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Abstract

BB rats serve as a model for human insulin-dependent diabetes
mellitus (IDDM), since without insulin treatment, most
60-140-d-old animals die within 1 to 2 wk of developing poly-
uria, polydypsia, hyperglycemia, and hypoinsulinemia. Lym-
phoid cells accumulate in the islets of Langerhans and beta
cells undergo destruction. Wereport that inoculation of such
BB rats with lymphocytic choriomeningitis virus (Armstrong
strain, clone 13) reduces over a prolonged period the incidence
of IDDM, normalizes the concentration of blood sugar and
pancreatic insulin, prevents the mononuclear cell infiltration in
the islets of Langerhans, and for a short time after inoculation
alters T lymphocyte subsets. Thus, a virus might be pro-
grammed to carry out useful functions.

Introduction

The BB strain of rats originating from the Bio Breeding Labo-
ratory, Ottawa, Canada, serves as a model for the study of
human insulin-dependent diabetes mellitus (IDDM)' (1, 2).
The disease these rats develop manifests clinically as weight
loss, polyuria, and polydypsia and chemically as hyperglyce-
mia, glycosuria, and hypoinsulinemia (3). After the onset of
IDDM with severe hyperglycemia, ketoacidosis develops rap-
idly; without insulin treatment, the rats usually die within a
week. In the islets of Langerhans massive local accumulation
of mononuclear cells is associated with a decrease in the num-
ber of beta cells and disruption of islet architecture (4). Al-
though the etiology of this IDDM is not known, most likely the
autoimmune response of BB rats to their own islet cells is an
important pathogenic factor.

Previous studies from our laboratory have shown that in-
fection of adult immunocompetent mice with a lymphotropic
variant of lymphocytic choriomeningitis virus (LCMV) (Arm-
strong strain CA1371 53b, called clone 13) establishes persis-
tent virus infection by specifically immunosuppressing the
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1. Abbreviations used in this paper: IDDM, insulin-dependent diabetes
mellitus; LCMV, lymphocytic choriomeningitis virus; LDV, lactate
dehydrogenase virus; PFU, plaque-forming units.

generation of LCMVspecific H-2 restricted cytotoxic T lym-
phocytes (5). Clone 13 infects a small subset (1-2%) of circu-
lating lymphocytes and causes a selective immunosuppression.
Additionally, we and others have shown that several RNAand
DNAviruses can infect monocytes and lymphocytes, causing
alterations in a variety of immunologic responses (reviewed in
reference 6). Depending on the time of inoculation and the
host and virus used, immune responses can be either exagger-
ated to cause autoimmune responses or they can be sup-
pressed.

The purpose of this study was to determine whether infec-
tion with LCMV, a relatively noncytopathic RNAvirus, sig-
nificantly reduced the expected incidence and chemical and
histopathologic manifestations of IDDM in BB rats.

Methods

BB rats representing both diabetes-prone and resistant sublines in
about the 20th generation of inbreeding (7) were obtained from the
Worcester colony (Dennis Guberski, University of Massachusetts,
Worcester, MA) and were propagated in our laboratory by brother-
sister matings. IDDM was diagnosed as blood glucose levels of 300
mg/dl or more as measured by the stix-reflectometer method. Rats
were weaned 30 d after birth and monitored for the occurrence of
IDDM from the 45th d on, three times a week until they reached 240 d
of age. Rats demonstrating IDDM, which developed at an average age
of 103 d (range, 65-200) were either killed or treated with insulin
(porcine protamine zinc insulin; Nordisk Gentofte, Gentofte, Den-
mark).

