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Intranasal immunization of mice with a chimeric VP6 protein and the mucosal adjuvant Escherichia coli heat
labile toxin LT(R192G) induces nearly complete protection against murine rotavirus (strain EDIM [epizootic
diarrhea of infant mice virus]) shedding for at least 1 year. The aim of this study was to identify the protective
lymphocytes elicited by this new vaccine candidate. Immunization of mouse strains lacking one or more
lymphocyte populations revealed that protection was dependent on �� T cells but mice lacking �� T cells and
B cells remained fully protected. Furthermore, depletion of CD8 T cells in immunized B-cell-deficient mice
before challenge resulted in no loss of protection, while depletion of CD4 T cells caused complete loss of
protection. Therefore, �� CD4 T cells appeared to be the only lymphocytes required for protection. As
confirmation, purified splenic T cells from immunized mice were intraperitoneally injected into Rag-2 mice
chronically infected with EDIM. Transfer of 2 � 106 CD8 T cells had no effect on shedding, while transfer of
2 � 105 CD4 T cells fully resolved shedding in 7 days. Interestingly, transfer of naive splenic CD4 T cells also
resolved shedding but more time and cells were required. Together, these results establish CD4 T cells as
effectors of protection against rotavirus after intranasal immunization of mice with VP6 and LT(R192G).

Rotaviruses are the primary cause of severe gastroenteritis
in young children and are estimated to be responsible for
nearly 50% of the hospitalizations due to diarrhea in this age
group in the United States (17). Worldwide, rotaviruses are a
major cause of mortality and are estimated to kill approxi-
mately 500,000 children annually (U. D. Parashar, E. G. Hum-
melman, J. S. Bresee, M. A. Miller, and R. G. Glass, Abstr.
Conf. on Vaccines for Enteric Diseases, 2001). Vaccines to
prevent rotavirus disease evaluated in human trials over the
past 20 years have all been live attenuated rotaviruses that are
administered orally to mimic natural infection. The protection
levels against subsequent rotavirus disease elicited by these
vaccines have been highly variable, and none have stimulated
complete protection (3). Many of these vaccine candidates
have associated side effects, some of which are typical of mild
rotavirus illnesses. Others, however, appear to be atypical, the
most dramatic of which was the increased risk of intussuscep-
tion detected after administration of the only licensed rotavirus
vaccine, the tetravalent rhesus rotavirus vaccine (31). Because
of this, the tetravalent rhesus rotavirus was withdrawn from the
U.S. market, and no rotavirus vaccine is currently available for
routine administration.

Because of the known and potential deficiencies of live ro-
tavirus vaccines, nonliving rotavirus vaccine candidates have
been developed and evaluated in animal models. One candi-
date is the rotavirus VP6 protein, the structural protein that
constitutes the intermediate capsid layer of the rotavirus par-

ticle. Intranasal (i.n.) immunization of mice with a chimera of
murine rotavirus (strain EDIM [epizootic diarrhea of infant
mice virus]) VP6 expressed in Escherichia coli along with a
genetically attenuated form of E. coli heat labile toxin
[LT(R192G)] as an adjuvant induced nearly complete protec-
tion against rotavirus shedding after a subsequent EDIM chal-
lenge (6).

Although VP6 is the most immunogenic rotavirus protein,
the antibody it stimulates is nonneutralizing. Therefore, the
mechanism of protection induced by VP6 immunization is not
expected to be a classical viral neutralization. In agreement
with this expectation, it was found that protection elicited by
i.n. immunization with VP6 and LT(R192G) in immunologi-
cally normal mice was retained in B-cell-deficient �MT mice
(6). Furthermore, protection against shedding remained intact
for at least 1 year following i.n. immunization of mice with VP6
and LT(R192G) (unpublished results). In contrast, immuniza-
tion of B-cell-deficient mice by oral administration of live mu-
rine rotavirus resulted in a gradual loss of protection (11, 27).
This indicated that antibody was at least partially responsible
for the sterilizing immunity observed in immunologically nor-
mal mice after live murine rotavirus immunization. Taken to-
gether, these results indicate that the mechanisms of protec-
tion induced by oral administration of live rotavirus and i.n.
immunization with VP6 plus LT(R192G) are not identical and
may be very dissimilar. The purpose of this study is to identify
the lymphocytes responsible for protection after i.n. immuni-
zation with VP6.

