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Abstract

The participation of IL-2 in insulin-dependent (type 1) dia-
betes (IDDM) was analyzed in transgenic (tg) mice express-
ing the nucleoprotein (NP) of lymphocytic choriomeningitis
virus and IL-2 under control of the rat insulin prometer
focally in B cells of the islets of Langerhans. Insertion and
expression of the viral (self) gene or of the IL-2 gene alone
did not lead to IDDM. Infiltration primarily of CD4 and B
lymphocytes and increased expression of MHC class I and
II molecules occurred in islets where IL-2 was expressed.
By contrast, neither cellular infiltrates nor expression of
MHC class I or II glycoproteins above base levels was noted
in tgs expressing the viral protein alone. Double tg mice
expressing both the viral protein and IL-2 in their islets
displayed a modest increase in incidence of spontaneous
diabetes compared with that of single transgenic mice ex-
pressing IL-2 alone. Breaking of immunological unrespon-
siveness or sensitization to self antigens did not occur. Nei-
ther cytotoxic T lymphocytes (CTL ) nor antibodies directed
against the viral tg (NP) were generated. However, after
challenge with lymphocytic choriomeningitis virus, double
tg mice developed anti-self (viral) CTL and IDDM (inci-
dence > 95%) within 2 mo. The generation of virus
(““self **)-specific MHC-restricted CTL was dependent on
CD4* help. In contrast, viral inoculum to single tg mice
expressing either the viral protein or IL-2 failed to enhance
the incidence of IDDM over 30% for viral protein or 10%
for IL-2 after an 8-mo observation period. Hence, in this
autoimmune model in situ expression of IL-2 did not break
unresponsiveness but markedly enhanced ongoing disease.
(J. Clin. Invest. 1995. 95:477-485.) Key words: interleukin-
2 « autoimmune diabetes « lymphocytic choriomeningitis vi-
rus * cytotoxic T lymphocytes - CD4* help

Introduction

Destruction of the insulin-producing S cells located in the islets
of Langerhans leads to insulin-dependent diabetes mellitus

Address correspondence to Dr. Michael B. A. Oldstone, Division of
Virology, Department of Neuropharmacology, The Scripps Research
Institute, 10666 N. Torrey Pines Road, La Jolla, CA 92037. Phone: 619-
554-8054; FAX: 619-554-9981.

Received for publication 15 July 1994 and in revised form 20 Sep-
tember 1994.

(IDDM).! Host genes, T cell autoimmune responses, cytokines,
and viruses have all been implicated in the initiation and pro-
gression of this disease. We have created transgenic (tg) mouse
models to allow a dissection of the potential role(s) of these
various components (1, 2). Initially we showed (1) that tg
mice expressing a viral (*‘self ’’) nucleoprotein (NP) gene of
lymphocytic choriomeningitis virus (LCMV) in pancreatic
cells under control of the rat insulin promoter (RIP) fail to
develop IDDM even over a 15-mo observation period. How-
ever, despite the presence of the viral gene since the egg stage
these mice are not tolerant to the transgene, as upon exposure
to LCMV > 95% develop IDDM in 3—-6 mo and all generate
both an anti-viral (anti-self) CD8* cytotoxic T lymphocyte
(CTL) response and anti-viral antibodies. Later studies includ-
ing adoptive transfer of CD8* cells recovered from their islets,
immunochemical depletion, and use of CD8 knockout mice
indicate that these effector T cells are responsible for the selec-
tive and progressive damage of pancreatic 8 cells leading to
IDDM (1, 2).

Activation of naive T lymphocytes is a multifaceted process
requiring binding of the T cell receptor to the appropriate MHC/
peptide complex and costimulation with B7 or allogeneic splee-
nocytes (3) and cytokines. The cytokine IL-2 is the dominant
cytokine produced in an autocrine fashion by naive CD4* and
CD8* (CD45RO) T lymphocytes (4) and is required for their
differentiation into CD8* effector CTL (5) or Th, and Th,
subsets of CD4* lymphocytes (6). Several in vitro studies have
demonstrated IL-2’s effect on Th1 CD4* T lymphocytes includ-
ing the reversal of immunological anergy (7). Further, IL-2 can
activate non—MHC-restricted killer cells (8), tumor-infiltrating
lymphocytes (9), and CTL (10-13). It also interferes with the
maintenance of immunological tolerance in vivo. For example,
IL-2 expressed focally in 3 cells of transgenic mice can provide
exogenous help to activate potentially autoreactive but silent
T cells and can cause IDDM in an allogeneic model (14).
Furthermore, peripheral T cell tolerance in thymectomized mice
(15) has been reversed by IL-2. In this model potentially autore-
active T cells that escape thymic elimination persist in the pe-
riphery but become ignorant. These cells can be reactivated in
vivo by high levels of IL-2 (16). Other studies in a chimeric
human/SCID model have also demonstrated that IL-2 can reac-
tivate unresponsive anti-self T lymphocytes (17).

