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Virus-specific cytotoxic T lymphocytes (CTL) at frequencies of >1/1,000 are sufficient to cause insulin-
dependent diabetes mellitus (IDDM) in transgenic mice whose pancreatic b cells express as “self” antigen a
protein from a virus later used to initiate infection. The inability to generate sufficient effector CTL for other
cross-reacting viruses that fail to cause IDDM could be mapped to point mutations in the CTL epitope or its
COO2 flanking region. These data indicate that IDDM and likely other autoimmune diseases are caused by
a quantifiable number of T cells, that neither standard epidemiologic markers nor molecular analysis with
nucleic acid probes reliably distinguishes between viruses that do or do not cause diabetes, and that a
single-amino-acid change flanking a CTL epitope can interfere with antigen presentation and development of
autoimmune disease in vivo.

Insulin-dependent diabetes mellitus (IDDM) develops after
an individual’s insulin-producing b cells in the pancreatic islets
of Langerhans are destroyed by reactive T lymphocytes. This
process is multifactorial, involving host genes, autoimmune
responses, cytokines, and environmental factors (2, 8, 18). The
evidence for environmental influence is several pronged. First,
studies of monozygotic twins in which one has diabetes but the
other does not show a discordance rate of approximately 30 to
50% (18, 25). Second, more than 80% of cases of IDDM occur
in children with no family history of diabetes (18, 25). This
evidence is reinforced by linking the aberrant immune re-
sponses of several autoimmune diseases, including IDDM,
with somatic (antigen driven) rather than germline mutation
(27, 40) and by analyzing epidemiologic surveys that associate
multiple virus infections with IDDM (2, 9, 10, 30, 31).

For example, fulfilling Koch’s postulates, coxsackievirus,
which has been linked to diabetes (10, 31), was isolated from
the pancreas of a human with acute-onset diabetes and, upon
transfer, induced IDDM in an animal model (42). Several
systemic viral infections in humans preceded destruction of
islets of Langerhans accompanying mononuclear cell infiltra-
tion (12). In addition, 12 to 20% of children infected congen-
itally with rubella have IDDM (9, 19, 30). Finally, in several
model systems, viruses directly or indirectly cause IDDM (9,
11, 19, 20, 22, 23, 30). However, despite this compelling evi-
dence, in the vast majority of cases, no infectious agent (virus)
has been uniformly identified.

This paper directly addresses the reasons for this dilemma.
A transgenic mouse model is used in which a known viral gene
(the nucleoprotein [NP]) of lymphocytic choriomeningitis virus
(LCMV) is expressed in b cells (22). No injury to these cells
occurs throughout an animal’s life unless it is later exposed to
the same virus. The kinetics of IDDM onset and severity of

disease are also dependent on expression of the viral transgene
in the thymus as well as in b cells (32), on the numbers and
affinity of antiviral cells that escape negative selection and
survive in the periphery (13, 32, 34, 36), on the host’s major
histocompatibility complex (MHC) background (32, 34), and
on the expression of MHC molecules (35, 37) as well as T-cell
activation molecules (36) in the islets’ milieu. Although the
events by which mononuclear cells are activated, infiltrate the
islets, and destroy b cells, leading to hypoinsulinemia and hy-
perglycemia, are relatively clear in transgenic mice infected
with the same virus, the role played by unrelated or other
related viruses in causing IDDM is not.

This model allows us to address two fundamental issues.
First, what is the number of effector cells required to cause
disease? Second, what is the role played by unrelated or re-
lated viruses in causing IDDM? As expected, our results indi-
cate that infections by vaccinia virus (VV) or Pichinde virus,
representing viruses that do not generate cytotoxic T lympho-
cytes (CTL) cross-reactive with LCMV Armstrong (ARM)
strain NP, the viral protein expressed on b cells, do not cause
IDDM. Among the four strains of LCMV, a hierarchy of
IDDM relatedness occurred: i.e., the LCMV strains E-350,
Pasteur, and Traub elicited both CTL and antibody responses
that cross-reacted with LCMV ARM and the LCMV ARM
NP, but only ARM or E-350 infection elicited IDDM. The
critical difference uncovered was that ARM and E-350 gener-
ated a higher CTL NP precursor (pCTL) frequency, of at least
1 or more CD81 CTL per 1,000 splenic lymphocytes, which
were specific for the H-2d (Ld)-restricted LCMV NP epitope.
In contrast, Traub and Pasteur generated at least 8- to 20-fold
fewer pCTL, respectively, that recognized the same LCMV
ARM NP epitope. Furthermore, the molecular basis of why
the Pasteur and Traub strains failed to generate sufficient lev-
els of anti-LCMV NP (self) CTL is uncovered. The major
implications of our finding for the identification of etiologic
agent(s) that may cause an autoimmune disease like IDDM,
the molecular basis by which cross-reactive viruses may or may
not cause autoimmune disease, the quantification of numbers
of antigen-specific cells required to cause IDDM, and the im-
plications for successful immunotherapy are discussed.
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MATERIALS AND METHODS

Transgenic mice. The generation and use of a transgenic mouse line (RIP NP
25-3) that expresses the full-length LCMV ARM NP in b cells of the islets of
Langerhans have been described previously (22). Briefly, C57BL/6 (H-2b) 3
BALB/c (H-2d) mice were the source of oocytes, and eggs injected with the
transgene under control of the rat insulin promoter (RIP) were implanted in
pseudopregnant bxd females. The founder mouse contained integrated copies of
the transgene, had the ability to express and pass the transgene to its offspring,
and was crossed with BALB/c mice for at least 12 generations. Mice were
obtained from and bred in the mouse hepatitis virus pathogen-free facility of The
Scripps Research Institute (TSRI), La Jolla, Calif.

Virus stocks, reassortants, quantitation, and use. The LCMV ARM clone
53b, E-350, Pasteur, Traub, and ARM immunosuppressive variant clone 13
strains were obtained, triple plaque purified, and made into stocks as described
previously (6, 21, 22, 29). The genome of LCMV is composed of short (S) and
long (L) RNA strands. The complete genomic sequences of LCMV ARM and
LCMV ARM clone 13 are published in reference 29. The RNA corresponding to
the full-length NP of strains E-350, Traub, and Pasteur was amplified by reverse
transcription (RT)-PCR with oligonucleotide primers 59-GAGTGTCACAACA
TTTGGGCCTCTAA-39 (complementary to LCMV genomic positions 1642 to
1667) and 59-CGCACAGTGGATCCTAGGC-39 (corresponding to nucleotides
3357 to 3376 of the genomic RNA). The RT-PCR products were sequenced by
the fmol method (Promega).

Pichinde virus, a member along with LCMV of the Arenaviridae family, was
obtained from M. Buchmeier (TSRI) and triple plaque purified. All LCMV
strains and Pichinde virus were quantified by plaquing on Vero cells (6, 22). VV
recombinants expressing the full-length LCMV ARM clone 53b NP (VV/NP) or
glycoprotein (GP) (VV/GP) and VV were generated, quantified by plaquing, and
used as described previously (22, 38).

To initiate acute infection, 6- to 8-week-old mice were inoculated intraperi-
toneally (i.p.) with 105 PFU of plaque-purified LCMV. These mice generated
antiviral CTL that cleared this virus from their blood and tissues within 14 days
(15). Other mice were inoculated with 2 3 106 PFU of plaque-purified ARM or
clone 13 virus intravenously (i.v.). Mice inoculated with ARM cleared virus by
day 14; in contrast, mice inoculated with clone 13 failed to clear virus over a
4-month observation period (1, 3).