MATERIALS AND METHODS

Virus. The murine strain of rotavirus (EDIM) used throughout this study was
originally obtained from M. Collins (Microbiological Associates, Bethesda, Md.).
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The pool used to challenge mice after immunization was prepared from the
diarrheal stools of neonatal BALB/c mice following oral inoculation with wild-
type (i.e., not adapted to growth in cell culture) EDIM. These stools were
collected into Earle’s balanced salt solution during the 7 days after rotavirus
inoculation and stored at �20°C. The suspensions were later thawed, combined,
freon extracted, and centrifuged (1,500 � g, 10 min) to separate phases. The
resulting aqueous phase was made into aliquots and stored at �70°C. The
rotavirus preparation used in this study had a titer of 2 � 107 focus-forming
units/ml as determined for MA104 (monkey kidney) cells by methods described
previously (18). Based on an infectivity study in adult mice, this represented a
50% shedding dose (SD50) of 3.6 � 104/ml. The EDIM virus was also adapted to
grow in cell culture by multiple passages in MA104 (monkey kidney) cells. After
the ninth passage, the virus was triply plaque purified, and this preparation was
used for the construction of a recombinant plasmid containing the VP6 gene of
EDIM.

Construction of recombinant VP6-encoding plasmid, expression of recombi-
nant VP6 protein, and purification of the expressed VP6 protein. All steps
involving the construction of the pMAL-c2X plasmid containing the EDIM VP6
gene, the expression of the VP6 protein in E. coli as a chimera with maltose-
binding protein (MBP), and the purification of the expressed chimeric
MBP::VP6 protein have been described in detail elsewhere (6).

MAbs used for staining of isolated lymphocytes. To stain isolated lymphocytes
for analysis by fluorescence-activated cell sorting (FACS), the following mono-
clonal antibodies (MAbs) were obtained from BD PharMingen (La Jolla, Calif.).
B cells were stained with R-phycoerythrin (R-PE)-conjugated anti-mouse immu-
noglobulin � chain [Ig(�)] (MAb 187.1) and fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD45R/B220 (MAb RA3-6B2). T cells were stained with
R-PE-conjugated anti-mouse T-cell receptor (TCR) � chain (MAb H57-597)
and either FITC-conjugated anti-mouse CD4 (MAb RM4-4) or FITC-conju-
gated anti-mouse CD8a (MAb 53-6.7). The MAbs used to stain CD4 T cells and
CD8 cells do not compete with the anti-mouse CD4 MAb GK1.5 or anti-mouse
CD8 MAb 2.43 used for in vivo depletion, both of which were obtained from the
American Type Culture Collection. R-PE-conjugated rat IgG2b (MAb A95-1),
R-PE-conjugated rat IgG1 (MAb R3-34), and FITC-conjugated rat IgG2a (MAb
R35-95), obtained from BD PharMingen, were used as isotype controls.

Mouse strains. Inbred mice belonging to haplotypes H-2b and H-2d (i.e.,
C57BL/6 and BALB/c, respectively) were used in this study. Two strains were
used because mice with genetic deficiencies were usually available only on the
C57BL/6 background; but immunodeficient (Rag-1) mice on this background
shed highly variable and often low amounts of rotavirus antigen after inoculation
with wild-type EDIM and were, therefore, not useful for this study. In contrast,
immunodeficient mice on a BALB/c background (i.e., Rag-2) chronically and
consistently shed large quantities of EDIM after challenge. Since immunologi-
cally normal parental strains of both mouse haplotypes also shed large quantities
of EDIM following challenge, protection in the immunologically deficient strains
could be readily compared to that found in normal mice in each case. The mutant
mouse strains used all lacked one or more lymphocyte populations. These in-
cluded the following: Rag-2 mice with combined B- and T-cell immunodeficiency
on a BALB/c background (Taconic, Germantown, N.Y.), nude (thymusless) mice
lacking T cells on a C57BL/6 background (Jackson Laboratories, Bar Harbor,
Maine), �� as well as �	 TCR gene knockout mice, both on C57BL/6 back-
grounds (Jackson Laboratories), and B-cell-deficient �Mt (C57BL/6) and JHD
(BALB/c) mice (Jackson Laboratories and Taconic, respectively). All mice were
between 6 and 10 weeks of age at the time of their first immunization or viral
inoculation. None had been previously infected with rotavirus based on the
absence of detectable serum rotavirus IgG. All procedures were carried out in
accordance with protocols reviewed and approved by the Children’s Hospital
Research Foundation Institutional Animal Care and Use Committee.