To explore the potential role of IL-2 in breaking immunolog-
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ical ignorance to a viral transgene, we generated double tg mice
that expressed the viral (‘‘self ’’) transgene and IL-2 focally in
B cells in the islets of Langerhans. This allowed us to address
two questions. First, can IL-2 expressed in concert with a viral
(“‘self ”’) gene spontaneously activate an anti-viral CTL re-
sponse and initiate IDDM? Second, does the focal expression
of IL-2 potentiate the incidence of IDDM after infection with
virus later in life? Results presented here indicate that the local
expression of IL-2 is unable, per se, to break the unresponsive
state (failure to generate anti-viral [self] CD8* CTL) to the
viral transgene. Such double tg mice fail to develop IDDM
despite the presence of infiltrating CD4* and B cells around
islets and induction of MHC class I and II molecules on the
surface of pancreatic B cells. However, after infection with
LCMV, IL-2 markedly potentiates the incidence of IDDM. At
this time, autoreactive CD8* CTL to the viral (self) antigen
occur and this response is dependent on CD4 * T helper lympho-
cytes.

Methods

Transgenic mouse lines. The tg mouse line expressing the LCMV NP,
NP 25-3, was generated in H-2® (C57B1/6) mice using the RIP vector
and cDNA clone for LCMV NP (1, 18, 19). Such mice express the
transgene in the S cells of the islets of Langerhans and thymus but not
other tissues (2). These mice fail to display a mononuclear cellular
infiltrate in or around the islets and do not develop IDDM unless chal-
lenged with LCMV (1). H-2* X H-2®"! (CBA X B10.BR) tg mice
expressing IL-2 in f cells through the use of the RIP were generated
by Allison et al. (20). These mice display mononuclear cell infiltrates
in and around their islets and have a spontaneous incidence of IDDM
of < 10%. Doubly tg mice that expressed both LCMV NP and IL-2
focally in their 3 cells were made by mating H-2° RIP NP 25-3 to RIP
IL-2 mice. Progeny were bred five generations to the C57B1/6J (H-
2°) background, and expression of both LCMV NP and IL-2 transgenes
was confirmed by PCR (2).

Virus. Virus used was LCMV Armstrong (ARM), clone 53b. Its
origin, quantitation by plaquing, sequence, and biological properties
have been described (21).

CTL assay. CTL activity was recorded in a 5-6-h in vitro *'Cr
release assay (1). Samples were run in triplicate and variance was
< 10%. To judge CTL activity, uninfected or targets infected with either
LCMV ARM (MOI 1) or vaccinia virus expressing LCMV NP or
LCMYV glycoprotein (GP) (MOI 3) were used. Target cells were H-2°
(MC57), H-2¢ (BALB C17), or H-2* fibroblasts. Lymphocytes from
spleens of 8—12-wk-old unimmunized mice or mice inoculated 7 d
earlier with 2 X 10° plaque forming units (pfu) of LCMV ARM intra-
peritoneally were used as effectors at 50:1, 25:1, and 12:1 effector:target
ratios, while H-2®° and H-2¢ restricted LCMV specific CTL clones (22—
25) were used at effector:target ratios of 10:1, 5:1, and 1:1. Other
secondary CTL lines and clones were generated and cloned by limiting
dilution (26). For coating of target cells with peptides, target cells were
preincubated with the respective peptide at 50 pg/well 30 min before
starting the incubation for the >'Cr release assay.

Recovery of CTL from pancreas. CTL were isolated from pancreata
as described (1). Briefly, tissue obtained from transgenic mice were
freed from fat and lymphoid tissue. Collagenase digestion was carried
out and lymphoid cells were purified through a Ficoll-Hypaque gradient.

Analysis of IDDM. IDDM was defined by hyperglycemia, low levels
of pancreatic insulin, and a mononuclear infiltration in the islets. Blood
samples were obtained from the retro-orbital plexus of mice at weekly
or monthly intervals. Amount of glucose in the blood was determined
using Accucheck II strips (Boehringer Mannheim, Indianapolis, IN).
Mice with glucose values > 300 mg/dl were considered diabetic (nor-
mal blood glucose for age- and sex-matched control was mean+1 SE
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[20-40 mice/group] 185+7). Mice with values > 300 mg/dl were
killed. Insulin concentration in the pancreas was determined by radioim-
mune assay (1). Levels of 10 pg insulin or less per milligram of pancre-
atic tissue were considered abnormal, with normal levels of insulin being
50 pg/mg+12 (1). Absence or presence of mononuclear cells in the
islets was studied in tissues fixed in 10% zinc formalin, mounted in
paraffin, and stained with hematoxylin and eosin (1, 2).

