
Immunology 1990 69 501-507

Inhibition of diabetes in BB rats by virus infection

II. EFFECT OF VIRUS INFECTION ON THE IMMUNE RESPONSE TO
NON-VIRAL AND VIRAL ANTIGENS
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SUMMARY

Lymphocytic choriomeningitis virus (LCMV) infection prevents the usual insulin-dependent
diabetes mellitus of aged BB rats (Dyrberg, Schwimmbeck & Oldstone, 1988; Schwimmbeck,
Dyrberg & Oldstone, 1988). In this study earlier observations are extended by noting that LCMV
infection substantially alters the immune responses of BB diabetic-prone (dp) rats. The control,
uninfected rats make vigorous primary and secondary antibody responses when challenged with
keyhole limpet haemocyanin (KLH), human immunoglobulin (Hulg) or sheep red blood cells
(SRBC). Such rats fail to mount a primary response to bovine serum albumin (BSA) but do produce a
moderate secondary response. They mount good antibody responses to LCMV but fail to generate
either primary or secondary LCMV-specific cytotoxic T-lymphocyte (CTL) responses or CTL
responses to Pichinde virus. In contrast, BB dp rats acutely infected with LCMV generate no primary
immune responses to SRBC, KLH or BSA and only meager responses when challenged with HuIg.
They mount secondary reponses to KLH, HuIg and BSA that approximate those of their uninfected
litter mates, but have a comparatively lower response to SRBC. LCMV binds to and infects
lymphocytes of the BB dp rat. Binding is enhanced over that observed with lymphocytes from BB
diabetic-resistant (dr) rats, which are able to generate CTL immune responses to LCMV and
Pichinde viruses. Hence, lymphocytes from BB dp rats are uniquely susceptible to binding and
replication of LCMV. During the acute state of LCMV infection, a general primary T-cell
immunosuppression occurs with respect to a variety of viral and non-viral antigens. Over time,
responsiveness to T-cell dependent antigens returns except for the ability to generate CTL responses
to LCMV or the autoimmune response(s) required to cause insulin-dependent diabetes mellitus.

INTRODUCTION

BB diabetes-prone (dp) rats spontaneously develop insulin-
dependent diabetes mellitus (IDDM), beginning at 60-150 days
of age, stemming from specific, autoimmune destruction of beta
cells of the islets of Langerhans' (Marliss et al., 1982; Like et al.,
1982a; Nakhooda et al., 1977; Dyrberg, Schwimmbeck &
Oldstone, 1988; Schwimmbeck, Dyrberg & Oldstone, 1988;
Oldstone et al., 1990). At this time, inflammatory cells accumu-
late predominantly in the islets, and the disease can be passively
transferred to the non-diabetic strain (BB dr) by concanavalin
A(Con A)-stimulated lymphocytes from BB dp diabetic rats
(Koevary et al., 1983). Further, immunosuppression generated
by such means as neonatal thymectomy or cyclosporin A
treatment prevents the occurrence ofIDDM in BB rats (Like et
al., 1982b; Laupacis et al., 1983). We previously noted (Dyrberg
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et al., 1988; Schwimmbeck et al., 1988) that following inocula-
tion of LCMV Armstrong 53b Clone 13 into BB dp rats, the
expected incidence of IDDM declined significantly, blood
glucose and pancreatic insulin levels became normal and
lymphocytic infiltration in the islets of Langerhans' was mini-
mum. Acute infection of lymphocytes and reduction of T
lymphocyte subsets occurred transiently (Schwimmbeck et al.,
1988), but there was no evidence of persistent infection
(Schwimmbeck et al., 1988; Oldstone et al., 1990). The virus,
which was easily recoverable from lymphocytes by co-cultiva-
tion and from sera by plaquing during the first 15-20 days
following infection, was no longer recoverable 30 days after
infection nor through the next 220+ days of observation. In
another species of acutely LCMV-infected mice, the virus
similarly replicated in cells of the immune system (Buchmeier et
al., 1980; Doyle & Oldstone, 1978; Popescu, Lohler & Leh-
mann-Grube, 1979) and altered immune responsiveness to
several antigens (Buchmeier et al., 1980; Leist, Ruedi &
Zinkernagel, 1988; Roost et al., 1988).
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In this report, the overall immune responsiveness of BB dp
rats acutely infected with LCMV was evaluated by using a
battery of non-viral antigens. Immune responses were assessed
to the T-cell dependent antigens bovine serum albumin (BSA),
keyhole limpet haemocyanin (KLH), sheep red blood cells
(SRBC) and human immunoglobulin G (HuIg). Additionally,
the cytotoxic T lymphocyte (CTL) responses to LCMV and
Pichinde virus and LCMV antibody response were examined.
We found that (i) BB dp rats either uninfected or infected with
LCMV do not generate a primary response to BSA; (ii) acute
LCMV infection transiently suppresses immune responses to
KLH, SRBC and HuIg; (iii) neither a primary nor a secondary
LCMV CTL response develops; and (iv) LCMV binds prefer-
entially to lymphocytes of the T-helper and cytotoxic/suppres-
sor T subsets of BB dp compared to those of BB dr rats.