Immunization of mice with chimeric VP6. Groups of mice not previously
exposed to rotavirus or rotavirus antigens (i.e., naive) were immunized i.n. under
light sedation by administration of 30 �l of immunogen per nostril (9 �g of
MBP::VP6) together with 10 �g of attenuated E. coli heat-labile toxin
LT(R192G). A second dose was given in the same manner 2 weeks later. Blood
specimens were collected by retro-orbital capillary plexus puncture on the day of
immunization and 4 weeks after the second immunization to determine the titers
of rotavirus antibodies prior to immunization and prior to challenge.

Challenge of mice with EDIM rotavirus and detection of viral shedding. Four
weeks after the second immunization, mice were challenged with 1,000 SD50 of
wild-type EDIM by intubation. On the days following challenge, two fecal pellets
were collected daily from each mouse and placed into 1.0 ml of Earle’s balanced
salt solution. Samples were stored at �20°C and then homogenized and centri-
fuged (1,500 � g, 5 min) to remove debris before being analyzed for rotavirus
antigen. Quantities of rotavirus antigen shed were determined in nanograms per

stool specimen by an enzyme-linked immunosorbent assay (ELISA) using meth-
ods already described (28).

Determination of rotavirus antibody titers. Blood samples collected during the
study were analyzed for rotavirus IgG by ELISA and expressed in nanograms per
milliliter as previously described (28).

In vivo depletion of T-cell populations. To deplete CD8 or CD4 T cells in naive
and VP6-immunized mice prior to EDIM challenge, mice were injected intra-
peritoneally (i.p.) with 0.2 mg of ammonium sulfate-precipitated MAb beginning
5 days before challenge and administered daily for 4 consecutive days and twice
weekly thereafter. The MAbs were obtained from rat hybridoma cell lines 2.43
and GK1.5 against CD8 and CD4 cells, respectively. This depletion schedule
consistently resulted in 
99% reductions in both splenic and intestinal (mesen-
teric lymph nodes, intraepithelial lymphocytes [IELs], and lamina propria) CD8
T cells and 
85% reductions in CD4 T cells obtained from these sites on the day
of challenge as determined by FACS as previously described (27). The same
MAbs were used to deplete either CD8 or CD4 T cells in other experiments.
Specifically, MAb 2.43 was used to deplete CD8 T cells in Rag-2 mice at the time
of adoptive transfer of CD4 T cells, and MAb GK1.5 was used to deplete CD4
T cells in these mice, either at the time of adoptive transfer of CD8 T cells or
several weeks after CD4 T-cell transfer. In each case, the injections were admin-
istered i.p. with 0.2 mg of MAb per inoculation.

Adoptive transfer of CD4 or CD8 T cells into chronically infected Rag-2 mice.
Donor BALB/c mice either were not immunized or were immunized with two
doses of MBP::VP6 and LT(R192G) separated by a 2-week interval as described
above. At 4 weeks after the second immunization, the time when these mice
would normally be challenged with EDIM, they were sacrificed and their spleens
were removed. Single-cell suspensions of spleen cells were made, and red blood
cells were lysed with 8.3 mg of ammonium chloride per ml in 0.01 M Tris, pH 7.4.
Lymphocytes were washed and resuspended in RPMI medium (Gibco, Inc.,
Grand Island, N.Y.) containing 10% fetal bovine serum. CD4 or CD8 T cells
were first purified by affinity columns specific for each T-cell subtype, performed
as prescribed by the manufacturer (R&D Systems, Inc., Minneapolis, Minn.).
T-cell purity after use of the columns was 83% for CD4 cells and 86% for CD8
cells. Cells were then stained with MAbs specific for either CD4 or CD8 and
sorted twice each on a FACSVantage SE (BD Bioscience, San Jose, Calif.).
Purity after sorting was 
99% for either CD4 or CD8 T cells. Cells were
resuspended in RPMI medium and transferred by i.p. injection into chronically
infected Rag-2 mice (recipients). The chronic infection was established by oral
inoculation of the mice with 1,000 SD50 of wild-type EDIM. During the period
following EDIM inoculation, the infected Rag-2 mice were monitored daily to
establish the level of chronic rotavirus antigen shedding. T-cell transfers were
conducted between 14 and 28 days after EDIM inoculation of the Rag-2 mice.
On the day of and for 2 days after transfer, the mice were depleted of either
residual CD4 or CD8 T cells that might still be present after the purification
procedures by injection of the appropriate MAb (0.2 mg/injection). After trans-
fer of specified numbers of either CD4 or CD8 T cells, the Rag-2 mice continued
to be monitored daily for resolution of EDIM shedding. When shedding ap-
peared to be resolved in certain groups of Rag-2 mice after CD4 T-cell transfer,
CD4 cells were depleted by daily i.p. injection (4 consecutive days) of 0.2 mg of
MAb GK1.5, and the mice continued to be monitored for EDIM shedding. The
quantities of B cells and CD4 and CD8 T cells that populated the spleens, IELs,
and lamina propria of the Rag-2 mice were determined by FACS several weeks
after transfer.