Immunohistochemical analyses of tissues. Inmunochemical studies
were carried out on 6—10-um cryomicrotome sections. Tissues were
quick frozen in O.C.T. compound, and a 6—10-um section was obtained,
fixed for 1 min in 1% paraformaldehyde, washed in PBS, and incubated
with avidin/biotin to remove nonspecific binding. Primary antibodies
were applied for 1 h. These consisted of rat anti—mouse CD4 (clone
RM 4-5), anti-CD8 (clone 53-6.7), anti-B220 (clone RA3 6B2), anti-
F4/80 (clone A3-1), anti-MAC-1 (clone M 1/70), anti—vascular cell
adhesion molecule, anti—class I (clone M 1/42) and anti—class II (clone
MS5/114) (PharMingen, San Diego, CA, and Boehringer Mannheim),
and mouse anti-LCMYV antibody 1.1.3. A 1-h incubation with secondary
antibody (biotinylated goat anti—rat [ or anti—mouse] IgG [ Vector Labs,
Inc., Burlinghame, CA]) followed. Color reaction was obtained after
sequential treatment with avidin-horseradish peroxidase conjugate
(Boehringer Mannheim) and diaminobenzidine/hydrogen peroxide (2).

Phenotyping and selective depletion of lymphocytes. Cultured lym-
phocytes were phenotyped by FACS® using monoclonal antibodies to
murine CD4 (rat monoclonal antibody YTS 191.1.1) and CD8 (rat
monoclonal antibody YTS 169.4.2) (1). For depletion of CD4* or
CD8* T lymphocyte subsets, monoclonal rat anti—mouse antibodies 53-
6-72 and GK 1.5 were used, respectively (2). Briefly, mice were injected
intravenously with 1 mg/0.2 ml of the appropriate antibody 2 d before
and 4 d after LCMV infection. Depletion was confirmed by FACS®
analysis.

Biochemical studies. Mice carrying the LCMV transgenes were
identified by hybridization of DNA extracted from tail biopsies using
an LCMV-NP-specific probe (1). For RNA analysis, RNA was ex-
tracted from peripheral blood mononuclear cells and organs (thymus
and pancreas) using the GTC method (2, 27). RIP IL-2 mice were
screened by PCR technique (27). The PCR was run for 40 cycles and
products were analyzed on a 3% agarose gel. Primers used were: IL-2/
2A 5' CTCAACAAGCCCTCAATAAC 3’ and IL-2/2B 5' AACCCC-
GTCTCTACCA 3’. IL-2/2A locates within the mouse IL-2 sequence
whereas IL-2/2B binds to the growth hormone sequence at the 3’ end
of the construct. The product is 410 bp in size (20).

Results

Production of tg mice and expression of LCMV NP RNA.
LCMV NP expression was directed to pancreatic S cells of H-
2° x H-29 mice using the RIP fused to cDNA encoding the NP
of LCMV strain Armstrong (1). Founder mice were bred for
four generations to the H-2° (C57/B16) background and made
CTL responses when inoculated with LCMV that were re-
stricted exclusively to H-2® (D®) LCMV epitopes, i.e., GP aa
33-41, GP aa 276-286, NP aa 396-404, but not to H-2¢
LCMV infected targets (22-25, 28). Such mice express the
viral transgene in the islets of Langerhans and the thymus but
not other tissues, i.e., brain, liver, muscle, spleen, heart, lung,
or kidney (2). These RIP NP 25-3 (H-2") mice were bred to
RIP IL-2 (H-2*¥ X H-2") (CBA X B10.BR) tg mice that ex-
pressed IL-2 in their 3 cells. Such double tg mice were bred to
H-2° (C57B1/6J) mice for an additional five generations. The
resulting offspring made CTL responses restricted exclusively
by H-2° and not by H-2* (data not shown).