MATERIALS AND METHODS

Animals
The BB dp and dr rat sublines were obtained from the Worcester
colony (Dr D. Juberski, University of Massachusetts, Worces-
ter, MA) in approximately the 20th generation of inbreeding.
The BB rats were propagated in the vivarium of the Research
Institute of Scripps Clinic (RISC, La Jolla, CA) by continuous
brother x sister matings. In the subsequent 5-8th generations
bred at RISC, and used for the experiments here, the incidence
ofIDDM in BB dp rats varied from 74% to 85%, < 5% in BB dr
rats.

Immunizations, antibody and CTL determinations
Rats were weaned and inoculated with LCMV at 30 days of age.
One-half of the rats from each litter was given 1 x 107 plaque-
forming units (PFU) ofLCMV Armstrong (ARM) Clone 13 by
intravenous injection into the tail vein. Seven days later, both
LCMV-inoculated and uninfected rats were given either BSA,
KLH, HuIg or SRBC. Groups of seven to 10 recipients of each
antigen were bled at 7 and 28 days after the first inoculation.
When rats were 63 days old (35 days after initiating primary
immunization), they received a secondary inoculation of anti-
gen. Blood was collected 7 days later; sera were then obtained
and frozen at - 20° until assayed. Antibody titres were deter-
mined in serial dilutions of sera using an ELISA (Gnann et al.,
1987). With high titres ofknown antibodies against BSA, KLH
and HuIg (Oldstone et al., 1973), the optimal dilution of antigen
used to coat plates was determined and varied from 0 5 to 1 Mg of
antigen per well.

Two injections of 200 pg of BSA or KLH were injected
subcutaneously (s.c.) into BB rats 4 weeks apart, the first
inoculation occurring 7 days after rats received LCMV.

HuIg cohn fraction 2 was added to a DEAE-cellulose
column equilibrated at 0-0175 M, pH 8-0, with potassium
phosphate buffer. The eluent at a concentration of 10 mg/ml was
immunochemically pure IgG by both immunoelectrophoresis
and Ouchterlony analysis. Rats were injected s.c. with 0-2 ml of
incomplete Freund's adjuvant containing 0-2 mg of HuIg on
Day 0 and 28 days later.

To test for antibodies to SRBC, each rat was immunized
with two intraperitoneal (i.p.) inoculations, 28 days apart, of
5 x 106 SRBC in a volume of0-5 ml of0-01 M sodium phosphate,
0-15 M NaCl, pH 7-2. Preliminary studies indicated that, of
several doses utilized, this one led to an appropriate response in

uninfected animals. Rats were bled by cardiac puncture 7 days
after the primary and 7 days after the secondary inoculations.
Haemagglutinins were titred in individual samples as described
elsewhere (Oldstone et al., 1973) utilizing two-fold dilutions of
antiserum in phosphate-buffered saline (PBS) containing 1%
heat-inactivated normal rat serum. Agglutination patterns were
read after incubation at room temperature for 6 and 18 hr.