RESULTS

Protection against rotavirus shedding in VP6-immunized
mice requires �� T cells. The first approach used to identify
which lymphocyte populations are required to elicit protective
immune responses in mice following i.n. immunization with
VP6 was to immunize mice that had immunological deficien-
cies due to genetic modifications. Once these mice were im-
munized, we compared their levels of protection with those
stimulated in immunologically normal mice on the same ge-
netic background. When either C57BL/6 or BALB/c mice were
challenged with 1,000 SD50 of murine rotavirus strain EDIM,
large quantities of rotavirus antigen were shed in their stools
during the following 6 to 7 days (Fig. 1A and B). Peak levels of
rotavirus antigen shed exceeded 5,000 ng/ml of stool suspen-
sion, and average shedding was nearly 1,500 ng/mouse/day
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during the first 7 days after challenge for both C57BL/6 and
BALB/c mice. To determine the effects of VP6 immunization,
two doses of MBP::VP6 (9 �g/dose) with 10 �g/dose of
LT(R192G) administered i.n. 2 weeks apart consistently re-
duced rotavirus shedding by 
95% in both strains of mice
during the week after EDIM challenge, 6 weeks after dose 1
(Fig. 1 and Table 1). In contrast, BALB/c mice with combined
immunodeficiency (Rag-2) were totally unprotected after VP6
immunization (Table 1). Likewise, nude (thymusless) C57BL/6
mice and genetically modified C57BL/6 mice lacking �� TCRs
were not significantly protected. However, knockout C57BL/6
mice without �	 TCRs were fully protected by VP6 immuni-
zation and no loss of protection was found in B-cell-deficient
C57BL/6 (�MT) or BALB/c (JHD) mice. From this it is con-
cluded that �� T cells are critical for protection but neither �	
T cells nor B cells are required.

The �� T cells required for protection after VP6 immuni-
zation of mice belong to the CD4 subset. We next determined
whether CD8, CD4, or both subsets of T cells were required
for protection after VP6 immunization. For this, naive mice
and mice immunized with VP6 as already described were de-
pleted of either CD8 or CD4 T cells by injection of subtype-
specific MAbs beginning 4 days prior to EDIM challenge. This
procedure consistently reduced CD8 T cells from both sys-
temic (i.e., spleen) and mucosal (i.e., mesenteric lymph node,
IELs, and lamina propria) tissues by 
99% and reduced CD4
T-cell levels in these sites by 
85%. The mice used in this
study belonged to the B-cell-deficient JHD strain to avoid any
involvement of B cells.