RIP NP 25-3 X IL-2 doubly tg mice do not spontaneously
generate anti-self (virus) CTL and do not develop IDDM.
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IDDM as judged by blood glucose levels > 300 mg/dl, insulin
levels < 10 pg insulin/mg of pancreatic tissue, and the accumu-
lation of mononuclear infiltrates in the islets did not occur in
NP 25-3 single tg mice unless challenged with LCMV ARM
(references 1 and 2, Fig. 1, and Fig. 2, panel /a). Tg mice that
locally express IL-2 in their islets spontaneously showed an
accumulation of mononuclear cells in and around their islets
(reference 20 and Fig. 2, panel 2a), and 10% of such mice had
elevated blood glucose levels (Fig. 1). However, mice from
these transgenic lines did not spontaneously generate anti-
LCMYV CTL (Table I). We next evaluated whether mice ex-
pressing both the viral and IL-2 genes in their islets would
spontaneously generate an anti-viral (anti-self) CTL response

and develop IDDM. Table I indicates that in situ expression of -

IL-2 does not sensitize these double tg mice to make LCMV
NP-specific CTL. By contrast, focal expression of y-IFN does
(Table I). As shown by Lee et al. (29) and confirmed here,
splenic lymphocytes from double tg mice that expressed both
LCMV NP (line NP 25-3) and y-IFN (RIP y-IFN) generate
LCMYV NP-specific CTL. Lymphocytes harvested from NP 25-
3-H-2° or H-2 tg mice fail to spontaneously generate NP CTL
and have an incidence of IDDM < 5% (1, 2). Thus, of 210
RIP NP mice studied, only 2 had blood glucose values of > 300
mg/dl after observation for 15 mo, and none of those tested
spontaneously made anti-viral CTL (1, 2). Both hyperglycemic
mice failed to display mononuclear cell infiltrates in the islets,
but instead showed swollen, ‘‘ground-glass’’ appearing islet
cells (1). RIP IL-2 single tg mice had an incidence of diabetes
of 10%, with 3 of 30 observed mice displaying blood glucose
> 300 mg/dl (Fig. 1). Double tg (RIP LCMV NP X RIP IL-
2) mice spontaneously develop IDDM with an incidence of
25% over a 12-mo observation period, with 3 out of 12 mice
having blood glucose values above 300 mg/dl.
Immunohistochemical analysis of islets from RIP LCMV NP
25-3 X RIP IL-2 double tg mice. The islets of doubly tg mice
(RIP NP X RIP IL-2) or single tg mice expressing IL-2 only
(RIP IL-2) showed infiltration primarily of CD4" cells (Fig.
2, panel 2b) and B lymphocytes (Fig. 2, panel 2e) with rela-
tively less CD8* cells (Fig. 2, panel 2d). Macrophages were

2 x 10° pfu LCMV intraperitone-
ally.

noted only in the periphery of islets (Fig. 2, panel 2¢). Expres-
sion of MHC class I (data not shown) and MHC class II on
islet cells was present only in RIP IL-2 tg mice or double tg
RIP NP X RIP IL-2 mice (Fig. 2, panel 2 f compared with panel
1f). By contrast, neither infiltration of CD4* or CD8" cells,
macrophages, B lymphocytes (Fig. 2, panels /b—1Ie) nor ex-
pression of MHC glycoproteins on islet cells (Fig. 2, panel 1 f)
was noted in islets of RIP NP tg mice. FACS® analysis showed
elevated levels of CD4* lymphocytes in RIP tg mice with IL-
2 expression (50 vs 15% in non—IL-2 mice, Table II). LCMV-
specific IgG antibody levels measured by ELISA 3 wk after
viral infection were 1:10,000 in RIP IL-2 mice and 1:6,000 in
RIP NP mice (eight mice per group) (2).

RIP NP 25-3 single tg and the double tg RIP NP 25-3 X IL-
2 mice fail to mount a primary CTL response to the viral NP
after LCMV challenge. Both non-tg (normal controls) and RIP
IL-2 mice mount a vigorous CTL response to LCMV NP and
GP after challenge with LCMV (Table II). By contrast, single
or double tg RIP LCMV NP mice fail to generate a primary
CTL response to LCMV NP but generate a CTL response to
LCMYV GP that is equivalent to the observed GP CTL response
in non-tg controls (Table II).

