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Suckling mice are protected against murine rotavirus-induced gastroenteritis after adoptive transfer of
splenic lymphocytes from immunized animals. Adoptive transfer of Thyl+-depleted or CD8+-depleted
lymphocytes abrogated protection against challenge. (We previously found that depletion of Thyl+ or CD8+
lymphocytes from rotavirus-immunized mice decreased rotavirus-specific cytotoxic activity in vitro.) Protection
against disease occurred in the absence of rotavirus-specific neutralizing antibodies in the sera of suckling mice.
Rotavirus-specific cytotoxic T lymphocytes may be important in either amelioration of acute infection or

protection against reinfection.

Rotaviruses are an important cause of gastroenteritis in
infants and young children worldwide (2, 9). Rotaviruses
induce disease by replicating in mature villus epithelial cells
at the intestinal mucosal surface (30). Studies of the immu-
nologic determinants associated with protection against ro-
tavirus challenge have focused primarily on virus-specific
humoral immunity, including secretory immunoglobulin A
(sIgA) (12, 31). However, the intestine is also a rich source
of T lymphocytes (4, 15, 23, 24). About 50 to 60% of
lymphocytes which reside among villus epithelial cells (in-
traepithelial lymphocytes) have surface markers consistent
with the functions of cytotoxicity or suppression; less than
10% of intraepithelial lymphocytes are B cells (4, 23, 24). In
addition, large numbers of T cells reside in the lamina
propria and Peyer's patch (14, 23). However, little is known
about the importance ofT lymphocytes in protection against
rotavirus infection. We recently found that virus-specific
cytotoxic T lymphocytes (CTLs) appear at the intestinal
surface acutely after rotavirus infection (20). In experiments
discussed in this paper, we found that rotavirus-specific
lymphocytes passively protected suckling mice against rota-
virus-induced diarrhea; protection was abrogated by deple-
tion of Thyl+ or CD8+ cells. Rotavirus-specific CTLs may
in part mediate protection against rotavirus disease.

Suckling mice develop gastroenteritis after oral inoculation
with homologous (murine strain JMV) or heterologous (simian
strain RRV) host rotaviruses. To determine the capacity of
homologous or heterologous host rotaviruses to induce
diarrhea in inbred suckling mice, 7-day-old C57BL/6 (H-2b)
and BALB/c (H-2d) mice obtained from Taconic Breeding
Laboratories (Germantown, N.Y.) were orally inoculated
with simian rotavirus strain RRV (obtained from N.
Schmidt, Berkeley, Calif.) or murine rotavirus strain JMV
(obtained from H. Greenberg, Palo Alto, Calif.) at doses
known to induce diarrhea in 90% of inoculated outbred mice
(Table 1) (8, 21). Virus growth in MA-104 cells and quanti-
tation by plaque assay were performed as previously de-
scribed (18). Similar to studies of Greenberg and coworkers
(8), the dose required to induce disease was approximately
500,000-fold greater for heterologous than for homologous
host strains. In addition, mice inoculated with RRV devel-
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oped diarrhea 1 to 2 days earlier than those inoculated with
JMV.
Murine rotaviruses are well adapted to growth in the

murine intestinal tract; small quantities of infectious virus
are logarithmically amplified in the intestinal tract after
multiple cycles of virus replication (8). Nonmurine rotavirus
strains, on the other hand, do not undergo multiple cycles of
replication in murine intestinal epithelial cells (8, 17), and the
mechanism by which nonmurine rotavirus strains induce
disease in suckling mice remains unclear. The large quanti-
ties of infectious nonmurine rotaviruses required to induce
disease in suckling mice are consistent with the hypothesis
that intestinal epithelial cell function may be impaired early
in the infectious cycle prior to production of infectious virus
progeny.
Thy1+ CD8+ splenic lymphocytes from rotavirus-inoculated