Although depletion of CD8 T cells in naive JHD mice caused
high-level, long-term chronic shedding as previously reported
(11, 27), this depletion had essentially no effect on EDIM
shedding during the first 7 days after challenge, a time during
which the nondepleted mice were shedding at a high level (Fig.
2). Furthermore, CD8 T-cell depletion did not reduce the high
level of protection stimulated by VP6 immunization of JHD
mice, i.e., 96% protection was obtained in both the CD8 cell-
depleted and the nondepleted mice. In contrast, CD4 T-cell
depletion reduced EDIM shedding in naive JHD mice by ca.
70% during the week after challenge. However, these mice
could not fully resolve their infections based on the presence of
low-level rotavirus shedding for at least several weeks after
challenge, an observation previously found in immunologically

FIG. 1. Effects of i.n. immunization with VP6 and LT(R192G) on
protection against shedding of rotavirus antigen in BALB/c (A) or
C57BL/6 (B) mice after EDIM challenge. Groups of eight mice were
either not immunized or immunized with two doses of antigen and
adjuvant (separated by 2 weeks) and challenged with 1,000 SD50 of
wild-type EDIM 4 weeks after the second dose. Stools were collected
daily and analyzed by ELISA to determine quantities of rotavirus
antigen. Error bars represent standard deviations.

TABLE 1. Levels of protection in different strains of genetically modified mice after VP6 immunizationa

Mouse strain Genetic defect
Mean quantity of antigen shed � SEM (ng)b

% Protection
from sheddingc

Unimmunized VP6 immunized

BALB/c None 1,392 � 325 61 � 24 96
C57BL/6 None 1,667 � 323 11 � 7 99
BALB/c Rag-2 Combined immunodeficency 391 � 36 505 � 102 0
C57BL/6 nude Thymusless 22 � 8 20 � 3 9
C57BL/6 Tcrb No �� T-cell receptor 633 � 72 451 � 49 29
C57BL/6 Tcrd No �	 T-cell receptor 111 � 20 1 � 1 99
BALB/c JHD No functional B cells 3,193 � 224 120 � 47 96
C57BL/6 �Mt No functional B cells 894 � 553 7 � 1 99

a Groups of eight mice belonging to the strains specified were either not immunized or were i.n. immunized with two doses of MBP::VP6 and LT(R192G). Four weeks
after the second immunization, mice were challenged with 1,000 SD50 of wild-type EDIM, and shedding of rotavirus antigen was monitored for the next 7 days.

b Quantity of rotavirus protein/mouse/day for 7 days after EDIM challenge.
c Percent protection represents the percentage of decrease in the mean quantity of rotavirus antigen shed due to immunization during the 7 days after challenge.
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normal mice depleted of CD4 T cells (29). When VP6-immu-
nized JHD mice were depleted of CD4 T cells prior to chal-
lenge, the level of shedding during the week after challenge
was essentially identical to that observed for the unimmunized
mice depleted of CD4 T cells (Fig. 2). Also, as found in un-
immunized mice, extended low-level shedding was observed
(data not shown). These results indicated that the �� T cells
required for protection belonged to the CD4 subtype and CD8
T cells were not needed for protection.

Adoptive transfer of CD4 but not CD8 T cells from either
VP6-immunized or naive mice resolves shedding in chronically
infected immunodeficient mice. To establish that CD4 T cells
are the only lymphocytes needed to protect against EDIM
shedding in VP6-immunized mice, we utilized the chronic
shedding model first reported by Riepenhoff-Talty et al. (34)
and later used extensively by Greenberg and coworkers (9, 10,
19, 20). Mice with combined B- and T-cell deficiencies, such as
Rag-2 mice, become chronically infected after murine rotavi-
rus infection and shed large quantities of virus indefinitely.
These mice contain normal amounts of antigen-presenting
cells (other than B cells). Therefore, they provide a suitable
model with which to determine the lymphocytes needed to
resolve a rotavirus infection.

The Rag-2 mice used in this study were on a BALB/c back-
ground. Therefore, either splenic CD4 or CD8 T cells from
BALB/c mice immunized with MBP::VP6 [two doses of 9 �g
with 10 �g of LT(R192G) separated by a 2-week interval] were
affinity purified using specific purification columns and doubly
sorted (6 weeks after the first immunization) and then trans-
ferred by i.p. injection into Rag-2 mice chronically shedding
high levels of EDIM. Transfer of as many as 2 � 106 doubly