RIP NP 25-3 X IL-2 doubly tg mice display a markedly
accelerated course of IDDM after LCMV challenge. Fig. 1
shows that at 8 mo after receiving 1 X 10° pfu of LCMV
intraperitoneally, both NP 25-3 and IL-2 single tg mice develop
relatively low incidences of IDDM (< 10% for RIP IL-2 and
30% for RIP NP 25-3, 16—20 mice/group). By contrast, viral
inoculated double tg mice (10 mice/group) have an incidence
of IDDM of 70% at 1 mo and > 90% at 2 mo after viral
challenge. Immunochemical analysis of the infiltrating cells
showed a pattern similar to that of IL-2 single tg mice before
viral challenge (Fig. 2, panels 2a-2 f compared with Fig. 3),
except that the number of CD8* lymphocytes found in the islet
infiltrate of doubly tg mice was markedly increased (Fig. 3 e
compared with Fig. 2, panel 2d). Expression of the viral tg in
single and double tg mice was assessed by immunohistochemis-
try. For islets studied from four mice of each group, the expres-
sion of LCMYV NP in S cells was equivalent in RIP LCMV NP
as compared with RIP LCMV NP X RIP IL-2 mice.
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Figure 2. Histopathology and immunochemical analysis of islets of Langerhans in non-viral treated RIP IL-2 or RIP IL-2 X NP 25-3 compared
with RIP NP tg mice. Inmunohistochemical staining of consecutive 5—6-um sections of islets was carried out as described in Methods. At least
three different areas were surveyed per mouse. 10 mice were studied from each experimental group, representative sections are shown that were
similar for each mouse in that particular group. Sections shown were processed and stained at the same time. Findings in RIP IL-2 single tg and
RIP NP 25-3 X RIP IL-2 double tg mice were identical. Magnification is 200-fold. Panels indicate tg mouse and the particular strain under
observation. Ia, RIP NP, HE; 2a, RIP IL-2, HE; 1b, RIP NP, CD4; 2b, RIP IL-2, CD4; Ic, RIP NP, F4/80; 2c, RIP IL-2, F4/80; I1d, RIP NP,
CD8; 24, RIP IL-2, CDS; le, RIP NP, B220; 2¢, RIP IL-2, B220; 1f, RIP NP, class II; and 2f, RIP IL-2, class II.

Breaking of unresponsiveness in RIP IL-2 X RIP NP 25-3
doubly tg mice is associated with the generation of CD4 help
Jor anti-self (virus) CD8* CTL. We showed previously that
NP-specific CD8* lymphocytes infiltrate the islets of Langer-
hans and that adoptive transfer of this purified cell population
caused IDDM in a virus-specific MHC-restricted manner (1,
2). Breaking of initial unresponsiveness to LCMV NP in RIP
NP tg mice occurred over time and was CD4 " help dependent
(2). LCMV NP-specific CTL could only be recovered from
mice when they developed IDDM (2). The sequence of LCMV
NP recognized by LCMV-specific CTL restricted by H-2" is
FQPQNGQFI, aa 396—404 (22-25, 30). Observations made
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with CTL from RIP NP X RIP IL-2 double tg mice and pre-
sented in Table III parallel these previous findings. While pri-
mary CTL to LCMV NP were not generated by RIP NP X IL-
2 double tg mice after LCMV immunization (Table II), they
nevertheless could be obtained in association with the onset of
IDDM from both spleens and pancreatic target tissue. These
CD8™ anti-NP (‘‘anti-self **) CTL depended on CD4 ™ help, as
depletion of CD4* cells prevented their generation and the onset
of IDDM (Table IIT). The anti-viral H-2° CTL recovered from
RIP NP 25-3 X RIP IL-2 double tg mice recognized the same
NP amino acid sequence FQPQNGQFI as did CTL from non-
tg H-2® controls or RIP IL-2 mice (data not shown). Affinity



Table 1. Doubly tg RIP NP 25-3 X RIP IL-2 Mice Do Not Spontaneously Generate LCMV-specific CTL

Percent Cr’' release from target cells

H-2° H-2¢
Secondary CTL ARM vvGP vvNP ARM vvGP vvNP
H-2° + LCMV 36+4 25+3 24+4 Nil Nil 3+2
H-2 + LCMV 5+1 Nil Nil 507 Nil 35+4
RIP-NP 25-3 no LCMYV alone 0 0 0 0 0 0
XRIP IL-2 (H-2" 0 0 0 2+1 1+0 3+1
XRIP IFN-y (H-2%)* 0 0 0 35+8 0 205
RIP IL-2 no LCMV 0 0 0 0 0 0
RIP IFN-y no LCMV 0 0 0 0 0 0

CTL activity measured in non-viral treated RIP NP 25-3 mice, RIP IL-2 mice, and doubly tg mice (RIP NP X IL-2 or RIP NP X IFN-vy). Groups
displayed contained at least five mice and the mean value+1 standard devation is shown. Splenocytes were harvested from 4-mo-old non-viral
treated double tg mice and from virus-infected single tg mice (RIP NP or RIP IL-2) or non tg controls (Balb/cByJ or C57B1/6) 45-90 d after
infection with 2 X 10° pfu LCMV intraperitoneally. The splenocyte suspension was cultivated for 8 wk in vitro on feeder macrophages (see
Methods). Thereafter, CTL activity was determined by a 5-h *'Cr release assay. Target cells were Balb (H-2¢%) and MC57 (H-2) fibroblasts infected
with LCMV ARM or vaccinia viruses expressing NP or GP of LCMV. The effector to target ratio used was 20:1, 10:1, and 5:1 with data for 10:1
shown. Samples were run in triplicate, variance was < 10%, and numbers shown reflect the mean value. * See reference 29.

studies using log dilutions of peptide (FQPQNGQFI) from 10 ¢ an inflammatory response in and around the pancreatic 3 cells.

to 107'* M to coat target cells revealed no affinity differences
between CTL generated in RIP NP or RIP IL-2 tg mice or non-
tg littermates.