The cytotoxic activity ofCTL was determined by a standard
5-hr 5'Cr-release assay (Whitton, Southern & Oldstone, 1988).
BB dp, BB dr or MC57 target cells were infected with LCMV
ARM Clone 13 or Pichinde virus at a multiplicity of infection
(MOI) of 1, 48 hr prior to assay. To generate CTL, rats or mice
were inoculated i.p. with 1 x 105 PFU of viruses. Six to 9 days
after inoculation, spleens were harvested, and a single lympho-
cyte suspension free of red cells and macrophages made. These
were added to target cells at effector: target ratios of 50:1, 25: 1
and 12 5:1. The source, characterization and handling of the
viruses used have been recorded elsewhere (Whitton et al., 1988;
Ahmed et al., 1984). Secondary cytotoxic effector cells were
generated by immunizing BB rats or C57BL/6 mice i.p. with
2 x 105 PFU ofLCMV ARM. Six weeks later, their spleens were
removed and restimulated in vitro with syngeneic LCMVARM-
infected peritoneal exudate macrophages. In brief, peritoneal
exudate cells were induced by injecting 3 ml of 3% w/v
thioglycolate (Difco, Detroit, MI) i.p. 3 days before harvesting.
For restimulation, 2 x 105 macrophages, irradiated with 2000
rads, and infected 48 hr previously with LCMV ARM (MOI 3),
were incubated with 4 x 106 spleen cells per ml of RPMI-1640
containing 10% fetal calf serum (FCS) 5 x 10-5 M 2-mercap-
toethanol, penicillin and streptomycin. After 5 days ofculture at
37°, effector cells were harvested and tested by the 5'Cr-release
assay. Specific 5'Cr-release was calculated as

100 x c.p.m. sample-c.p.m. spontaneous release
c.p.m. of total release -c.p.m. spontaneous release'

Neutralizing LCMV antibodies
Serum was obtained from blood collected by heart puncture
from BB dp rats 4, 7, 10, 14, 30, 60, 90 and 180 days after LCMV
inoculation. The presence of LCMV-specific neutralizing anti-
bodies was assayed as described elsewhere (Schwimmbeck et al.,
1988). Briefly, five-fold dilutions of serum (heat-inactivated at
56° for 30 min) were incubated with a standard amount of
LCMV Clone 13 at 370 for 45 min and then plated on a
confluent layer of Vero cells. The end titre of neutralizing
antibody reflected a 50% reduction in LCMV PFU.

Binding ofLCMV to BB rat lymphocytes
LCMV stock was purified from BHK-infected cells as described
elsewhere (Oldstone, 1990). Purified virus 1-2 mg protein/ml
was incubated with N-hydroxysuccinimide-biotin diluted in
dimethylsulphoxide at 1 mg/ml (Oldstone, 1990; Ingharimi et
al., 1988). A ratio of five parts virus to 1 part of biotin was used.
After removing free biotin by dialysis against PBS, aliquots of
biotinylated virus were diluted in RPMI medium containing 7%
inactivated FCS and titred for infectious virus by plaquing.
Biotinylated virus used in subsequent experiments showed a loss
in infectivity of < 60% and was stored at - 70° until used.

Before use, varying amounts of biotinylated virus (0-5-30
Mg) were added to 1 x 106 lymphocytes and incubated on ice for
45 min. Thereafter, cells were washed twice, and avidin-
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phycoerythin (PE) was added (Oldstone, 1990; Ingharimi et al.,
1988). After an additional 30 min incubation on ice, cells were
washed and analysed on the fluorescence-activated cell sorter
(FACS) to determine the amount of virus-biotin required for
maximal binding to cells.

For experimental studies, monoclonal antibodies (50 Al) to
various rat lymphocyte subsets and biotinylated-LCMV (50 A)
were added simultaneously to 1 x 106 lymphocytes. Cells were
gently resuspended every 10 min and incubated for 45 min on
ice. Cells were then washed twice in medium containing 5%
heat-inactivated FCS. For double labelling, conjugated (fluor-
escein isothiocyanate; FITC) affinity-purified antibody to the
immunoglobulin of the monoclonal antibody was added to
mark the lymphocyte subset, while avidin-PE was added to
mark the LCMV-biotin complex. Such treated cells were then
gently suspended every 10 min during a 30-min incubation on
ice. After three washes, the cells were treated with 0 5% formalin
in PBS and analysed by FACS. Preliminary studies showed a
dose-response curve for differing concentrations of LCMV-
biotin and the blocking of LCMV-biotin binding by addition of
unlabelled virus (A. Tishon and M. B. A. Oldstone, manuscript
submitted for publication). These studies were performed on
MC57 and BALB Clone 7 cells (Whitton et al., 1988), to which
binding was > 75%. The source, dilution and usage of mono-
clonal antibodies to total rat T lymphocytes (W3/13), to rat CD4
T-helper lymphocytes (W3/25) and to non-helper CTL and
natural killer (NK) cells (OX8) have been described elsewhere
(Schwimmbeck et al., 1988).