DNA, RNA, and protein analyses. Mice carrying the transgene were identified
by hybridization of DNA extracted from tail biopsies by using LCMV-specific NP
probes (22, 32). For RNA analysis, RNA was extracted from cells and organs
with guanidinium-isothiocyanate, treated with RNase-free RQ1 DNase to elim-
inate contaminating DNA, and run for 40 cycles by PCR. Products were identi-
fied on 2% agarose, and the use of LCMV NP primers resulted in a 289-bp
fragment. Expression of LCMV NP was determined by Western blot analysis,
radioimmunoprecipitation, or immunofluorescence with an NP-specific mono-
clonal antibody, 113 (22, 32).

Analysis of blood glucose and pancreatic insulin levels. Blood samples were
obtained from the retro-orbital eye plexus of each mouse at biweekly or monthly
intervals. Glucose was measured by the glucose oxidase method (22), and mice
with glucose values greater than 300 mg/dl were considered hyperglycemic. Mice
with values exceeding 400 mg/dl were sacrificed. Insulin concentrations in the
pancreas were determined by radioimmunoassay (22).

Construction of the recombinant plasmids. Oligonucleotides carrying the
genes encoding ARM and Traub NP amino acids (aa) 116 to 140 were engi-
neered behind a cytomegalovirus (CMV) immediate-early promoter (pCMV)
and attached to ubiquitin (Ub) as described previously (28, 41). Briefly, the
constructs used were based on the pCMV plasmid (Clontech, Palo Alto, Calif.).
The fragments were either (i) cloned into the basic vector by using the NotI site,
generating pCMV-Traub and pCMV-ARM, from which the minigene (MG) is
expressed as a 26-aa fragment called pCMV-MG-Traub and pCMV-MG-ARM,
respectively; or (ii) cloned in frame with the Ub gene to improve proteosome
degradation of the product (28), generating the pCMV-Ub-MG-Traub or
pCMV-Ub-MG-ARM. The fragments were amplified by PCR with two sets of
primers: (i) the 59 primer GGATCCATGTCTGAAAGGCCTCAAGCTTC and
the 39 primer GGATCCTTAAATTTGAGATCTTTGATC, both containing the
restriction site BamHI to facilitate the cloning downstream of Ub; (ii) the 59
primer GCGGCCGCCATGTCTGAAAGGCCTCAAGCTTC and the 39
primer GCGGCCGCTTAAATTTGAGATCTTTGATC, containing the NotI
site for cloning into pCMV.

Alternatively, the full-length ARM NP was cloned into pCMV, as has been
described before (41), and the full-length Traub NP was amplified by PCR with
the 59 primer GCGGCCGCCATGTCTCTGTCCAAAGAAGTC and the 39
primer GCGGCCGCTTAGAGTGTCAAATGATTTGGGCG, both including
the site NotI to facilitate the cloning into pCMV, resulting in pCMV-ARM NP
and pCMV-Traub NP, respectively.

CTL, pCTL, and antibody assays. CTL activity was determined in a 5- to 6-h
in vitro 51Cr release assay (15, 22, 32). All samples were run in triplicate. Primary
CTL were raised in vivo by inoculating 6- to 8-week-old mice i.p. with 105 PFU
of virus and harvesting their spleens 6 to 9 days thereafter. The methods for
obtaining lymphocytes from spleens, as well as for generating and characterizing
CTL clones specific for LCMV GP or NP restricted by H-2d or H-2b haplotypes,
were recorded previously (15, 22, 32, 38). The LCMV ARM NP sequence aa 118

to 127 is the sole immunodominant epitope for CTL from H-2d mice, is Ld

restricted, and is recognized by primary CTL as well as CTL clone HD8 (14, 39).
As a control, CTL clone NP-18, which is H-2b (Db) restricted and recognizes
LCMV ARM NP aa 397 to 406, was used (14). To judge CTL recognition, target
cells were infected with LCMV ARM (multiplicity of infection [MOI] of 1) or
recombinant VV expressing the LCMV ARM NP or LCMV ARM GP (MOI of
3); uninfected target cells were coated with LCMV ARM peptides NP aa 118 to
127 or NP aa 397 to 406, LCMV ARM NP aa 116 to 131, LCMV Traub NP aa
116 to 131, or LCMV Pasteur NP aa 118 to 127 (20 to 0.2 mg of peptide per 104

target cells). For some experiments, BALB cells (obtained from the American
Type Culture Collection) were transfected with the various plasmids described (2
mg of DNA per 2 3 106 cells), by using Lipofectamine and Opti-MEM (Gibco-
BRL) as the manufacturer recommended. Forty-eight hours later, transfected
BALB cells were used as target cells to evaluate their recognition by primary
CTL.

Assays using splenic lymphocytes employed effector/target (E/T) ratios of 50:1,
25:1, and 12.5:1, whereas those using CTL clones had ratios of 5:1 and 2.5:1. The
H-2d target cells were BALB clone 7, and for H-2b, we used MC57 cells. CD81

T cells were depleted from mice by using rat monoclonal antibody YTS 169.4 as
described previously (32). Analysis by fluorescence-activated cell sorter (FACS)
indicated .98% depletion of CD81 T cells from treated mice. The determina-
tion of LCMV-specific pCTL has been described elsewhere (5). Briefly, splenic
lymphocytes from infected mice 6 to 9 days postinfection with LCMV were
serially diluted and cultured in 96-well flat-bottom plates with LCMV-infected
and irradiated (20 Gy) macrophages and irradiated spleen cells. After 8 days,
cells from each well were split and tested in a 5-h 51Cr release assay.

The intracellular cytokines gamma interferon (IFN-g) and tumor necrosis
factor alpha (TNF-a) were detected in LCMV-specific CD81 T cells (17).
Briefly, single-cell suspensions were prepared from spleens harvested 7 days after
acute infection with LCMV. Cells were then stimulated for 5 h in the presence
of 0.1 mg of peptide per ml from LCMV ARM or LCMV Traub and recombinant
human interleukin 2 (IL-2 [50 U/ml]) or transfected fibroblasts (with pCMV-
Ub-MG-ARM or pCMV-Ub-MG-Traub). Two micrograms of brefeldin A per
ml was added to prevent cytokine secretion. After surface staining with an
anti-CD8–allophycocyanin conjugate, cells were fixed and permeabilized with
1% fetal calf serum–4% paraformaldehyde–0.1% saponin buffer and stained with
an anti-IFN-g–phycoerythrin conjugate and anti-TNF-a–fluorescein isothiocya-
nate (FITC) conjugate. Cells were placed on a FACScalibur flow cytometer
(Becton Dickinson, San Jose, Calif.) and analyzed with Cell Quest software
(Becton Dickinson).

LCMV-specific antibody in serum samples was detected by both solid-phase
enzyme-linked immunosorbent assay and radioimmunoprecipitation assay (22).

Histology and immunocytochemistry. Tissues taken for histological analysis
were fixed in zinc-formalin (10%) and stained with hematoxylin and eosin. For
immunocytochemical studies, 4- to 5-mm sections of liquid-nitrogen-frozen ma-
terial were cut in a cryomicrotome and then fixed and stained with monoclonal
antibodies to LCMV NP, CD8, or CD4 molecules as described previously (22,
32).