LCMVinfection was induced by inoculating 30-d-old BB rats in-
travenously with I07 plaque-forming units (PFU) of LCMVclone 13.
Details of virus history, passage, inoculation procedures, and plaque
assay for LCMVinfectivity have been described (5). Infectious center
assay on PBMNand lymphocytes were performed as described (8).
Purified subsets of PBLs were obtained by using specific MAbs to rat
lymphocyte subsets (W3/13, pan T cell; W3/25, helper-inducer T cell;
OX8, nonhelper, cytotoxic, suppressor T cell, and natural killer cell),
FITC fluorochrome dye, and FACS(9). Briefly, 1 X 106 lymphocytes
were incubated with SOXof MAbsat 4°C for 25 min. Cells were washed
with media and stained with 5 sg affinity purified F(ab)2 fragment
anti-mouse IgG, washed, fixed in paraformaldehyde (1%), and quan-
titated by FACS. To detect LCMVRNA, tissues were harvested and
RNAwas extracted (10), denatured, and bound to nitrocellulose paper
as described (10-12). The filters were hybridized with a 700-bp 32P-la-
beled cDNA probe specific for the small RNAsegment of LCMV-
Armstrong (1 1).

The insulin concentrations in pancreatic tissues were measured as
described (13). Briefly, pancreases were harvested, lyophilized, and dry
weight measured. Tissues were homogenized and the insulin was ex-
tracted in acid ethanol. Insulin was quantitated using a competitive
inhibition radioimmune assay with '251-A-14 porcine insulin as a tracer
and rat insulin as the standard (13). For light microscopy, tissues were
removed, fixed in Bouin's solution, and stained with hematoxylin and
eosin. Chi-square test was used for statistical analysis.
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Results

As shown in Table I, 81%of the diabetes-prone BB rats sponta-
neously developed IDDM, whereas none of the diabetes-resis-
tant BB rats did so. However, upon LCMVinfection, 31 of 49
diabetes-prone BB rats (63%) failed to develop IDDM. The
findings were highly significant (P value < 0.001) and were
reproduced in three separate experiments. In support of these
findings, analysis of pancreatic insulin levels revealed that the
diabetic uninfected BB rats had little to no pancreatic insulin
(mean± 1 SE, 15±3 ng insulin per mgpancreas dry weight). In
contrast, the insulin levels in the pancreases of diabetes-prone
but LCMV-infected and non-IDDM BB rats were 13- to 15-
fold higher (203±49). These levels were equivalent to those
occurring in diabetes-resistant BB rats both uninfected and
infected with LCMV(Table I). 37% or 18 of 49 diabetes-prone
BB rats inoculated with LCMVdid develop IDDM. These rats
had blood glucose and pancreatic insulin levels similar to those
in the uninfected, diabetes-prone BB rats that developed
IDDM (Table I). Replicating virus was required as ultraviolet
inactivation (360 X 103 rad/cm2 treatment that inhibited all
LCMVreplication in vero cells: PFU 1 X 108 < 50) did not
change the expected incidence of diabetes in diabetes-prone
BB rats).

LCMVclone 13 is lymphotropic in mice and specifically
suppresses their cytotoxic T lymphocyte response to the inoc-
ulating virus (5). Therefore, we looked for LCMVin lympho-
cytes of infected BB rats. Infectious virus was recovered from
their lymphocytes 4, 7, and 10 d after inoculation but not after
30 d or longer. Titers ranged from 102 to 104 infective centers
per 107 cells as demonstrated by cocultivation on Vero feeder

Table I. LCMVInfection Significantly Reduced
the Incidence of Diabetes

ng
insulin
per mg Blood

BB rats* Diabetest Numbers % pancreasit glucoses

mg%

Diabetes-prone
Uninfected + 94/116 81 15±3 >300
Uninfected Nil 22/116 19 217±22 152±59
LCMVinfect + 18/49 37 17±3 >300
LCMVinfect Nil 31/49 63 203±49 163±5

Diabetes-resistant
Uninfected Nil 0/46 0 289±44 129±3
LCMVinfect Nil 0/18 0 227±69 131±8

* 30-d-old diabetes-prone BB rats were inoculated intravenously with
LCMV-Armstrong clone 13, I0' PFU. Reduced incidence of diabetes
was significant by chi-square test, x2 = 31.0, P < 0.001.
t Diabetes (+) was defined as blood glucose level over 300 mg%.
Once elevated, blood glucose levels remained high on repeated deter-
minations unless rats were given insulin. Animals tested for insulin
content of the pancreas were not given insulin for at least the four
preceding days.
1Number of rats with or without diabetes over total number per group.