Replication ofLCMV in BB rat lymphocytes
Replication of virus was determined by infective centre analysis
(Schwimmbeck et al., 1988; Doyle & Oldstone, 1978). Briefly, 7
or 21 days after 30-day-old BB rats received LCMV, lympho-
cytes were separated from their blood, purified and co-cultured
with Vero cells. At least three rats from dp and dr groups were
studied simultaneously per time-point. A lymphocyte able to
replicate virus formed a plaque on the Vero cell. Three different
concentrations of lymphocytes were added to a standard
amount ofVero cells. The assay was run with duplicate samples
and included positive (LCMV plaqued on Vero cells) and
negative (neither virus nor lymphocytes) controls (Schwimm-
beck et al., 1988; Doyle & Oldstone, 1978).

RESULTS

BB dp rats fail to generate primary immune responses to BSA

BB dp rats, whether uninfected or acutely infected with LCMV,
responded poorly when challenged with BSA. As shown in
Fig. 1 neither group was able to mount a primary immune
response. Secondary responses were weak but equivalent in
LCMV-infected and uninfected control rats.

Immune responsiveness to KLH and SRBC

BB dp rats that were acutely infected with LCMV 7 days
previously failed to generate primary immune responses to
either KLH (Fig. 2) or SRBC (Fig. 3). However, upon
rechallenge with KLH the secondary reponse to KLH was
vigorous and equivalent in BB dp rats whether uninfected or
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Figure 1. BB dp rats fail to mount primary humoral immune responses
to BSA. Two-hundred micrograms ofaggregated BSA were injected s.c.
into 37-day-old BB dp rats, and their blood was assayed for the primary
immune response 28 days later (a). After being bled, rats were
reimmunized with 200 pg aggregated BSA and bled 7 days later to
determine secondary response (b). The infected rats had been inoculated
with LCMV (1 x 107 PFU of Clone 13 i.v.) 7 days preceding primary
immunization with BSA. (0) LCMV infected; (0) uninfected.
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Figure 2. BB dp rats infected with LCMV fail to make a primary (a) but
make a secondary (b) immune response to KLH. Two-hundred
micrograms ofKLH were injected s.c. into 37-day-old BB dp rats, whose
blood was assayed for the primary immune response 28 days later. After
the blood drawing, rats were reimmunized with 200 pg aggregated KLH
and bled 7 days later to measure the secondary response. BB dp virus-
infected rats were inoculated with LCMV (1 x 107 PFU of Clone 13 iv.)
7 days prior to primary immunization. (0) LCMV infected; (0) un-
infected.

acutely infected with LCMV (Fig. 2). In contrast, LCMV-
infected rats receiving a secondary challenge of SRBC res-
ponded less well than their uninfected littermates (Fig. 3).

Immune responsiveness to Hulg

LCMV-infected and uninfected BB dp rats mounted primary
and secondary immune responses to HuIgG (Fig. 4). However,
responses of the LCMV-infected animals were significantly
poorer at both primary and secondary immune responses.
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Figure 3. BB dp rats infected with LCMV fail to make a primary but
mount a weak secondary response to SRBC. SRBC were diluted in PBS
and 5 x 106 cells injected i.p. Sera was drawn 7 days later (primary
response). Twenty-eight days after receiving the primary inoculation
rats were reimmunized with 5 x 106 SRBC i.p., and blood was drawn
7 days thereafter (secondary response). BB dp virus-infected rats were

inoculated with LCMV (1 x 107 PFU of Clone 13 i.v.) 7 days prior to

primary immunization.

Primary and secondary CTL and antibody responses to LCMV

BB dp rats immunized i.p. with x l05 PFU ofLCMV failed to
mount either a primary or secondary CTL response to LCMV
(Fig. 5). Such rats also failed to generate CTL responses to
Pichinde, a member of the arenavirus family that shows no

cross-reaction at the CTL level. BB diabetes-resistant (dr) rats,
concurrently inoculated with LCMV as a positive control,
responded vigorously to both LCMV and Pichinde virus.
Despite failing to generate CTL responses, BB dp rats developed
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Figure 4. BB dp rats, infected with LCMV, mount poor primary (a) and
secondary (b) responses to HuIg. 0 2 mg of IgG mixed with incomplete
Freund's adjuvant was given s.c. to 37-day-old rats, and their blood was

assayed for primary humoral response 28 days later. Immediately after

bleeding, 0-2 mg of HuIg mixed with incomplete Freund's adjuvant was
readministered, and rats were bled 7 days later. BB dp rats were

inoculated with LCMV (1 x 107 PFU of Clone 13 i.v.) 7 days prior to

primary immunization. (0) LCMV infected; (0) uninfected.