purified, splenic CD8 T cells into the Rag-2 mice caused no
reduction in this high level of chronic shedding (data not
shown). This occurred even though these cells readily popu-
lated and were found in large numbers in the lymphoid tissues
(i.e., spleen, IELs, and lamina propria) of the Rag-2 mice at 7
weeks after transfer as determined by FACS analysis (data not
shown). On the other hand, transfer of 2 � 105 doubly purified
splenic CD4 T cells from VP6-immunized BALB/c mice com-
pletely resolved rotavirus shedding in the Rag-2 mice within 7
days (Fig. 3). Furthermore, transfer of 2 � 104 CD4 cells
appeared to resolve shedding as well, but over a period of
several more days. However, shedding was not completely re-
solved because depletion of CD4 cells in these mice at 5 weeks
after transfer, when shedding was undetectable by ELISA,
resulted in the renewal of high-level shedding (Fig. 3). Re-
newed shedding did not occur when Rag-2 mice that had
received 2 � 105 CD4 T cells were depleted of CD4 cells 5
weeks after transfer. Finally, it was found that transfer of 2 �
103 splenic CD4 T cells from VP6-immunized mice had no
effect on the high level of chronic rotavirus shedding in the
Rag-2 mice (Fig. 3), even though CD4 T cells were readily
detected by FACS in the spleens and intestinal tissues of these
mice 7 weeks after transfer (data not shown).

To avoid any possibility that CD8 T cells could be involved
in the resolution of shedding, we injected the anti-CD8 T cell
MAb 2.43 into the Rag-2 mice at the time of CD4 T-cell
transfer. Also, to eliminate the possibility that resolution of
shedding was due to other lymphocytes, possibly in conjunction
with CD4 T cells, we looked for evidence of B and CD8 T cells
in the Rag-2 mice after receiving 2 � 105 CD4 T cells. Seven
weeks after CD4 T-cell transfer, we found no evidence of CD8
T cells in either the spleens, IELs, or lamina propria of the
Rag-2 mice by FACS analysis (Fig. 4). However, all three sites
were populated with large numbers of CD4 T cells. Further-
more, no evidence of B cells was found by FACS (Fig. 4), nor
was rotavirus IgG detectable in the sera of the Rag-2 mice by
7 weeks after transfer of 5 � 105 CD4 T cells, 6 weeks after
rotavirus shedding had been resolved (data not shown).

As controls for these studies, we transferred the same num-
ber of purified splenic CD4 T cells from naive BALB/c mice
into chronically shedding Rag-2 mice. Surprisingly, we ob-
served that 2 � 105 CD4 cells from the naive mice were able to
resolve rotavirus shedding although it required an additional 2
days compared to the resolution time found after transfer of
2 � 105 CD4 T cells from VP6-immunized mice (Fig. 5; also
Fig. 3). Transfer of 2 � 104 naive CD4 T cells produced only
a small, transient reduction in rotavirus shedding, and transfer
of 2 � 103 CD4 T cells from naive mice had no effect on
shedding. As found after transfer of CD4 T cells from VP6-
immunized mice, there was no evidence of either B or CD8 T
cells in the Rag-2 mice as determined by FACS analysis of
splenic and intestinal cells collected 7 weeks after transfer.
Furthermore, there was no evidence of rotavirus antibody pro-
duction in the Rag-2 mice. Finally, as found when cells were
transferred from VP6-immunized mice, transfer of 2 � 106

purified splenic CD8 T cells from naive mice into chronically
infected Rag-2 mice readily populated both spleens and intes-
tinal tissues but had no effect on the high level of chronic
shedding in these animals.

These results conclusively show that CD4 T cells are the only

FIG. 2. Effects of either CD8 or CD4 T-cell depletion on shedding
of rotavirus antigen in either naive or VP6-immunized, B-cell-deficient
JHD mice during the 7 days after EDIM challenge. Groups of six JHD
mice were either not immunized or i.n. immunized with two doses of
MBP::VP6 and LT(R192G) separated by 2 weeks. Starting at 24 days
after the second dose, some groups of mice were depleted of either
CD8 or CD4 T cells by daily (4 consecutive days) injections with MAbs
specific for each cell type. On day 28 after the second dose, all mice
were challenged with 1,000 SD50 of wild-type EDIM and monitored
daily for shedding of rotavirus antigen during the following 7 days. Two
additional MAb injections were administered during the 7-day analysis
period. The results represent the average amounts in nanograms (ng)
of rotavirus antigen shed/mouse/day during the 7-day period, with
standard deviations shown by the error bars.
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lymphocytes needed to resolve a rotavirus infection. They also
show that CD4 T cells from VP6-immunized mice are more
capable of resolving rotavirus infection when transferred alone
than are CD8 T cells. Finally, the results suggest that even
naive CD4 T cells can be activated when transferred into
chronically shedding Rag-2 mice, will traffic to the effector site
required to eliminate rotavirus shedding, and will efficiently
resolve shedding at this site in the absence of both B and CD8
T cells. Taken together, these results imply that CD4 T cells
are the primary effectors of protection after i.n. immunization
of mice with MBP::VP6 and LT(R192G).