adult mice passively protect suckling mice against rotavirus
challenge. To determine whether rotavirus-specific T lym-
phocytes protect against rotavirus challenge, 7-day-old
C57BL/6 or BALB/c mice were challenged with RRV or
JMV prior to passive transfer of splenic lymphocytes from
adult C57BL/6 or BALB/c mice inoculated with RRV or
JMV (Table 2). Adult mice were inoculated intraperitoneally
with 107 PFU of RRV or 105 PFU of JMV. Splenic lympho-
cytes taken 5 to 7 days after inoculation were used in
adoptive transfer assays. Suckling mice were challenged
with either RRV or JMV at a dose known to cause disease in
approximately 90% of inoculated animals. At 12, 24, and 48
h after rotavirus challenge, suckling mice were inoculated
intraperitoneally with 107 splenic lymphocytes from RRV- or
JMV-inoculated adult mice. Suckling mice were examined
daily for the presence of diarrhea by gentle palpation of their
abdomens.

Suckling mice challenged with JMV were protected
against disease after passive transfer of lymphocytes from
major histocompatibility complex (MHC)-compatible but
not MHC-incompatible adult animals inoculated with either
RRV or JMV (Table 2). (Both JMV and RRV are serotype 3
rotaviruses [data not shown].) However, suckling mice
challenged with RRV were not protected against disease
after passive transfer of lymphocytes from MHC-compatible
animals inoculated with RRV. Sera obtained 5 days after
rotavirus challenge from each group shown in Table 2 did not
contain antibodies which neutralized eithevr RRV or JMV at
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TABLE 1. Suckling mice develop gastroenteritis after oral inoculation with homologous (murine strain JMV) or heterologous
(simian strain RRV) host rotavirusa

Species of mice No. and percentageb of mice with diarrhea at various intervals (days) after inoculation
inoculated Inoculum1 2 3 4 5

C57BL/6 JMV 0/20 (0) 0/20 (0) 4/20 (20) 17/20 (85) 16/20 (80)
C57BL/6 RRV 2/18 (11) 18/18 (100) 18/18 (100) 4/18 (22) ND
BALB/c JMV 0/17 (0) 0/17 (0) 2/17 (12) 17/17 (100) 17/17 (100)

a Seven-day-old suckling mice were orally inoculated with 5 x 105 PFU of RRV or 1 PFU of JMV by proximal esophageal intubation. Mice were inspected
daily for the presence of diarrhea by gentle palpation of their abdomens. Percentage of mice with diarrhea was not determined (ND) for all groups.

b Number of mice with diarrhea/number of mice inoculated with rotavirus; percentages are shown in parentheses.

a dilution of 1:50 as determined by plaque reduction neutral-
ization assay performed as previously described (18).
To determine the surface markers of cells associated with

protection against JMV challenge, lymphocytes were either
untreated or treated as previously described (19) with either
anti-Thyl.2-specific IgM (HO-13-4; American Type Culture
Collection, Rockville, Md.) (13) plus guinea pig comple-
ment (Cappel Laboratories, Malvern, Pa.), anti-CD8 (29)
plus complement, or complement alone prior to passive
transfer (Table 3). Percentages of cells containing Thyl.2
(13), CD8 (29), or immunoglobulin were determined by
fluorescence-activated cell sorter analysis using fluorescein
isothiocyanate-conjugated, affinity-purified, mouse anti-rat
IgG F(ab')2 (Pel-Freez Biologicals, Rogers, Ariz.) as previ-
ously described (20). B-cell surface markers were detected
by using fluorescein isothiocyanate-conjugated goat anti-
mouse IgG (Cappel Laboratories). Treatment of lympho-
cytes with anti-Thyl or anti-CD8 plus complement de-
creased the percentage of Thyl+ or CD8+ lymphocytes,
respectively, by approximately fivefold. Reduction in the
percentage of adoptively transferred Thyl+ or CD8+ cells
was associated with ablation of protection against challenge.
We found as previously reported that treatment of splenic
lymphocytes with anti-Thyl plus complement or anti-CD8
plus complement ablated cytotoxic activity in a rotavirus-
specific 51Cr-release assay (19).
Using a monoclonal antibody preparation directed against