LCMV
Pichinde
LCMV

S
S
S

% specific 51Cr released
20 40 60 80

/ / 1//

i/////////////// 111

Figure 5. BB dp rats fail to form primary (P) or secondary (S) CTL to
LCMV or Pichinde virus. Seven days after LCMV or Pichinde virus was
given, 1 x 105 PFU i.p., to 30-day-old BB dp and BB dr rats, their spleens
were removed and harvested lymphocytes reacted against 5'Cr-labelled
BB dp targets. Results represent triplicate experiments. For the
secondary CTL response, BB rats or C57BL/6 (H-2b) mice were given
LCMV or Pichinde virus (1 x 105 PFU). Sixty days later, their spleens
were removed; the splenic lymphocytes were cultured for 5 days and
then reacted against 5'Cr-labelled BB dp or MC57 (H-2b) targets.

high titres of neutralizing antibodies to LCMV, first appearing
10-15 days following infection and lasting over a 200-day
observation period (data not shown; Schwimmbeck et al., 1988).

The last series ofexperiments evaluated the ability ofLCMV
to bind to and infect lymphocytes from BB dp and from BB dr
rats. In the first set of studies, LCMV was conjugated to biotin
and added to purified peripheral blood lymphocytes or to
lymphocyte subsets defined by monoclonal antibodies and
FITC-labelled reagents. Thereafter, the mixture was reacted
with avidin-PE and subjected to FACS analysis. LCMV
binding to total T cells (Fig. 6; W3/13 marked), T-helper (W3/
25; data not shown) and cytotoxic T (OX8 labelled; data not
shown) subsets from BB dp rats was greater than to correspond-
ing lymphocyte subsets from BB dr rats. In multiple-repeat
experiments, the enhancement of binding to BB dp over BB dr
rat lymphocytes exceeded five-fold, ranging from five- to 12-
fold.

Schwimmbeck, Dyrberg & Oldstone (1988) and others
(Marliss et al., 1982; Like et al., 1982a; Nakhooda et al., 1977)
have noted a lymphocytopenia in BB dp compared to BB dr rats.
During acute LCMV infection, BB dp rats had approximately
50% fewer lymphocytes of the W/13+, W3/25+ and OX8+
subsets than uninfected or LCMV-infected BB dr rats
(Schwimmbeck et al., 1988; data not shown). By 14 days after
infection, the lymphocyte levels in BB dp rats returned to
normal.

The number of BB dp lymphocytes replicating virus was
always significantly higher than the number of lymphocytes
from BB dr rats. Hence in several experiments at 7 and 21 days
after initiating acute LCMV infection, the number of infectious
centres was (nine rats per group, mean +± SD) 1423 + 150
(range 1780-1200) and 459 + 106 (range 730-1 1 0) per 1 x I05 BB
dp lymphocytes, respectively. For BB dr rats at corresponding
times, the numbers were 153-+59 (range 270-76) and 45 + 12
(range 90-20) (Fig. 7).

DISCUSSION

These results demonstrate three major points. First, BB dp rats
acutely infected with LCMV develop a generalized T-cell
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Figure 6. Biotinylated LCMV binds preferentially to lymphocytes from BB dp rats compared to those from BB dr rats. Ficoll-Hypaque-
purified lymphocytes from BB dp and BB dr rats were incubated first with biotinylated LCMV and then avidin-PE. Cells were studied
by the FACS. The two experiments shown were similar to three others. (a) BB dr negative control (no labelled virus); (b) BB dr plus
biotinylated LCMV; (c) BB dp plus biotinylated LCMV.

immunosuppression so that no primary immune responses are

generated to a variety of non-viral T-dependent antigens.
However, by 28 days after injection of the infecting virus, the
immune repertoire of BB dp rats is mostly functional, as evident
when reinoculation of antigens leads to immune responses.