Discussion

Using a model of virus-induced autoimmune diabetes, we report
here two novel findings. First, the cytokine IL-2 cannot, by
itself, break immunologic ignorance in vivo. Despite the focal
expression of IL-2 in the islets, activation of unresponsive po-
tentially anti-self (viral) T lymphocytes does not occur. Such
anti-self (viral) CTL are only activated after subsequent viral
infection indicating that other factors in addition to IL-2 are
required. Of interest, failure to break ignorance occurs despite
the fact that the focal production of IL-2 in the islets induces

The second finding is that IL-2 markedly reduces the time re-
quired for the onset of IDDM and enhances the incidence of
IDDM once the anti-self CTL response has been initiated by a
viral infection.

The etiology of autoimmune type I diabetes in humans is
not clear (31, 32). Among possible pathogenetic triggers, envi-
ronmental agents such as viruses have been implicated. One
hypothesis postulates two events for induction of autoimmune
IDDM. First, contact with a virus early in life results in persis-
tence of viral antigen in the islets of Langerhans. The second
event is an infection with the same virus or antigenetically
related pathogen later in life. A consequence of the infection is
the induction of an immune response that crossreacts with viral
(self) antigens in the pancreas and leads to destruction of the
islet cells and results in IDDM. This hypothesis is supported

Table II. RIP IL-2 X RIP NP Mice Fail To Generate a Primary LCMV CTL Response to the Viral NP

H-2" splenocytes

Specific Cr’' release (%)

H-2° H-2¢
% %
CD4 CD8 ARM vvNP vvGP vvGP1 ARM
RIP NP 15+3 23+4 450+5 0 22+4 27+3 0
RIP IL-2 45+5 28+4 55+19 307 28+5 40+8 3+1
RIP IL-2 X RIP NP 50+9 20+8 28+8 0 15+7 40+6 2+1
Non-tg 18+4 28+7 32+6 25+5 27+4 33+7 T7+4

CTL activity in RIP IL-2 or RIP NP mice on day 7 after challenge with 2 X 10° pfu LCMV intraperitoneally. Data are recorded as the mean
value+1 SD, at least six mice per group. CTL activity was assayed at 7 d after administration of 2 X 10° pfu of LCMV ARM 53b intraperitoneally.
tg mice selected for analysis of CTL were those having normal blood glucose (18020 mg/dl). Single cell suspension of spleen lymphocyte effectors
was used at effector to target ratios of 50:1 and 25:1 with data for 50:1 shown. Target cells were H-2® (MC57) and H-2¢ (BALB/C17) fibroblasts
labeled with >'Cr and used either uninfected or infected for 48 h with LCMV ARM or vaccinia virus expressing LCMV GP or expressing LCMV
NP (1). Samples were run in triplicate and mean determination was obtained in a 5-h *'Cr release assay. Variance was <10%. CD4 and CDS8 levels
in PBL from individual mice were determined by FACS® (see Methods). Values shown here are representative for CD4 and CD8 cell counts found
in 15 other unprimed RIP IL-2 mice.
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Table III. Secondary CTL Reactivity in RIP IL-2 X RIP NP Mice 60 d after Infection with LCMV ARM

Transgenic (H-2") mice Specific *'Cr release (%)
FACS® H-2* H-2¢
RP ————— Ratio it
RIP IL-2 NP %CD4 %CD8 Mice ET ARM VNP WGP WGPl WGP2  ARM  Diabetes
No No 18 24 68 5:1 80 64 35 63 30 7 No
+ No 52 22 23 5:1 76 27 31 16 41 3 No
+ No 44 18 18 5:1 55 31 15 33 15 5 No
No + 19 28 32 5:1 34 Nil 26 ND ND Nil No
CD4-depleted
+ + 2+1 27+4 5 mice 5:1 7315 Nil 33+8 38+7 42+10 Nil No
CD8-depleted
+ + 55+8 3+2 5 mice 5:1 9+3 8+2 1+1 5+2 Nil 1+1 No
Not depleted
+ + 51+13 2011 4 mice 5:1 38+12 28+9 24+8 22+9 19+5 Nil Yes