Pancreatic insulin levels were determined by a competitive radioim-
mune assay using 1251I-A-14 porcine insulin as a tracer and rat insulin
as a standard. Mean± 1 SE.
'Fasting blood glucose levels. Mean± 1 SE.

cell layers. The sera of these animals contained infectious virus
(102_105 PFU/ml) during the first 2 wk after viral inoculation
and did not thereafter. RNAextracted from lymphocytes,
spleens, livers, pancreases, adrenals, kidneys, and brains of
LCMV-infected BB rats 4, 10, 60, and 170 d after initiating
infection, when immobilized on nitrocellulose filters and
probed with 32P LCMVcDNAprobe, failed to yield evidence
of viral transcripts throughout the course of infection. Thus,
with the combined use of these sensitive assays, LCMVwas
detectable only in lymphocytes using cocultivation, a more
sensitive assay. All the LCMV-inoculated rats developed neu-
tralizing antibodies to the virus (not shown).

Next lymphocyte subsets in virus-infected BB rats were
studied. In accordance with an earlier report (1) diabetes-
prone animals had a decrease in the number of T lymphocytes
when compared with diabetes-resistant BB rats. As shown in
Fig. 1, the number of T lymphocytes expressing a variety of T
cell surface markers decreased significantly 4 and 7 d after viral
inoculation of diabetes-prone BB rats when compared with
uninfected controls of similar age and sex. The number of T
lymphocytes in LCMV-infected rats returned to control levels
by 14 d after inoculation and remained at normal levels there-
after. In contrast, analysis of T lymphocyte subsets of dia-
betes-resistant BB rats did not show marked changes. In addi-
tion, FACS-separated lymphocytes washed extensively and
bearing W3/13', W3/25', or OX8' subsets yielded LCMVby
cocultivation assay when tested 4 d after initiating the infec-
tion. Titers ranged from 1.2 X 103 to 2.4 X 103 infectious
center per 107 sorted lymphocytes. In contrast, erythrocytes
harvested from the same animal and washed in parallel failed
to yield virus. These results further established that lympho-
cytes contain virus during the early stage of infection.

BB rats developing IDDMunderwent massive infiltrations
of mononuclear cells into the islets of Langerhans with a de-
crease in the number of beta cells and with severely disrupted
islet architecture (Fig. 2). In contrast, rats infected with LCMV
failed to develop either IDDM, inflammation in the islets of
Langerhans, or damaged beta cells (Fig. 2). Histopathologi-
cally, the pancreases from LCMV-infected, diabetes-prone BB
rats resembled those of their diabetes-resistant counterparts.

Discussion

Our observations indicate that soon after its introduction,
LCMVsomehow disorders particular lymphocyte subsets, re-
sulting in reduced incidence of IDDM, inhibition of mononu-
clear cell infiltration, and destruction of islets of Langerhans.
Lymphocytes from diabetic BB rats can transfer IDDM into
resistant rats (14) and BB rats. IDDM can be inhibited by
procedures directly interfering with lymphocyte functions or
numbers, e.g., neonatal thymectomy (15) and treatment with
lymphocyte antiserum (16) or cyclosporin A (17). LCMV
caused a depletion of T lymphocytes at 4 and 7 d after initiat-
ing infection. Thus, the possibility exists that LCMVdirectly
aborts autoimmune-producing lymphocytes. By this means,
the virus could cause a long lasting immunosuppression equiv-
alent to that observed with cyclosporin A or antilymphocyte
serum. The recent cloning and sequencing of the clone 13
lymphotropic variant and the use of nucleic acid probes and in
situ hybridization in association with the ability to incite
IDDM by adoptive lymphocyte transfers should provide a
unique opportunity to separate and identify the autoimmune
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PANT (W3/13)+ CELLS