Western blotting. Immunoblotting was used to detect full-length NP in BALB
cells transfected with pCMV-ARM NP or pCMV-Traub NP. Briefly, 106 cells
were transfected as described before, and 48 h posttransfection, the cells were
collected with lysis buffer (100 mM Tris-HCl [pH 7.6], 140 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate). Different concentra-
tions of protein were separated on 10% polyacrylamide gels with sodium dodecyl
sulfate, and proteins were detected with a 1:300 dilution of ascites fluid contain-
ing NP-specific monoclonal antibody 113 (4), by the ECL enhanced chemilumi-
nescence procedure according to the manufacturer’s instructions (Amersham,
Buckinghamshire, England). The amount of NP expressed was quantitated by
densitometry.

RESULTS

Comparison of NP sequences from LCMV ARM, E-350,
Traub, Pasteur, and clone 13: H-2d mice generate CTL cross-
reactive with LCMV ARM NP after challenge with E-350,
Traub, and Pasteur LCMV strains, but not with VV and
Pichinde virus. The complete NP sequences of all LCMV
strains used were identified, as was the component within the
ARM NP sequence recognized by CTL (Table 1 and Fig. 1).
As also shown in Table 1, MHC-restricted CTL from all four
LCMV strains recognized NP aa 1 to 201 and the single im-
munodominant CTL epitope for H-2d mice, NP peptide aa 118
to 127. Inoculation of VV ARM NP into mice did not produce
a detectable primary CTL response on days 6 to 9 (data shown
for day 7), although memory CTL specific for LCMV ARM NP
were found in the spleen 45 days later after 5 days of culture.
In contrast, neither primary nor secondary CTL responses to
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LCMV ARM or LCMV ARM NP developed after inoculation
of VV or Pichinde virus. These observations were confirmed in
two additional assays. Analysis of the NP sequence for ARM,
E-350, Traub, and clone 13 showed complete homology at NP
aa 118 to 127. However, Pasteur had 3 aa substitutions: aa 119

Pro3Leu, 120 Gln3Lys, and 121 Ala3Thr (Fig. 1). Although
the flanking sequences of the CTL epitope were similar for
ARM, E-350, and clone 13, the COO2 flanking sequence of
Traub displayed a single-amino-acid change at NP amino acid
residue 131 Thr3Ala (Fig. 1). Overall, in comparison to the
amino acid sequence of ARM, NP homology was .99% for
E-350 NP (557 similar residues out of a total of 558) and 95%
for both Traub NP (532 residues out of 558) and Pasteur NP
(537 residues out of 558). For clone 13, the 558 NP residues
were identical to those of ARM (homology of 100%) (data not
shown, and see reference 6).

According to an enzyme-linked immunosorbent assay with
whole inactivated virus, none of the H-2d mice had antibody to
LCMV preceding inoculation of the various viruses. However,
after viral inoculation, recipients of LCMV strains ARM,
E-350, Traub, and Pasteur and Pichinde virus all displayed
equivalent titers of antibodies that reacted with LCMV ARM
at day 30 and thereafter. Titers ranged from a low of 1/640 to
a high of 1/10,240. Testing by radioimmunoprecipitation doc-
umented that mice making antibodies against whole inacti-
vated LCMV also made antibodies against LCMV ARM NP
(data not shown).

TABLE 1. BALB (H-2d) mice inoculated with LCMV strains ARM, E-350, Traub, and Pasteur recognize a CTL epitope at NP aa 1 to 210
and 118 to 127a

Infection group E/T
ratio

% 51Cr releaseb

H-2d BALB clone 7 target cells

H-2b

(MC57 ARM)

LCMV ARM

VV Pichinde
virus

LCMV ARM
(VV full-

length GP)LCMV ARM VV full-length
NP

VV/NP
aa 1–
321

VV/NP
aa 1–201

Peptide
aa 118–

127

ARM 50:1 34 51 50 54 64 2 4 1 2
25:1 24 41 41 46 NDc ND ND 0 2

E-350 50:1 47 58 49 55 61 ND ND 4 2
25:1 37 48 43 50 ND ND ND 0 0

Traub 50:1 29 29 38 31 37 ND ND 6 4
25:1 24 30 33 30 ND ND ND 0 5

Pasteur 50:1 17 24 36 33 29 ND ND 0 0
25:1 13 10 21 21 ND ND ND 0 0

Recombinant VV ARM NP
Day 7 primary immune response 50:1 9 27 ND ND 7 38 ND 2 3
Day 45 secondary immune

response
5:1 36 29 ND ND 29 31 ND 1 6

VV day 7 primary immune
response

50:1 4 ND ND ND 3 27 ND ND 5

25:1 7 ND ND ND 2 31 ND ND 6

Pichinde virus day 7 primary
immune response

50:1 5 ND ND ND 2 ND 36 ND 1

25:1 3 ND ND ND 3 ND 19 ND 3
NP clones

H-2d HD8 5:1 48 51 42 54 51 5 3 0 3
H-2b NP-18 5:1 4 2 1 3 2 4 3 2 56

a Six- to eight-week-old BALB mice of both genders were inoculated with 105 PFU of a specific virus. At 7 to 8 days postinoculation, CTL were analyzed with a
suspension of single splenic lymphocytes at E/T ratios of 50:1, 25:1, and 12.5:1 (the data for 50:1 and 25:1 are shown). CTL clones H-2d HD8, which recognizes LCMV
ARM NP aa 118 to 127, and H-2b NP-18, which recognizes LCMV ARM NP aa 396 to 405, were used at E/T ratios of 5:1. Targets were infected with LCMV ARM
clone 53b (MOI of 1 for 2 days); VV recombinants expressing LCMV ARM NP aa 1 to 558, 1 to 321, or 1 to 201 at an MOI of 3 overnight; or uninfected cells coated
with LCMV ARM NP peptide aa 118 to 127. Target cells (H-2d, BALB clone 7; H-2b, MC57 fibroblasts) were labeled with 51Cr.

b The values shown are the mean percentages of specific 51Cr released from targets assayed in triplicate. Variation was ,10%. The data were similar in two additional
experiments.

c ND, not done.

FIG. 1. Sequences of NP aa 1 to 201 of various LCMV strains. The sequences
are presented in the single-letter code. See Materials and Methods for details.
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Some LCMV strains that generate cross-reactive CTL to
ARM NP do not induce IDDM in RIP LCMV ARM NP trans-
genic mice. To evaluate several viruses for the biological con-
sequences of infection in transgenic mice whose b cells express
LCMV NP, groups of at least 20 mice were inoculated with
LCMV ARM, LCMV E-350, LCMV Traub, or LCMV Pas-
teur, and groups of 7 to 10 mice were inoculated with LCMV
clone 13, VV ARM NP, VV, or Pichinde virus. During the
12-month period that followed, only transgenic mice inocu-
lated with LCMV ARM (incidence, .95%) or E-350 (inci-

dence, .80%) developed IDDM (Fig. 2A), which was defined
as blood glucose levels above 300 mg/dl, less than 15 mg of
insulin/mg of pancreatic tissue, and histologic evidence of
mononuclear cell infiltration into the islets with b-cell destruc-
tion (Table 2). In contrast, none of the 24 mice inoculated with
Traub developed IDDM, whereas 2 of 26 mice inoculated with
Pasteur (8%) did so (blood glucose levels of 315 and 360
mg/dl), yet both of these viruses generated CTL that cross-
reacted with LCMV ARM NP (Table 1). As expected, viruses
that failed to generate CTL cross-reactive with LCMV NP,
VV, and Pichinde virus also failed to elicit IDDM in the trans-
genic mice (Fig. 2).