CTL activity of secondary cultures derived from RIP IL-2 X RIP NP mice before and after onset of IDDM after challenge with 2 X 10° pfu LCMV
intraperitoneally. Data from individual mice (68, 23, 18, and 32) or the mean+1 SD from five CD4-depleted or five CD8-depleted or four RIP IL-
2 X RIP NP mice are shown. CTL activity was assayed from secondary cultures of spleens harvested 60 d (no IDDM or IDDM) after administration
of 1 X 10° pfu of LCMV ARM 53b intraperitoneally. tg mice selected for analysis of secondary CTL were those having normal blood glucose
(18020 mg/dl) at day 30-45 or elevated blood glucose (>350 mg%) at day 120 after LCMV challenge. Secondary CTLs were used as effector
to target ratios of 5:1 or 2.5:1 with data for 5:1 shown. Target cells were H-2° (MC57) and H-2° (BALB/C17) fibroblasts labeled with *'Cr and
used either uninfected or infected 48 h with LCMV ARM or vaccinia virus expressing LCMV GP or LCMV NP (1). Samples were run in triplicate
and mean determination was obtained in a 5-6 h *'C release assay. Variance was <10%. Splenic lymphocytes were obtained from mice immunochemi-
cally depleted of CD4* or CD8* cells before viral challenge where indicated. Depletion of CD4 and CD8 expressing lymphocytes was done as

described in Methods. Mice that did not become diabetic were followed up to 10 mo.

by development of the RIP LCMV tg mouse model and its
subsequent manipulation with viral infection (1, 2, 33).

Development of IDDM was dependent on the generation of
LCMV specific (anti-self) CD8* CTL in all tg lines studied.
However, several lines showed a rapid onset of IDDM, with
diabetes occurring within 10—14 d (2, 33) while other lines
displayed a slow onset, with diabetes occurring 2—5 mo after
viral challenge (1, 2). Those with the rapid onset IDDM ex-
pressed the tg only in the pancreas, did not require CD4 * help,
and generated high-avidity CD8* CTL (2). The slow onset
IDDM was studied in this report and is characterized by expres-
sion of the tg in the thymus as well as the pancreas, generation
of lower activities of anti-self CD8* CTL, and the need of
CD4* help for the generation of these CTL (2). It is during
the delay phase after viral infection until the onset of IDDM
that ignorance (unresponsiveness) to the viral tg (self-antigen)
in the pancreas is broken and autoreactive T cells are activated.
Based on in vitro and in vivo studies, several cytokines, espe-
cially IL-2, have been implicated in this activation process and
thus with the pathogenesis of IDDM (33-35).

To test the ability of IL-2 to either break immunologic igno-
rance of CD8* CTL in vivo or to enhance autoimmune disease
once initiated, we used tg technology to focally express IL-2

and the (self) viral transgene in the islets of Langerhans. tg
mice that express constitutive levels of IL-2 alone in their pan-
creas (RIP IL-2 transgenics) have been characterized (20).
When IL-2 is expressed at a high level, mice die at an early
age due to destruction of the pancreas associated with a predom-
inantly macrophage-containing inflammatory infiltrate. Those
lines expressing IL-2 at a moderate to low level develop peri-
and intra-islet infiltrates over time. The infiltrates are comprised
mainly of CD4* cells. However, spontaneous incidence of dia-
betes is infrequent and autoimmunity is not detected (20). We
mated tg mice that expressed low levels of IL-2 to RIP NP 25-
3 mice that expressed LCMV NP in the pancreas but do not
spontaneously develop IDDM. The double tg progeny (RIP
LCMV X RIP IL-2) were then analyzed to see whether IL-2
could break immunologic ignorance. The focal presence of IL-
2 did not lead to activation of anti-self (viral tg) CTL or to a
dramatically higher incidence of IDDM in these double tg mice
(incidence of IDDM = 10% in IL-2 tg mice, 25% in double tg
mice) indicating that IL-2 alone was insufficient. The inability
to break immunologic ignorance occurred despite IL-2—induced
infiltration of islets with CD4 cells and B cells coupled with
elevated expression of MHC class I and II molecules on islet
cells. Although IL-2 is able to activate cytotoxic T cells under

Figure 3. Histopathology and immunochemical analysis of islets of Langerhans in RIP IL-2 X NP 25-3 transgenic mice 8 wk after infection with
2 X 10° pfu LCMV intraperitoneally. Immunohistochemical staining of consecutive 5-6-um sections of islets was carried out as described in
Methods. At least three different areas were surveyed per mouse. 10 mice were studied from each experimental group, representative sections are
shown that were similar for each mouse in that particular group. Sections shown were processed and stained at the same time. Magnification is
200-fold. Panels indicate the particular stain under observation. @, hematoxylin/eosin; b, MHC class II; ¢, CD4*; d, MHC class I; ¢, CD8"; f,