DIABETES PRONEBB RATS
UNINFECTED LCMV INFECTED

50.2 ± 5.9 15.3 ± 7.6

54.0±8.1 16.0± 13.6

52.6 t 5.0 59.8 ± 14.1

HELPER-T W3/25)+ CELLS

SUPPRESSOR/CrTOTOXIC T (OX 8M+ CELLS

20 40 60 80 100

% POSITIVE CELLS RELATIVE TO CONTROLS

50.4 ± 2.8 50.0 ± 2.6

24.5±7.8 7.8± 6.5

22.3±8.1 8.8± 6.5

25.5 ±3.6 28.5± 6.3 Figure 1. T lymphocyte subsets in diabetes-
prone, LCMV-infected BB rats. Mononuclear

N D. N 0 cells, obtained from heparinized whole blood
by gradient centrifugation on Ficoll-Hypaque,
were incubated with the respective MAbs,
washed, further incubated with FITC-F(ab2)

18.6±4.9 8.6± 5.2 anti-mouse IgG, washed again, and fixed in

20.2 ± 2.3 8.2 ± 7.4 paraformaldehyde. Cell-bound fluorescence
was analyzed in the FACS. The proportion of

20.6±2.9 24.6± 12.2 W3/13, W3/25, and OX8 positive cells in
LCMV-infected, diabetes-prone BB rats are

20.8±5.6 18.2± 4.7 shown relative to those in age-matched, unin-
fected, diabetes-prone BB rats. The right panel
gives the percentage (mean± I SD) of positive
cells in uninfected and LCMV-infected, dia-
betes-prone BB rats. P1, post infection.

reactive clones. In addition, our observations point to the abil-
ity of viruses, on the basis of their tropism for cells of the
immune system, to regulate that system and its responses.

Consistent with this view are our earlier studies that showed
that persistent infection of NewZealand mice with LCMVor

with a DNAvirus, polyoma, markedly augments the occur-

rence and amount of antibodies to DNAand induces (in NZW
mice) or aggravates (in NZB [NZB X W]FI) lupus-like disease
(18). Alternatively, NZBand (NZB X W)F1 mice, which spon-

taneously develop this autoimmune disease, remain free fromMs a .) ~~~*
;2k

0X. 0

Figure 2. Pancreas morphology. Pancreata were fixed in Bouin's solution, embedded in paraffin, and sections were stained with hematoxylin
and eosin. (Left) Normal islet from a diabetes-resistant BB rat. (Middle) Islet from an LCMV-infected, diabetes-prone BB rat, killed at 210 d of
age. Minimal mononuclear cell infiltration is seen. (Right) Islet from a diabetic BB rat of recent onset, showing massive mononuclear cell infil-
tration and disruption of islet architecture.

930 T. Dyrberg, P. L. Schwimmbeck, and M. B. A. Oldstone

DAYS
AGE Pi

34 4

37 7

44 14

200 170

34 4

37 7

44 14

200 170 NO

34 4

37 7

44 14

200 170



lupus after infection with lactate dehydrogenase virus (LDV)
(19). LDV preferentially infects macrophages and alters ac-
companying T lymphocyte functions (20-22). Recently, Inada
and Mims have provided evidence that Ia molecules serve as
receptors for LDV (21) and that infection with this virus aborts
experimental allergic encephalitis (22), a disease caused by au-
toimmune responses against brain "self' proteins. Hence, un-
derstanding, in general, the mechanism by which viruses alter
immune responses and specifically how LCMVdecreases au-
toimmune responses of IDDMmay offer a novel approach to
specific immune therapy of IDDM and similar disorders
of man.
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