LCMV clone 13 is a variant of LCMV ARM that differs
from the parental virus by a mutation in two open reading
frames: GP aa 260 PheARM3LeuClone 13 and L protein (poly-
merase) aa 1079 LysARM3GlnClone 13 (25). The NP sequences
are identical for both viruses (29). When 2 3 106 PFU of
LCMV ARM was injected i.v. into several strains of mice,
including H-2d BALB, the same amount of virus-specific CTL
formed as that produced by 105 PFU given i.p. In contrast, 2 3
106 PFU of clone 13 given i.v. caused a profound generalized
immunosuppression (1, 3) documented by the failure to gen-
erate LCMV-specific CTL at day 7 due to selective immuno-
pathologic destruction of interdigitating dendritic cells (3). As
shown in Fig. 2B, when we administered LCMV ARM i.v. at
2 3 106 PFU, IDDM followed. In contrast, the same dosage
and route of clone 13 administration failed to induce IDDM
over a 12-month observation period. To confirm the essential
role of CD81 CTL in causing IDDM (22, 32), LCMV ARM
inoculated into transgenic mice depleted of CD8 cells by an-
tibodies or in mice whose CD8 gene had been disrupted did
not cause IDDM (Fig. 2B). Inoculation of VV ARM NP (105

PFU i.p.) also failed to induce IDDM (Fig. 2B).
Figure 3 documents the histopathologic analysis of islets of

Langerhans from the mice depicted in Fig. 2. An abundance of
mononuclear cells infiltrated pancreatic tissue from ARM- and
E-350-inoculated transgenic mice. In contrast, infiltration of
mononuclear cells was negligible in pancreatic tissues from
transgenic mice inoculated i.p. with Pasteur, Traub, or VV/NP
or in CD8-depleted mice inoculated with LCMV ARM or
given i.v. inoculation of clone 13. These observations were

FIG. 2. (A) Incidence of IDDM in transgenic mice expressing LCMV ARM
NP in their b cells after inoculation (105 PFU i.p.) with LCMV strains ARM 53b,
E-350, Traub, or Pasteur; VV; or Pichinde virus. A minimum of 20 mice of both
genders were inoculated with LCMV strains, and 7 to 10 mice were infected with
VV or Pichinde virus, all when the mice were 8 weeks of age. IDDM is defined
as a blood glucose level of .300 mg/dl, a pancreatic insulin level of ,15 mg of
insulin/mg of pancreatic tissue, and mononuclear cell infiltration into islets of
Langerhans with destruction of b cells. (B) Incidence of IDDM in transgenic
mice expressing LCMV ARM NP in their b cells after inoculation with LCMV
ARM 53b or LCMV ARM clone 13 (C113) (2 3 106 PFU i.v.), VV recombinant
expressing LCMV ARM NP (105 PFU i.p.), or LCMV ARM (105 PFU i.p.) into
CD8-deficient mice (CD8 knockout [ko]). Mice in groups of 7 to 10 were injected
when 8 weeks old. A similar lack of IDDM was observed in mice whose CD81

T-cell population was removed by antibodies (see Materials and Methods) given
105 PFU of LCMV ARM i.p.

TABLE 2. Summary of results for LCMV ARM NP H-2d RIP 25-3 transgenic micea

Mouse group
Blood glucose level (mg/dl)b Pancreatic insulin

level (mg/mg)b Mononuclear infiltration
into islets at 10 mo

1 mo p.i.c 10 mo p.i. 10 mo p.i.

Not infected 169 6 6 180 6 5 52 6 5 0

Infected (105 PFU i.p.)
LCMV ARM 402 6 26 462 6 12 4 6 3 1111
LCMV E-350 281 6 9 385 6 25 7 6 6 1111
LCMV Traub 164 6 22 182 6 8 39 6 7 0 to 1
LCMV Pasteur 151 6 7 205 6 18 38 6 3 0 to 1
VV ARM NP 153 6 9 171 6 11 43 6 1 0 to 1

Infected CD8-depleted
105 PFU of LCMV ARM i.p. 174 6 11 189 6 39 48 6 6 0
2 3 106 PFU i.v.

LCMV ARM 347 6 42 455 6 28 5 6 2 1111
LCMV clone 13 142 6 13 145 6 16 44 6 12 0 to 1

a Data were from age- and sex-matched mice. At least 20 mice per group were infected with ARM, E-350, Pasteur, and Traub, and 7 to 10 mice were infected with
VV/NP, were CD8 depleted, or were given 2 3 106 PFU of virus i.v.

b Each value represents the mean 6 standard error.
c p.i., postinoculation.
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consistent in six mice from each experimental group examined.
When mononuclear cell infiltrates occurred, they were com-
posed primarily of CD81 and CD41 T cells with some B
lymphocytes as described earlier (32). Table 2 summarizes the
results of infection of transgenic mice with these viruses.

Precursor frequency and affinity of CTL generated in trans-
genic mice infected with multiple LCMV strains. To determine
why ARM and E-350 viral infections caused IDDM, but nei-
ther Traub, Pasteur, VV ARM, nor clone 13 (given i.v.) did, we
analyzed frequencies of NP-specific CD81 T cells in transgenic
and nontransgenic mice. As shown in Table 3, strains of virus
generating approximately 1 pCTL per 1,000 splenocytes (ARM
and E-350) yielded IDDM. In contrast, pCTL frequencies of
less than 1/8,000 failed to induce disease (Traub, Pasteur, VV/
NP, and clone 13). The affinities of LCMV ARM and Pasteur
CTL for the immunodominant NP peptide were evaluated by
serial dilutions of the appropriate NP peptide. While H-2d

mice infected with LCMV Pasteur generated 6 (nontransgenic
mice)- or 24 (transgenic mice)-fold fewer pCTL than ARM-
infected mice in the limiting dilution analysis, all CTL directed
to the LCMV ARM NP epitope had binding affinities equiva-
lent to those for LCMV ARM (1028 to 1029 M) (Fig. 4).

Further analysis of NP-specific CD81 T-cell frequencies af-
ter restimulation with NP aa 118 to 127 and staining for intra-
cellular IFN-g showed that ARM-, E-350-, and Traub-infected
nontransgenic H-2d mice generated approximately one in three
CD81 T cells specific for NP aa 118 to 127, while Pasteur-
infected mice had 1 in 10 specific CD81 T cells. These results
correlate well with the results of CTL assays using bulk spleno-
cyte effectors ex vivo (Table 1). In transgenic mice, frequencies
of NP-specific CD81 T cells were three- to sixfold reduced.

To determine the affinity of LCMV Traub CTL for ARM
NP, we used peptide NP aa 116 to 131 to include the COO2

flanking region of the immunodominant epitope. As shown in
Fig. 5 (left panel), over a wide dose range, externally added
LCMV ARM and Traub NP aa 116 to 131 showed equivalent
effector CTL affinities. Also, numbers of LCMV CD81 T cells
expressing cytokines were similar when reacted with target
cells coated externally with peptide NP 116 to 131 from either
Traub or ARM LCMV (Fig. 6, lower panels).

