser degree in GP+f1FN-y' mice. The less robust CTL re-

sponse of GP'/IFN-y' mice to LCMV-infected targets and their
lower incidence of diabetes compared with NP'/IFN--y' mice
are almost certainly explained by MHCrestriction of lympho-
cyte-mediated cytotoxicity and gene dosage effects. GP+/IFN-
y' mice have a b x d MHChaplotype. The GP antigen of
LCMVcan be presented to CTL on H-2b but not on H-2d mole-

cules, whereas the NP antigen is recognized by such cells on

both H-2b and H-2d molecules (13). The incidence of diabetes
even after LCMVinfection of GP single transgenic mice of b
x d MHChaplotype was only 33% (3/9) over the 4-mo observa-
tion period, although all mice developed positive antibody re-

sponses to the LCMVantigen indicating successful LCMVin-
fection (14). The difference in the incidence of diabetes between
NP/IFN-y' and GP+/IFN-y' mice underscores the differing
abilities of individual antigens to elicit immune responses, and
the very high incidence of diabetes in NPf/IFN-y' mice could
be attributed to the presence of a single antigen that can be
effectively recognized by CTL. Besides the gene dosage effect,
different expression levels between NP and GP target antigens

Figure 6. Double immunofluores-
cence studies showed that macro-

phages stained with F4/80 antibody
(A) expressed B7-1 molecules (B) in
the pancreas of a 3-mo-old NP'/IFN-
Y+ mouse. Some B lymphocytes
stained with anti-B220 antibody (C)
also expressed B7-1 molecules (D)
(x 1,000). In addition to scattered
double-positive cells, many single-
positive cells were present. Double-
positive cells were observed in the
pancreas of GP+/IFN-y+ mice as

well.
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may play a role in the phenotypic differences between NP+/
IFN-y+ and GP+/IFN-y' mice. However, possible thymic ex-
pression of GPantigen would not contribute to the lower level
of CTL activity and low incidence of diabetes in GP+/IFN-y+
mice because GPwas not expressed in the thymus of the RIP-
LCMV-GPline 34-20 (15).

The development of CTL and spontaneous diabetes in
LCMVJIFN-y double transgenic mice contrasts with results of
TNF-a transgenic mice, which did not develop spontaneous
diabetes themselves or when crossed with mice expressing
LCMVantigens (16). The induction of CTL responses to viral
antigens noted in LCMV/IEFN-y mice also contrasts with the
observation that IL-2 or IL-6 transgenic mice crossed with RIP-
LCMVmice did not develop a spontaneous CTL response to
viral antigens (17). Similarly, no spontaneous autoimmunity
arose in RIP-IL-2 transgenic mice or RIP-IL-2/RIP-Kb double
transgenic mice (18). Sensitization to islet antigens (Kb) was
not directly demonstrated in transgenic mice that expressed H-
2Kb and IL-2 in pancreatic 6 cells and also had the T cell
receptor specific for Kb, although the development of diabetes
was accelerated (19). These discrepancies indicate that cyto-
kines differ in their ability to cause specific immune sensitiza-
tion and emphasize the unique capacity of IFN-y to elicit T cell
responses.

The expression of B7-1 on the APC but not on pancreatic
islet cells is consistent with the notion that the killing of targets
by effector CTL does not require costimulatory signals (20).
Transgenic expression of B7-1 molecules on pancreatic 63 islet
cells has been reported to confer antigen presenting ability to
islet cells (21, 22); however, it is not clear if parenchymal cells
can express costimulatory molecules physiologically in vivo or
if such cells expressing costimulatory molecules are able to
present antigen in natural autoimmune disorders or models. In
contrast to those models, specific sensitization to self antigens
by IEN-y in our system might be related to the expression of
costimulatory molecules such as B7-1 on, and their presentation
by, APC infiltrating the pancreas of transgenic mice. In this
regard, the pathway for the activation of ignorant lymphocytes
in this model is different from that postulated by Bottazzo et
al. (23) in which epithelial cells express aberrant class II MHC
molecules and present self antigens without the help of APC
leading to autoimmunity.

The pathway to immunological sensitization to pancreatic
LCMVantigens by local production of IFN-y is clearly distinct
from the systemic sensitization to LCMVantigens after LCMV
infection with diabetes resulting from crossreactivity to the
same viral (islet) antigen (6, 7). Our system probably involves
sensitization of lymphocytes to islet LCMVantigens within
nonlymphoid peripheral organs where IFN-y is expressed.
However, in related experiments, systemic administration of
IFN-y to uninfected RIP-LCMV mice failed to elicit diabetes
(7). The discrepancy between these results and our data could
reflect a difference in the concentration or duration of IFN-y
experienced locally or a hierarchy effect mediated by a general
suppression of lymphoid tissues, rendering peripheral inflam-
matory responses unlikely. Recent studies using double
transgenic mice expressing both IFN-y and human CD4 in the
pancreatic /3 cells failed to demonstrate humoral autoimmunity
directed to the CD4 molecule (24). As a Thl-promoting, Th2-
inhibiting cytokine, the effect of production of IFN-y would
favor a cellular immune response rather than a humoral response

(25), which could explain the absence of humoral response to

CD4. This would also explain the absence of anti-LCMV anti-
body in NPJ/IFN-y' and GP+/IFN-y' mice in our system.

Our results, the striking demonstration of spontaneous CTL
generation in mice with a normal, unmanipulated T cell reper-
toire, suggest that one mechanism of autoimmunity may result
from local activation of lymphocytes specific for self antigens
but ignorant of those antigens because of their location on non-

APC. These lymphocytes become activated by alteration of the
pancreatic environment such as elicitation of cytokines. Those
lymphocytes corresponding to self constituents would then be
able to respond to their respective antigens and initiate an auto-
immune response which could be perpetuated by their prolifera-
tion within the tissue, subsequent cellular damage, and libera-
tion of other sequestered antigens allowing the amplification of
the anti-self response. The acceleration of diabetes observed in
our double transgenic mice could reflect the ability of a single,
well-represented antigen to intensify this process.
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