CD4 plus complement, we were unable to adequately de-
crease the percentage of CD4+ cells by a factor greater than
twofold. Although adoptive transfer of splenic lymphocytes
treated with anti-CD4 plus complement protected suckling
mice against JMV challenge (data not shown), our inability
to successfully reduce numbers of CD4+ cells limited our

ability to assign a role to these cells in protection against
rotavirus challenge.
Our finding that adoptive transfer of Thyl+-depleted or

CD8+-depleted lymphocytes abrogated protection against
challenge is consistent with several previous observations.
First, protection against rotavirus challenge is not clearly
explained by the humoral immune response. Oral active
immunization of animals can induce protection against het-
erotypic challenge (3, 33). However, rotavirus neutralizing
antibody titers in both serum and feces do not always
correlate with a protective response (3, 33). In addition,
immunization of infants and young children with bovine
rotavirus strain WC3 (serotype 6) protected against disease
caused by serotype 1 rotavirus; protection occurred in the
absence of serotype 1 virus-specific neutralizing antibodies
in the serum (5). Although mice orally inoculated with WC3
also do not develop serotype 1 rotavirus-specific neutralizing
antibodies, they do develop virus-specific CTLs which
broadly lyse target cells infected with different rotavirus
serotypes (including serotype 1) (22). Second, because rota-
viruses cause disease by replicating in mature intestinal
epithelial cells (30), rotavirus-specific CTLs would probably
have to act at the intestinal surface to limit production and
spread of infectious virus. The intestine is a rich source of
Thyl+ CD8+ lymphocytes (4, 15, 23, 24). We recently found
that rotavirus-specific CTLs are detected at the intestinal
surface of mice 6 days after oral inoculation with simian
strain RRV (20). Third, Dharakul and coworkers recently
found that shedding of murine rotavirus was ablated in mice
with severe combined immunodeficiency after passive trans-
fer of CD8+ lymphocytes from immunocompetent, MHC-
compatible mice previously inoculated with murine rotavirus
(6). Fourth, virus-specific CTLs have been found to corre-
late with protection against influenza virus (14) and cytomeg-
alovirus (25, 27) infections in humans. Fifth, adoptive trans-
fer of Thyl+ CD8+ lymphocytes has been found to protect
against disease caused by herpes simplex virus (11), cyto-
megalovirus (26), influenza virus (32), and Sendai virus (10)
in experimental animal models.

TABLE 2. MHC-restricted protection of suckling mice against rotavirus challenge by splenic lymphocytes
from parenterally immunized animalsa

Lymphocytes for transfer Adoptive transfer of lymphocytes into suckling mice prior to rotavirus challenge

Immunizing Species Challenge No. and percentageb of mice with diarrhea at various intervals (days) after challenge
Species virus challenged virus

C57BL/6 JMV C57BL/6 JMV 0/21 (0) 0/21 (0) 2/21 (10) 2/21 (10) 2/21 (10)
C57BL/6 RRV C57BL/6 JMV 0/18 (0) 0/18 (0) 1/18 (6) 1/18 (6) 1/18 (6)
BALB/c RRV BALB/c JMV 0/22 (0) 0/22 (0) 3/22 (14) 3/22 (14) 3/22 (14)
C57BL/6 RRV BALB/c JMV 0/20 (0) 0/20 (0) 8/20 (40) 20/20 (100) 20/20 (100)
BALB/c RRV C57BL/6 JMV 0/20 (0) 0/20 (0) 8/20 (40) 16/20 (80) 16/20 (80)
C57BL/6 RRV C57BL/6 RRV 0/16 (0) 16/16 (100) 16/16 (100) 4/16 (25) ND

a Seven-day-old C57BL/6 or BALB/c mice were challenged with heterologous host (simian strain RRV) or homologous host (murine strain JMV) rotaviruses
as described in the text.