Role of antigen processing in the failure of LCMV Traub to
elicit sufficient CTL cross-reactive with LCMV ARM NP. To
determine why LCMV Traub infection stimulated substantially
fewer pCTL for ARM NP than E-350 or ARM infection, we

FIG. 3. Histopathologic analysis of islets of Langerhans from pancreatic tissue taken from representative transgenic mice at 6 months of age (Fig. 2 and Table 2).
(A) Uninfected mouse. (B to G) Mice inoculated i.p. with 105 PFU of ARM (B), E-350 (C), Traub (D), Pasteur (E), VV recombinant expressing LCMV ARM NP
(VV/NP) (F), and ARM in a mouse deficient in CD81 lymphocytes (G [compare panels B and G]). (H) Tissue from a mouse inoculated with 2 3 106 PFU of LCMV
ARM i.v. (I) Tissue from a mouse inoculated with 2 3 106 PFU of ARM variant clone 13 i.v. Similar data were obtained from 7 to 20 individual mice from each
experimental group analyzed. In addition, islets studied from 10-month-old uninfected mice; mice infected i.p. with 105 PFU of Traub, Pasteur, or VV/NP;
CD8-deficient mice given ARM, or mice of a similar age given 2 3 106 PFU of clone 13 i.v. when 8 weeks old failed to show lymphocytic infiltrates.
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compared the ability of cytosolic, internally processed Traub
NP and ARM NP aa 116 to 140 to present antigen for CTL
recognition. Because ubiquitination of proteins facilitates their
entry into MHC class I pathways (28), we transfected BALB
cells with pCMV-Ub-MG-ARM or pCMV-Ub-MG-Traub and
evaluated the CTL recognition by two criteria. First, we judged
the ability of day 7 primary LCMV-specific CTL to lyse syn-
geneic MHC-matched targets and, second, quantitated the in-
tracellular expression of IFN-g and TNF-a for these T lym-
phocytes after stimulation with target cells transfected with
pCMV-Ub-MG-ARM or pCMV-Ub-MG-Traub. Processing
of Traub NP aa 116 to 140 was markedly inferior to that of
ARM NP, as assayed by CTL 51Cr release assay (Fig. 5, right
panel) or by intracellular expression of IFN-g- and TNF-a-
activated CD81 LCMV-specific CTL (Fig. 6, upper panels). In

contrast, there was no difference in cytokine-producing CD81

T cells (Fig. 6, lower panel) or in 51Cr release (Fig. 5, left
panel) when such peptides were added externally.

To ensure that ARM and Traub were expressed equivalently
in transfected cells, DNA plasmids expressing full-length ARM
and Traub NP (pCMV-ARM NP and pCMV-Traub NP, re-
spectively) were employed. Full-length NP constructs were
used because the antibody (monoclonal antibody 113 or poly-
clonal guinea pig sera) (4) detection system does not recognize
NP aa 116 to 140. The ability of full-length Traub NP to be
processed was markedly reduced compared to that of ARM
NP. Insufficient MHC NP complex was present on transfected
BALB cells to cause CTL recognition and lysis (Fig. 7, top). In
contrast, similarly transfected full-length ARM NP was pro-
cessed and recognized by LCMV NP-specific CTL. Next we
assayed whether the levels of expression of pCMV-ARM NP
and pCMV-Traub NP in such transfected BALB cells were
equivalent. As shown in Fig. 7 (bottom) by Western immuno-
blotting, there was no difference between the amounts of pro-
tein expressed inside the cell by the two plasmids.

DISCUSSION

The results reported here establish that the generation of
CTL capable of cross-reacting with viral (“self”) antigens in
pancreatic b cells is necessary but not sufficient to initiate
IDDM. Disease followed only when the quantity of cross-
reactive CTL exceeded a critical threshold, which, in this
model, was 1/1,000 pCTL (or 1/50 to 1/100 LCMV-specific
CD81 T cells). IDDM did not occur with 8- to 10-fold-fewer
pCTL or LCMV-specific CD81 T cells. To understand the
rules by which viruses can cause IDDM, we devised an in vivo
murine model in which a viral gene was expressed in pancreatic
b cells and passed on to progeny mice (i.e., the viral transgene
became a self antigen). Previous experiments determined that
expression of the transgene, per se, failed to initiate b-cell
injury and resultant IDDM, unless either a specific cytokine
like IFN-g (13, 37) or an activation molecule like B7.1 (36) was
coexpressed in the islet milieu in b cells or a systemic infection
was initiated by the same virus from which the b-cell-express-
ing transgene originated (22, 32). Our interest here was to

FIG. 4. Relative affinities of CTL harvested from LCMV ARM (IDDM
inducer) or LCMV Pasteur (non-IDDM inducer). LCMV NP peptide aa 118 to
127 was used to coat BALB clone (BALB/c) 7 targets over a range of 1026 to
10210 M. The data are recorded as means 6 1 standard error of triplicate
determinations (see Materials and Methods and reference 19 for experimental
details).

TABLE 3. Frequencies of pCTL to LCMV ARM NP generated in LCMV ARM NP transgenic H-2d RIP 25-3 mice inoculated with diabetes-
and nondiabetes-associated strains of LCMVa

Infection group

% Specific 51Cr release forb:

Reciprocal precursor frequency
of H-2d ARM NPc

IDDM
statusd

H-2d target
H-2b

ARMARM ARM
NP

105 PFU
ARM 30 6 12 29 6 8 2 6 1 560, 810, 850, 920 1111
E-350 30 6 10 25 6 4 3 6 1 625, 1,078, 910, 1,401 1111
Traub 12 6 3 8 6 2 1 6 1 8,500, 9,600, 5,900, 10,200 0
Pasteur 16 6 2 4 6 3 2 6 1 15,800, 21,000, 16,600, 24,000 0
VV/NP 4 6 2 1 6 1 4 6 2 ,50,000 0

2 3 106 PFU i.v.
ARM 28 6 5 25 6 2 2 6 1 810, 690, 910 1111
Clone 13 3 6 1 2 6 1 2 6 1 ,50,000 0

a The CTL assay was performed 7 days after infection. Single splenic lymphocyte E/T ratios of 50:1 (shown here) and 25:1 were used. The targets were H-2d BALB
clone 7 or H-2b MC57 fibroblasts. See Materials and Methods for details of the CTL and pCTL frequency assays.

b Data reflect the mean 6 1 standard error for four mice.
c Data from four individual mice are shown separately.
d IDDM is defined here as a blood glucose level above 300 mg/dl, a low pancreatic insulin level (,15 mg of insulin/mg of pancreas), and mononuclear infiltration

into the islets of Langerhans with b-cell destruction.
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determine if other viruses, closely or distantly related or unre-
lated could also cause IDDM.