Second, BB dp rats are apparently unable to generate CTL
responses. Such rats fail to make either a primary or secondary
CTL response to LCMV or a primary CTL response to Pichinde
virus. In contrast, BB dr rats generate clear-cut virus-specific
CTL responses. In addition, BSA is a poor immunogen for BB
rats. Third, BB dp lymphocytes are more reactive with LCMV
than lymphocytes from RB dr rats. Hence, both binding and
replication of virus in lymphocytes from BB dp rats are

enhanced.
LCMV clearly induces immunosuppression (Buchmeier et

al., 1980; Ahmed et al., 1984; Woda & Padden, 1987; Lynch et

al., 1989; Leist et al., Zinkernagel, 1988; Roost et al., 1988;
Wu-Hsieh, Howard & Ahmed, 1988; Oldstone et al., 1988,
1986). In persistently infected mice, viral variants are generated
in lymphocytes and these variants specifically abort LCMV
CTL responses and are able to initiate persistence in adult
immunocompetent mice (Ahmed et al., 1984; Oldstone et al.,
1986). However, immune responses to several other viruses,
including CTL responses, and immune responses to non-viral
antigens are generally normal in such persistently infected mice
(Buchmeier et al., 1980; Oldstone et al., 1973, 1986). In acutely
LCMV-infected mice, lymphocytes sustain short-lived infection
(Doyle & Oldstone, 1978) and an associated immunosuppres-
sion follows (reviewed by Buchmeier et al., 1980; Lynch et al.,

1989; Leist et al., 1988; Roost et al., 1988; Wus-Hsieh et al.,
1988). Thus, in the mouse, LCMV is capable of causing
transient and generalized immunosuppression during the acute
phase of infection but, during persistent infection, a continuous
and selective immunosuppression occurs. During persistent
infection, suppression prevents the efficient generation of
LCMV-specific CTL, thereby allowing the virus to survive. It
was found here that, in the BB dp rat, LCMV causes an acute
and transient suppression of several T-dependent immune
responses, to KLH, Ig, SRBC, but not T-dependent antibody to
LCMV.

The inability of BB dp rats to generate LCMV-specific CTL
is consistent with an earlier report of Woda & Paddon (1987).
These findings have been extended by showing that secondary
CTL responses specific for LCMV are also absent. This inability
to generate LCMV-specific CTL is probably a general defect of
CTL induction, since it was found that BB dp rats generate no

CTL to Pichinde (Fig. 5) or vaccinia viruses (Oldstone et al.,
1990), while others (Woda & Padden, 1987; Prud'homme et al.,
1988) have noted that allogeneic CTL cannot be elicited and that
T cells from BB dp rats are unable to lyse their own islet cells in
vitro. These data suggest two scenarios. First, CTL probably do
not play a significant role in the autoimmune destruction of islet
cells. Second, BB dp rats efficiently and effectively clear an acute
virus infection despite the inability to generate CTL. As shown
elsewhere, clearance and immunity are associated with the
generation and maintenance of high-titred neutralizing anti-
body (Oldstone et al., 1990).

During the first 10-15 days of acute LCMV infection, adult.
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Figure 7. LCMV replicates preferentially in lymphocytes from BB dp
rats compared to those from BB dr rats. Twenty-one days after LCMV
was given (1 x 107 PFU i.v.) to 30-day-old BB dp and dr rats,
lymphocytes were purified from their blood (Ficoll-Hypaque) and
added in varying concentrations to a confluent monolayer ofVero cells.
Six days later the material was stained (Schwimmbeck et al., 1988; Doyle
& Oldstone, 1978) and photographed. Approximately 10-fold more
lymphocytes from BB dp rats score as infectious centres than from BB dr
rats.

BB dp rats show virus-induced lymphocytopenia and accom-
panying immunosuppression. At this stage, the lymphocytes are
permissive to viral invasion and replication. In the majority of
BB dp rats by 21 days after infection, and in all by 30 days,
lymphocyte levels have returned to normal (for BB dp) and virus
is no longer recoverable from lymphocytes. In contrast, acutely
LCMV-infected BB dr rats do not become lymphocytopenic
(Schwimmbeck et al., 1988) and do not exhibit a corresponding
immunosuppression. Here, although LCMV bound to and
replicated in lymphocytes from BB dp and BB dr rats,
quantitatively the binding was at least five-fold enhanced for dp
lymphocytes. Further, as judged by infectious centre analysis,
five- to 10-fold more lymphocytes from BB dp rats replicated
LCMV than those from BB dr rats. The enhanced replication of
virus in BB dp rats correlated directly with their development of
immunosuppression or a return to immunoresponsiveness.
Interestingly, although these BB dp rats returned to a state of
immune responsiveness against the T dependent non-viral
antigens studied here, they nevertheless did not develop their
expected IDDM over the next 300 days of observation (Dyrberg
et al., 1988; Schwimmbeck et al., 1988). Thus, in some as yet
undefined way, LCMV has suppressed the autoimmune IDDM
function in an apparently permanent way while allowing a
return to immune responsiveness. Further, no evidence exists
that virus persists in such aged, IDDM-free BB dp rats
(Schwimmbeck et al., 1988; Oldstone et al., 1990).