b Number of mice with diarrhea/number of mice challenged with rotavirus; percentages shown in parentheses. ND, Not determined.
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TABLE 3. Thyl+ CD8+ lymphocytes are responsible for protection against rotavirus challengea

% Adoptively transferred No. and percentageb of suckling mice with diarrhea
Lymphocyte cells with surface markers at various intervals (days) after challenge
treatment

Thyl CD8 Ig 1 2 3 4 5

None 51 23 42 0/15 (0) 0/15 (0) 1/15 (7) 1/15 (7) 1/15 (7)
Complement 48 20 40 0/10 (0) 0/10 (0) 1/10 (10) 1/10 (10) 1/10 (10)
Anti-Thyl + complement 9 7 52 0/12 (0) 0/12 (0) 4/12 (33) 10/12 (83) 4/12 (83)
Anti-CD8 + complement 35 4 45 0/10 (0) 0/10 (0) 6/10 (60) 10/10 (100) 10/10 (100)

a Seven-day-old C57BL/6 mice were challenged with murine rotavirus strain JMV as described in the text. Ig, Immunoglobulin.
b Number of mice with diarrhea/number of mice challenged with rotavirus; percentages shown in parentheses.

Compared with other studies of adoptive transfer of lym-
phocytes in experimental animals (10, 11, 26, 32), large
numbers of lymphocytes were required to protect suckling
mice against rotavirus-induced diarrhea. There are several
possible explanations of this finding. Rotavirus-specific lym-
phocytes for adoptive transfer were obtained directly from
the animal and not amplified in vitro by stimulation with
virus-infected antigen presenting cells. Frequencies of virus-
specific CTLs are probably 5- to 10-fold greater after in vitro
stimulation (28). In addition, adoptively transferred lympho-
cytes leave the circulation and enter the intestinal tract after
binding to specific receptors (vascular addressins) located on
specialized capillary endothelial cells (1). However, de-
creased expression of vascular addressins in the lamina
propria or Peyer's patches of suckling mice may not allow
for adequate uptake of virus-specific lymphocytes from the
circulation (E. C. Butcher and P. R. Streeter, personal
communication).
JMV- or RRV-specific CTLs protected animals against

homologous (JMV) but not heterologous (RRV) host rotavi-
rus challenge. This is most likely associated with the obser-
vation that JMV and RRV exhibit markedly different pat-
terns of gastrointestinal tract virulence when inoculated
orally into suckling mice. JMV probably induces gastroen-
teritis after multiple cycles of replication and viral amplifi-
cation over several days. RRV, on the other hand, appears
to induce disease after a single cycle of replication 8 to 12 h
after inoculation without viral amplification. In addition,
greater numbers of villus epithelial cells are initially infected
after inoculation of mice with 5 x 105 PFU ofRRV than after
inoculation with 1 PFU of JMV (H. B. Greenberg, personal
communication). Therefore, to prevent disease, greater
numbers of rotavirus-specific CTLs are probably initially
needed to lyse villus epithelial cells 24 to 48 h after RRV
infection than 24 to 48 h after JMV infection.
Recovery of suckling mice from rotavirus-induced gastro-

enteritis is probably not mediated by a virus-specific immu-
nologic response. Athymic (nulnu) mice recover from mu-
rine rotavirus-induced gastroenteritis without development
of virus-specific antibodies or a functional T-cell response
(7). Therefore, the suckling mouse model cannot be used to
accurately define the immunologic determinants of amelio-
ration of acute disease. In addition, the immunologic imma-
turity of suckling mice, as well as the narrow window of
susceptibility, has not allowed for studies of determinants of
the active immune response associated with protection
against rotavirus disease. Studies of the importance of
virus-specific antibodies (16, 21) and virus-specific T lym-
phocytes (6) in protection against disease in mice have been
limited to passive transfer experiments. Although passive
transfer experiments do afford information on the relative
importance of different effector arms of the immune system,
the degree to which our findings are predictive of events

occurring in the human gastrointestinal tract remains to be
determined.
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