First we analyzed four LCMV strains selected for their struc-
tural homology, CTL-generating capacity, and IDDM produc-
tion. We found that only LCMV strain E-350, which shared
557 out of 558 aa with LCMV ARM NP (.99% homology)
(Fig. 1) caused IDDM. Within the LCMV ARM NP used as
the self antigen was the 10-aa NP aa 118 to 127 peptide that
constituted the single immunodominant epitope recognized by
H-2d BALB mice. LCMV E-350 shared all 10 of these NP
amino acids with LCMV ARM. Transgenic mice expressing
the NP of LCMV ARM, when challenged with E-350, gener-
ated CTL that recognized NP aa 118 to 127. Furthermore,
these E-350-specific CTL were generally equivalent in number
to the CTL generated by LCMV ARM. After either infection,
IDDM was evident from the characteristic hyperglycemia, hy-
poinsulinemia, and mononuclear cells infiltrating into the islets
of Langerhans and participating in b-cell destruction (Fig. 3
and Table 2). Although sequence comparison between the
Traub and ARM LCMV strains showed complete homology at
the CTL epitope NP aa 118 to 127 (Fig. 1), and this LCMV
ARM NP epitope was recognized by CTL generated in re-
sponse to Traub infection (Table 1), Traub generated eight-
fold-fewer pCTL than ARM. Traub infection produced no
IDDM, because this smaller number was not sufficient to cause
the disease (Fig. 2 and 3). In agreement with our findings, a
sevenfold reduction in pCTL frequency following DNA immu-
nization for LCMV leads to vaccine failure (28). Additionally,
Traub differed from ARM at the flanking sequence NP aa 131
Thr3Ala. This suggested that the substitution in position NP
aa 131 may alter antigen processing of the LCMV NP epitope.
Experiments with intracellular cytoplasmic antigen processing
showed that the single change at NP aa 131 diminished the
presentation of antigen, although the amounts of transfected
and expressed protein were equivalent for ARM and Traub. It
is likely that the biologic consequence of this point mutation
was the inability of Traub to cause IDDM. The importance of
flanking sequences in antigen processing has been shown pre-

viously (7, 16, 26); however, the model described here provides
evidence for an in vivo biologic consequence.

Comparison of NP aa 118 to 127 (Fig. 1) of Pasteur with that
of ARM showed 3 aa substitutions: the NP immunodominant
epitope, aa 119 Pro3Leu, 120 Gln3Lys, and 121 Ala3Thr.
Undoubtedly, these differences accounted for the 20-fold dis-
crepancy in pCTL frequency between LCMV ARM and
LCMV Pasteur and the inability of LCMV Pasteur infection to
cause IDDM in transgenic mice expressing LCMV ARM NP
(Fig. 2 and 3 and Table 2).

From the studies recorded here, two rules for the initiation
of IDDM emerged. First, CTL must cross-react with a gene
expressed in b cells, and, second, a sufficient number of CTL
must be present. VV, a DNA virus with no structural relation-
ship to LCMV ARM, failed to generate CTL that recognized
the LCMV ARM NP transgene and, consequently, did not
cause IDDM when inoculated into the transgenic mice (Fig. 2).
Pichinde virus is distantly related to LCMV ARM, since both
viruses are members of the Arenaviridae family, but Pichinde
virus did not generate CTL that cross-reacted with LCMV
ARM NP, despite inciting antibodies that recognized ARM
NP. Pichinde virus infection did not produce IDDM (Fig. 2).
Clone 13, an LCMV variant derived from the ARM strain (1),
shares complete homology with ARM NP (29). However,
clone 13, when inoculated (2 3 106 PFU i.v.) into mice, sup-
pressed humoral and cellular immune responses because of its
selected tropism for and associated destruction of interdigitat-
ing dendritic cells in the white pulp (3). In comparison, ARM
is tropic for F4/80-positive macrophages in the red pulp and
does not cause injury of professional antigen-presenting cells
(3). In our experiments here, 7 days after clone 13 infection, no
CTL were detected, although low levels (less than 1 per 50,000

FIG. 5. Defect in intracellular processing of Traub NP aa 116 to 131, but not
this peptide’s ability to coat target cells for lysis by anti-LCMV ARM CTL. The
panel on the left shows that equivalent molar amounts of ARM or Traub
peptides NP aa 116 to 131 coated H-2d target cells for corresponding CTL lysis.
Similar data were observed in two other experiments. The panel on the right
shows that the transfected ubiquitinated ARM NP oligomer that encodes NP aa
116 to 140 (pCMV-U-MG-ARM) is processed inside BALB cells and traffics to
and is expressed on the surface of BALB cells for recognition by day 7 primary
(d7po) MHC-restricted LCMV-specific CTL. In contrast, a similar transfection
with ubiquitinated Traub NP (NP aa 116 to 140) (pCMV-U-MG-Traub) fails to
present LCMV Traub NP to the cell’s surface for CTL recognition. Percentages
of 51Cr released at E/T ratios of 50:1, 25:1, and 12:1 are given.

FIG. 6. Intracellular cytokine staining (IFN-g and TNF-a) of LCMV-specific
CD81 T cells indicates that transfection of H-2d BALB cells with ubiquitinated
Traub NP aa 116 to 140 leads to activation of significantly less CD81 T cells than
does activation by ubiquitinated ARM NP aa 116 to 140 (P value for IFN-g
expression, 0.0003; P value for TNF-a expression, 0.0027). However, when either
peptide is externally added to coat target cells (Traub and ARM NP aa 116 to
131), equivalent numbers of cytokine-containing CD81 T cells (i.e., 43 and 42%
IFN-g-expressing CD81 T cells, respectively) are generated. The data are rep-
resentative of three independent experiments.
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pCTL by frequency analysis) appeared several weeks later,
when progenitor cells from the bone marrow had repopulated
the spleen and lymph nodes and differentiated into dendritic
cells (M. B. A. Oldstone, A. Tishon, and P. Borrow, unpub-
lished data). Additionally, inoculation of the transgenic or nor-
mal control mice with VV ARM NP failed to elicit a primary
CTL response to LCMV ARM, although by days 45 to 60, we
identified secondary (memory) CTL and pCTL frequencies of
1/15,500. Thus, although the Traub and Pasteur strains of
LCMV generated primary CTL responses, the numbers of
CTL generated (1/8,550 to 1/19,300 functional CTL) were in-
sufficient to initiate significant b-cell destruction for develop-
ment of IDDM. In contrast, the E-350 strain made, on average,
1/1,003 functional CTL able to cross-react with the LCMV
ARM NP transgene in b cells and destroyed sufficient b cells to
cause IDDM. Our findings indicated that the same generic
virus, i.e., LCMV, causing infection in a genetically identical
inbred mouse strain may (LCMV ARM or LCMV E-350) or
may not (LCMV Traub or LCMV Pasteur) cause IDDM, de-
pending on the strain or variant of virus involved. This suggests

that one might note apparently similar viruses in two geneti-
cally identical people, i.e., monozygotic twins, but the viruses
would cause IDDM in one and not the other because they are
not the same.

Several other factors might have underlain the inhibition of
IDDM seen here. First, the b-cell target could have had few or
no MHC class I molecules and failed to present the autoanti-
gen. Such a scenario has been reported in the RIP LCMV NP
transgenic model when the IFN-g gene was disrupted or when
MHC molecules were retained in the endoplasmic reticulum
due to the E3 transcriptional unit of adenovirus (35, 37). This
possibility is not likely in our current studies, since sufficient
MHC and transgenic peptides were expressed on the b cells to
allow recognition by CTL primed against LCMV ARM NP. A
second possibility is that sufficient CTL were available, but
their affinity was too low for activation and the resultant target
cell lysis. This possibility is also unlikely, because the doses of
peptide required for activation and lysis of CTL generated by
Pasteur and Traub infections, which did not induce IDDM,
were similar (1028 to 1029 M) to that for CTL from the LCMV
ARM strain (1028 to 1029 M), which did cause IDDM. The
third possibility, and the one that proved true, was the need for
a sufficient threshold of effector CTL to cause IDDM.