At least three applications of these results presented here

seem evident. First, since LCMV infection of diabetic animals
offers a number of similarities to the HIV-lymphocyte-AIDS
picture (Leist et al., 1988; Wu-Hsieh et al., 1988; McChesney &
Oldstone, 1989), the in vivo and in vitro models presented here
suggest manipulative techniques for probing virus-induced
immunosuppression. The restricted replication of LCMV to
cells of the immune system and not to cells in other tissues
(Schwimmbeck et al., 1988) in adult BB dp hosts is especially
interesting. Second, the differences noted in binding by and
replication of virus in T cells of dp versus dr BB rats offer an
opportunity to map the regulation of such responses. Third,
eventually viruses, i.e. viral genes or their products, may be used
to treat a spectrum of diseases. Like BB dp rats, NOD mice
infected with a lymphotropic strain of LCMV do not develop
IDDM (Oldstone, 1988), and lactate dehydrogenase virus
prevents the spontaneous autoimmune disease, lupus, in New
Zealand mice (Oldstone & Dixon, 1972) as well as experimen-
tally induced allergic encephalomyelitis (Inada & Mims, 1986).
These results in toto suggest that viruses can be used to
manipulate immune responses in a beneficial way for the host
and suggest the potential of therapeutic application.

ACKNOWLEDGMENTS
This is Publication Number 5939-IMM from the Division of Virology,
Department of Neuropharmacology, Scripps Clinic and Research
Foundation, La Jolla, CA 92037, U.S.A. This work was supported by
USPHS grant AG-04342.

REFERENCES
AHMED R., SALMI A., BUTLER L.D., CHILLER J.M. & OLDSTONE M.B.A,

(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.

BUCHMEIER M.J., WELSH R.M., DUTKO F.J. & OLDSTONE M.B.A. (1980)
The virology and immunobiology of lymphocytic choriomeningitis
virus infection. Adv. ImmunQi. 30, 275.

DOYLE M.V. & OLDSTONE M.B.A. (1978) Interactions between viruses
and lymphocytes. I. In vivo replication oflymphocytic choriomeningi-
tis virus in mononuclear cells during both chronic and acute viral
infection. J. Immunol. 121, 1262.

DYRBERG T., SCHWIMMBECK P.L. & OLDSTONE M.B.A. (1988) Inhibition
of diabetes in BB rats by virus infection. J. clin. Invest. 81, 928.

GNANN J.W., SCHWIMMBECK P.L., NELSON J.A., TRUAx A.B. &
OLDSTONE M.B.A. (1987) Diagnosis of AIDS by using a 12 amino
acid peptide representing an immunodominant epitope of the human
immunodeficiency virus. J. Infect. Dis. 156, 261.

INADA T. & MIMS C. (1986) Infection ofmice with lactic dehydrogenase
virus prevents development of experimental allergic encephalomyeli-
tis. J. Neuroimmunol. 11, 53.

INGHARIMI G., NAKAMURA M., BALOW J.E., NOTKINs A.L. & CASALI P.
(1988) Model for studying virus attachment: identification and
quantitation of Epstein-Barr virus binding cells by using biotinylated
virus in flow cytometry. J. Virol. 62, 2453.

KOEVARY S., ROSSINI A.A., STOLLER W., CHICK W.L. & WILLIAMS R.M.
(1983) Passive transfer of diabetes in the BB/W rat. Science, 220, 727.

LAUPACIS A., STILLER C.R., GARDELL C., KEoWN P., DUPREE J.,
WALLACE A.C. & THIBERT P. (1983) Cyclosporin prevents diabetes
mellitus in BB Wistar rats. Lancet, i, 10.

LEIST T.P., RUEDI E. & ZINKERNAGEL R.M. (1988) Virus-triggered
immune suppression in mice caused by virus-specific cytotoxic T cells.
J. exp. Med. 167, 1749.

LIKE A.A., BUTLER L., WILLIAMS R.M., APPEL M.C., WERINGER E.J. &



Virus-induced immunosuppression in BB rats 507

ROSSINI A.A. (1982a) Spontaneous autoimmune diabetes mellitus in
the BB rat. Diabetes, 31, 7.