B220; g, F4/80; and h, vascular cell adhesion molecule.
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specific conditions in vitro (5, 10), we could find no evidence
that it performed that task in vivo (Tables I and II, Figs. 2 and
3) without virus priming. Thus, while IL-2 supports the growth
of T lymphocytes, both Th1 and Th2, other cytokines like IFN-
7 are probably needed to skew the response to Thl-cells (36,
37). This concept is supported by the ability of y-IFN to sponta-
neously generate anti-viral CTL in the RIP LCMV tg mice
(Table I). B cells do not function as proper antigen-presenting
cells (APCs) even in the presence of IL-2, possibly because of
the lack of costimulation signal(s). Recent studies (references
38 and 39 and von Herrath, M. G., S. Guerder, R. Flavell, and
M. B. A. Oldstone, manuscript in preparation) (38, 39) indicate
that expression of B7.1 on target or islet cells makes them
competent APCs for the induction of CTL killing. The twofold
higher incidence of spontaneous IDDM observed in double tg
mice (RIP IL-2 X RIP NP) compared with single tg littermates
expressing IL-2 alone is not due to specific activation of anti-
self (virus) CTL (Table I). Perhaps accumulation of transgene
products renders 3 cells more susceptible for destruction. Alter-
natively, the activation of precursor CTL (pCTL) might occa-
sionally occur but in numbers too low to be measured in the
CTL assay or too few to produce IDDM. Heath and his col-
leagues (14) have found in their RIP-K® tg model that autoim-
mune diabetes only occurs in triple tg mice expressing IL-2,
K", and the T cell receptor specific for K® on > 90% of their
T cells indicating that the number of self-antigen—specific pCTL
is important with lower numbers not being sufficient to cause
disease.

While IL-2 does not lead to the breaking of immunologic
ignorance and autoimmunity, it does, however, potentiate the
development of autoimmunity in double tg mice after viral in-
fection (95% incidence of IDDM in double tg mice versus 30%
incidence in RIP NP single tg mice). A possible scenario is
that viral (self) antigen has to be presented to T cells by ‘pro-
fessional’’ APCs to lead to their specific activation. Presentation
of viral NP on the 3 cells without costimulation cannot activate
T cells and therefore does not lead to spontaneous autoimmunity
even in the presence of IL-2. However the viral infection pro-
vides the immune system with a ‘‘proper’’ presentation of viral
antigen. Once initiated, this process can be potentiated by the
action of IL-2, and the activated T cells are then able to react
with viral antigen presented on f cells. Another possibility is
that viral infection unleashes a battery of cytokines that favors
the switch to a Th1 phenotype and the development of IDDM.
Generation of IDDM in RIP NP X RIP IL-2 mice is still CD4*
help dependent (Table III), indicating that focal expression of
IL-2 alone cannot substitute CD4* help. Hence, other CD4*
helper cell-dependent factors such as y-IFN (40) are likely
needed for development of IDDM.

Recent studies with IL-2 knockout mice show that IL-2 has
no effect on the generation of a primary LCMV-specific CTL
response (41). In our model, however, primary anti-LCMV
NP CTL are not found because most are deleted due to thymic
expression of NP (Table II and [2, 42]). Thus, IL-2 has an
effect by facilitating the breaking of ignorance and the genera-
tion of secondary NP-specific CTL. These findings suggest a
differential role for IL-2 in events required for the primary anti-
viral immune response and rapid onset IDDM as compared with
its role in the slower onset IDDM. Observations supporting this
concept come from work of Biron and colleagues (43, 44) in
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demonstrating that CD4* cells and IL-2 are required for sus-
taining the anti-LCMV immune response over time.

The incidence of IDDM for LCMV-challenged RIP NP 25-
3 mice generated by breeding to the RIP IL-2 mice (H-2°
[C57B1/6 X B10.BR/CBA] background) was lower (Fig. 3)
than described previously for RIP NP 25-3 mice bred to the H-
2° (C57B1/6) background (2). This suggests that non-MHC
linked B10.BR/CBA genes likely play a role in suppressing
the ordinarily expected kinetics for IDDM in C57B1/6 (H-2°)
mice. Thus, the introduction of genes from the CBA or B10.BR
backgrounds altered the susceptibility and kinetics of IDDM,
even though the double tg mice used were backcrossed to H-
2° (C57B1/6J) for five generations and made CTL responses
restricted by H-2° and not H-2* (CBA). Other studies (45)
have shown that the overall genotype still differs up to 46% at
the fifth backcross depending on the gene locus linkage.

The use of the double tg model can allow the dissection of
the specific role(s) played by cytokines in vivo in the pathogen-
esis of several diseases including IDDM. As experience grows
with tg models on different genetic backgrounds manipulated
by viral or environmental triggers, the multifactorial etiology
for the pathogenesis of IDDM and prevention strategies for
IDDM should become clearer.
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