The fact that a finite number of CTL rather than an all-or-
nothing response is required to cause an autoimmune disease
has important ramifications. Within a viral family like LCMV,
some strains cause autoimmune disease and others do not.
Yet, neither serologic markers nor cell proliferation assays
necessarily distinguish the strains causing disease from those
not causing disease. In the studies performed here, virus strains
that caused or did not cause IDDM all generated antibodies
and CTL that cross-reacted with the self (viral) antigen in the
b cells responsible for IDDM. Furthermore, high homology
(.96%) was noted between such viruses. Therefore, the inter-
pretation of previous and current epidemiologic data utilizing
serology or proliferation assays or molecular probes to detect
regions shared among viral family members and assign a cause
for IDDM or other autoimmune diseases is of questionable
reliability.

Finally, to be successful in the treatment of autoimmune
disease, reduction of the effector T cells rather than their
elimination may be all that is necessary. Recently, using adop-
tive transfers and peptide blockers (24, 33), we determined
that IDDM did not occur when precursor frequency was low-
ered from 1/800 to 1/5,000 virus (self)-specific biologically ac-
tive lytic CTL. We are currently quantitating the precise num-
ber of effector CTL required and evaluating several strategies
to lower the number to a level that would circumvent autoim-
mune disease.

ACKNOWLEDGMENTS

This work was supported in part by USPHS grants AI41439
(M.B.A.O.) and AI27028 (J.L.W.) and a grant from the Juvenile Di-
abetes Foundation (JDF) (DK995005) (M.V.). M.V. is a recipient of a
JDF Career Development Award. N.S. is supported by a postdoctoral
fellowship from Fundacion Ramon Areces (Spain), D.H. is supported
by NIH Training grant AG00080, and F.R. is supported by a fellowship
from Eusko Juanlaritza (Spain).

We thank Janel Dockter, Hanna Lewicki, and Antoinette Tishon for
technical contributions; Juan C. de la Torre and Beatrice Cubitt for
helpful discussions; and Gay Schilling for manuscript preparation.

REFERENCES

1. Ahmed, R., A. Salmi, L. D. Butler, J. M. Chiller, and M. B. A. Oldstone.
1984. Selection of genetic variants of lymphocytic choriomeningitis virus in
spleens of persistently infected mice: role in suppression of cytotoxic T
lymphocyte response and viral persistence. J. Exp. Med. 160:521–540.

FIG. 7. Defect in the intracellular processing of full-length NP Traub despite
equivalent levels of cytosolic expression of Traub and ARM NP. The top panel
shows that whereas transfected full-length ARM NP (pCMV-ARM [see Fig. 5
legend]) is processed correctly as judged by recognition of LCMV-specific CTL
over several E/T ratios, there is no recognition of similarly transfected full-length
Traub NP (pCMV-Traub). The numbers shown represent the mean value of
triplicate samples. Variance was ,10% in the 5-h 51Cr release assay. D7 po, day
7 primary immune response; splenic lymphocytes. The lower panels show that
cytosolic extracts from the full-length ARM- or Traub-transfected constructs
(above) express similar levels of NP by Western blotting and by densitometry
analysis. The negative control (U) was processed with cytosolic extract from
uninfected BALB cells, and the positive control (I) is from LCMV ARM-
infected BALB cells. ARM, pCMV-ARM NP; Traub, pCMV-Traub NP (con-
structs used to transfect BALB cells). Different concentrations of protein from
each sample were loaded, and detection was with monoclonal antibody to LCMV
ARM NP (see reference 14 and Materials and Methods).

VOL. 74, 2000 VIRUS-INDUCED AUTOIMMUNE DISEASE 3291



2. Baekkeskov, S., and B. Hansen (ed.). 1990. Human diabetes: Genetic, envi-
ronmental and autoimmune etiology, vol. 164. Springer-Verlag, Heidelberg,
Germany.

3. Borrow, P., C. F. Evans, and M. B. A. Oldstone. 1995. Virus-induced immu-
nosuppression: immune system-mediated destruction of virus-infected den-
dritic cells results in generalized immune suppression. J. Virol. 69:1059–
1070.

4. Buchmeier, M. J., H. A. Lewicki, O. Tomori, and M. B. A. Oldstone. 1981.
Monoclonal antibodies to lymphocytic choriomeningitis and pichinde vi-
ruses: generation, characterization, and cross-reactivity with other arenavi-
ruses. Virology 113:73–85.

5. Coon, B., L. L. An, J. L. Whitton, and M. G. von Herrath. 1999. DNA
immunization to prevent autoimmune diabetes. J. Clin. Investig. 104:189–
194.

6. Dutko, F. J., and M. B. A. Oldstone. 1983. Genomic and biological variation
among commonly used lymphocytic choriomeningitis virus strains. J. Gen.
Virol. 64:1689–1698.

7. Eisenlohr, L. C., J. W. Yewdell, and J. R. Bennink. 1992. Flanking sequences
influence the presentation of an endogenously synthesized peptide to cyto-
toxic T lymphocytes. J. Exp. Med. 175:481–487.

8. Fajans, S. S. 1994. Diabetes mellitus: definition, classification, tests, p. 1411.
In L. DeGroot (ed.), Endocrinology. Grune and Stratton, New York, N.Y.

9. Forrest, J., M. A. Menser, and J. Burgess. 1991. High frequency of diabetes
mellitus in young adults with congenital rubella. Lancet i:332–334.

10. Gamble, D. R., K. W. Taylor, and H. Cumming. 1973. Coxsackie viruses and
diabetes mellitus. Br. Med. J. 4:260–262.

11. Horwitz, M. S., L. M. Bradley, J. Harbertson, T. Krahl, J. Lee, and N.
Sarvetnick. 1998. Diabetes induced by coxsackie virus: initiation by by-
stander damage and not molecular mimicry. Nat. Med. 4:781–785.

12. Jenson, A. B., H. S. Rosenberg, and A. L. Notkins. 1980. Pancreatic islet cell
damage in children with fatal viral infections. Lancet ii:354–358.

13. Lee, M.-S., M. von Herrath, H. Reiser, M. B. A. Oldstone, and N. Sarvetnick.
1995. Sensitization to self (virus) antigen by in situ expression of murine
interferon-g. J. Clin. Investig. 95:486–492.

14. Lewicki, H., A. Tishon, P. Borrow, C. Evans, J. E. Gairin, K. M. Hahn, D. A.
Jewell, I. A. Wilson, and M. B. A. Oldstone. 1995. CTL escape viral variants.
I. Generation and molecular characterization. Virology 210:29–40.

15. Lewicki, H. A., M. G. von Herrath, C. F. Evans, J. L. Whitton, and M. B. A.
Oldstone. 1995. CTL escape viral variants. II. Biological activity in vivo.
Virology 211:443–450.