LIKE A.A., KISLAUKIs E., WILLIAMs R.M. & ROSsINI A.A. (1982b)
Neonatal thymectomy prevents spontaneous diabetes mellitus in the
BB/W rat. Science, 216, 644.

LYNCH F., CEREDIG R., HARTLEY D. & DOHERTY P.C. (1989) Persistence
of the irradiated host component in thymocyte populations from
bone marrow radiation chimeras infected with lymphocytic chorio-
meningitis virus. Cell. Immunol. 118, 482.

MCCHEsNEY M.B. & OLDSTONE M.B.A. (1989) Virus-induced immuno-
suppression: infections with measles virus and human immunodefi-
ciency virus. Adv. Immunol. 45, 335.

MARLISS E., NAKHOODA A., POUSSIER P. & SIMA A. (1982) The diabetic
syndrome of the 'BB' Wistar rat: possible relevance to type I (insulin-
dependent) diabetes in man. Diabetologia, 22, 225.

NAKHOODA A., LIKE A., CHAPPEL C., MURRAY F. & MARLIss E. (1977)
The spontaneously diabetic Wistar rat: metabolic and morphologic
studies. Diabetes, 26, 100.

OLDSTONE M.B.A. (1988) Prevention of type I diabetes in NOD mice by
virus infection. Science, 239, 500.

OLDSTONE M.B.A. (1990) In: Viral Pathogenesis: A Practical Approach
(ed. M.B.A. Oldstone). Oxford Press, Oxford (in press).

OLDSTONE M.B.A., BLOUNT P., SOUTHERN P.J. & LAMPERT P.W. (1986)
Cytoimmunotherapy for persistent virus infection: unique clearance
pattern from the central nervous system. Nature (Lond.), 321, 239.

OLDSTONE M.B.A. & DIXON F.J. (1972) Inhibition of antibodies to
nuclear antigen and to DNA in New Zealand mice infected with
lactate dehydrogenase virus. Science, 175, 784.

OLDSTONE M.B.A., SALVATO M., TISHON A. & LEWICKI H. (1988) Virus-
lymphocyte interactions. III. Biologic parameters of a virus variant
that fails to generate CTL and establishes persistent infection in
immunocompetent hosts. Virology, 164, 507.

OLDSTONE M.B.A., TISHON A., CHILLER J., WEIGLE W. & DIXON F.J.
(1973) Effect of chronic viral infection on the immune system. I.
Comparison of the immune responsiveness of mice chronically
infected with LCM virus with that of noninfected mice. J. Immunol.
110, 1268.

OLDSTONE M.B.A., TISHON A., SCHWIMMBECK P.L., SHYP S., LEWICKI
H. & DYRBERG T. (1990) CTL do not control lymphocytic choriomen-
ingitis virus infection ofBB diabetic prone rats. J. Immunol. (in press).

PoPEscu M., LOHLER M. & LEHMANN-GRUBE F. (1979) Infectious
lymphocytes in lymphocytic choriomeningitis virus carrier mice. J.
gen. Virol. 42, 481.

PRUD'HOMME G., LAPCHAK P.H., PARFREY N., COLLE E. & GUTTMAN
R.D. (1988) Autoimmunity-prone BB rats lack functional cytotoxic
T cells. Cell. Immunol. 114, 198.

ROOST H., CHARAN S., GOBET R., RUEDI E., HENGARTNER H., ALTHAGE
A. & ZINKERNAGEL R.M. (1988) An acquired immune suppression in
mice caused by infection with lymphocytic choriomeningitis virus.
Eur. J. Immunol. 18, 51 1.

SCHWIMMBECK P.L., DYRBERG T. & OLDSTONE M.B.A. (1988) Abroga-
tion of diabetes in BB rats by acute virus infection. J. Immunol. 140,
3394.

WHITTON J.L.,, SOUTHERN P.J. & OLDSTONE M.B.A. (1988) Analyses of
the cytotoxic T lymphocyte responses to glycoprotein and nucleopro-
tein components of lymphocytic choriomeningitis virus. Virology,
162, 321.

WODA B. & PADDEN C. (1987) Biobreeding/Worcester (BB/Wor) rats
are deficient in the generation of functional cytotoxic T cells. J.
Immunol. 139, 1514.

Wu-HSIEH B., HOWARD D.H. & AHMED R. (1988) Virus-induced
immunosuppression: a murine model of susceptibility to opportunis-
tic infection. J. Infect. Dis. 158, 232.