16. Moudgil, K. D., I. S. Grewal, P. E. Jensen, and E. E. Sercarz. 1996. Unre-
sponsiveness to a self-peptide of mouse lysozyme owing to hindrance of T
cell receptor-major histocompatibility complex/peptide interaction caused by
flanking epitopic residues. J. Exp. Med. 183:535–546.

17. Murali-Krishna, K., J. D. Altman, M. Suresh, D. J. Sourdive, A. J. Zajac,
J. D. Miller, J. Slansky, and R. Ahmed. 1998. Counting antigen-specific CD8
T cells: a reevaluation of bystander activation during viral infection. Immu-
nity 8:177–187.

18. National Diabetes Data Group. 1995. Diabetes in America, 2nd ed. Publi-
cation no. 95-1468. National Institutes of Health, Bethesda, Md.

19. Notkins, A. L., T. Onodera, and B. Prabhakar. 1984. Virus induced autoim-
munity, p. 210–215. In A. L. Notkins and M. B. A. Oldstone (ed.), Concepts
in viral pathogenesis. Springer-Verlag, Heidelberg, Germany.

20. Ohashi, P., S. Oehen, K. Buerki, et al. 1991. Ablation of tolerance and
induction of diabetes by virus infection in viral antigen transgenic mice. Cell
65:305–317.

21. Oldstone, M. B. A., R. Ahmed, and M. Salvato. 1990. Viruses as therapeutic
agents. II. Viral reassortants map prevention of insulin-dependent diabetes
mellitus to the small RNA of lymphocytic choriomeningitis virus. J. Exp.
Med. 171:2091–2100.

22. Oldstone, M. B. A., N. Nerenberg, P. Southern, J. Price, and H. Lewicki.
1991. Virus infection triggers insulin-dependent diabetes mellitus in a trans-
genic model: role of anti-self (virus) immune response. Cell 65:319–331.

23. Oldstone, M. B. A., P. Southern, M. Rodriguez, and P. Lampert. 1984. Virus
persists in beta cells of islets of Langerhans and is associated with chemical
manifestations of diabetes. Science 224:1440–1443.

24. Oldstone, M. B. A., M. von Herrath, H. Lewicki, D. Hudrisier, J. L. Whitton,
and J. E. Gairin. 1999. Use of a high-affinity peptide that aborts MHC
restricted cytotoxic T lymphocyte activity against multiple viruses in vitro and
virus-induced immunopathologic disease in vivo. Virology 256:246–257.

25. Olmos, P., R. A’Hern, D. A. Heaton, et al. 1988. The significance of concor-
dance rate for type 1 (insulin-dependent) diabetes in identical twins. Diabe-
tologia 31:747–750.

26. Ossendorp, F., M. Eggers, A. Neisig, T. Ruppert, M. Groettrup, A. Sijts, E.
Mengede, P.-M. Kloetzel, J. Neefjes, U. Koszinowski, and C. Melief. 1996. A
single residue exchange within a viral CTL epitope alters proteasome-medi-
ated degradation resulting in lack of antigen presentation. Immunity 5:115–124.

27. Richter, W., K. M. Jury, D. Loeffler, B. J. Manfras, T. H. Eiermann, and
B. O. Boehm. 1995. Immunoglobulin variable gene analysis of human auto-
antibodies reveals antigen-driven immune response to glutamate decarbox-
ylase in type 1 diabetes mellitus. Eur. J. Immunol. 25:1703–1712.

28. Rodriguez, F., L. L. An, S. Harkins, J. Zhang, M. Yokoyama, G. Widera, J. T.
Fuller, C. Kincaid, I. L. Campbell, and J. L. Whitton. 1998. DNA immuni-
zation with minigenes: low frequency of memory cytotoxic T lymphocytes
and inefficient antiviral protection are rectified by ubiquitination. J. Virol.
72:5174–5181.

29. Salvato, M., E. Shimomaye, P. Southern, and M. B. A. Oldstone. 1988.
Virus-lymphocyte interactions. IV. Molecular characterization of LCMV
Armstrong (CTL1) and that of its variant, Clone 13 (CTL2). Virology
164:517–522.

30. Smithells, R., S. Sheppard, W. Marshall, and C. Peckham. 1978. Congenital
rubella and diabetes mellitus. Lancet i:439.

31. Tian, J., P. V. Lehmann, and D. L. Kaufman. 1994. T cell cross-reactivity
between coxsackievirus and glutamate decarboxylase is associated with a
murine diabetes susceptibility allele. J. Exp. Med. 180:1979–1984.

32. von Herrath, M., J. Dockter, and M. B. A. Oldstone. 1994. How virus induces
a rapid or slow onset insulin-dependent diabetes mellitus in a transgenic
model. Immunity 1:231–242.

33. von Herrath, M. G., B. Coon, H. Lewicki, H. Mazarguil, J. E. Gairin, and
M. B. A. Oldstone. 1998. In vivo treatment with a MHC class I restricted
blocking peptide can prevent virus-induced autoimmune diabetes. J. Immu-
nol. 161:5087–5096.

34. von Herrath, M. G., J. Dockter, M. Nerenberg, J. E. Gairin, and M. B. A.
Oldstone. 1994. Thymic selection and adaptability of cytotoxic T lymphocyte
responses in transgenic mice expressing a viral protein in the thymus. J. Exp.
Med. 180:1901–1910.

35. von Herrath, M. G., S. Efrat, M. B. A. Oldstone, and M. S. Horwitz. 1997.
Expression of adenovirus E3 transgenes in b cells prevents autoimmune
diabetes. Proc. Natl. Acad. Sci. USA 94:9808–9813.

36. von Herrath, M. G., S. Guerder, H. Lewicki, R. A. Flavell, and M. B. A.
Oldstone. 1995. Coexpression of B7.1 and viral (“self”) transgenes in pan-
creatic b cells can break peripheral ignorance and lead to spontaneous
autoimmune diabetes. Immunity 3:727–738.

37. von Herrath, M. G., and M. B. A. Oldstone. 1997. Interferon-g is essential for
destruction of b cells and development of insulin-dependent diabetes mel-
litus. J. Exp. Med. 185:531–539.

38. Whitton, J. L., P. J. Southern, and M. B. A. Oldstone. 1988. Analyses of the
cytotoxic T lymphocyte responses to glycoprotein and nucleoprotein com-
ponents of lymphocytic choriomeningitis virus. Virology 162:321–327.

39. Whitton, J. L., A. Tishon, H. Lewicki, J. Gebhard, T. Cook, M. Salvato, E.
Joly, and M. B. A. Oldstone. 1989. Molecular analyses of a five-amino-acid
cytotoxic T-lymphocyte (CTL) epitope: an immunodominant region which
induces nonreciprocal CTL cross-reactivity. J. Virol. 63:4303–4310.

40. Yamamoto, D. 1994. Possible mechanisms of autoantibody production and
the connection of viral infections in human autoimmune diseases. J. Exp.
Med. 173:75–82.

41. Yokoyama, M., J. Zhang, and J. L. Whitton. 1995. DNA immunization
confers protection against lethal lymphocytic choriomeningitis virus infec-
tion. J. Virol. 69:2684–2688.

42. Yoon, J. W., M. Austin, T. Onodera, and A. L. Notkins. 1979. Virus-induced
diabetes mellitus: isolation of a virus from the pancreas of a child with
diabetic ketoacidosis. N. Engl. J. Med. 300:1173–1179.

3292 SEVILLA ET AL. J. VIROL.