DISCUSSION

Intranasal immunization of mice with a chimera of the VP6
protein of the murine rotavirus strain EDIM together with the
powerful mucosal adjuvant LT(R192G) has been found to
consistently stimulate nearly complete protection against rota-
virus shedding following a subsequent EDIM challenge. As a
result, the VP6 protein is being developed as a possible rota-
virus vaccine candidate. In order to optimize the efficacy of a
potential VP6 vaccine, it is important to understand the mech-
anism by which it elicits protection. This study was conducted
to identify the lymphocytes responsible for protection after i.n.
immunization of mice with expressed VP6 and LT(R192G).

Intranasal VP6 immunization of mice lacking different lym-
phocyte populations revealed that the presence of T cells with
�� TCRs was a strict requirement for protection. However, the
presence of B cells was not required, thus demonstrating that
rotavirus antibody was not needed. This contrasts with results
found for mice that were orally immunized with live murine
rotaviruses (11, 27). In that case, immunized mice lacking B
cells were found to rapidly lose their resistance against rotavi-
rus reinfection and subsequent shedding. Live rotavirus immu-
nization results in the production of neutralizing antibody
against the VP4 and VP7 outer capsid proteins which can
partially explain its dependency on B cells for the sterilizing
immunity observed after live virus immunization in immuno-
logically normal mice. VP6 is not a neutralization protein and
is, therefore, not expected to elicit production of classical neu-
tralizing antibody. Even so, the presence of circulating mono-
clonal anti-VP6 IgA in mice protected against viral shedding
following oral inoculation with a murine rotavirus (5). This
protection was not, however, observed in mice with circulating
monoclonal anti-VP6 IgG. Furthermore, i.n. immunization
with VP6 and LT(R192G) elicited high titers of serum rotavi-
rus IgG but only very low titers of either serum or stool rota-
virus IgA (6). Therefore, the lack of reliance on rotavirus
antibody after VP6 immunization was not unexpected.

FIG. 3. Rotavirus shedding in Rag-2 mice after adoptive transfer of purified CD4 T cells from VP6-immunized mice. A group of four BALB/c
mice were immunized i.n. with two doses of MBP::VP6 and LT(R192G) and 4 weeks after the second dose were sacrificed. Their splenic CD4 T
cells were column purified and sorted twice prior to i.p. injection of different quantities into groups of eight Rag-2 mice that were chronically
shedding large quantities of rotavirus after oral inoculation of 1,000 SD50 of wild-type EDIM 26 days earlier (day 0). EDIM shedding continued
to be monitored daily in all groups until day 60. Starting on day 61, the two groups that received the larger numbers of CD4 T cells were depleted
with anti-CD4 MAb injections for 4 consecutive days, and shedding of rotavirus antigen continued to be monitored until day 80.
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To determine which �� T cells were required for protection,
VP6-immunized B-cell-deficient JHD mice were depleted of
either CD8 or CD4 T cells prior to EDIM challenge and the
effects on shedding were measured. CD8 T-cell depletion
caused no loss of protection, whereas shedding in mice de-
pleted of CD4 T cells just prior to EDIM challenge was equal
for unimmunized and VP6-immunized mice. Thus, protection
appeared to depend on CD4 but not CD8 T cells. This con-
clusion is supported by the finding that a 14-amino-acid pep-
tide within the VP6 protein reported to be a CD4 epitope for
H-2d BALB/c mice also stimulated nearly complete protection
against EDIM shedding in these mice following i.n. immuni-
zation in conjunction with LT(R192G) (7). Furthermore, de-
pletion of CD4 cells in 14-mer-immunized mice prior to EDIM
challenge also substantially reduced protection against rotavi-
rus shedding (unpublished results).

Definitive evidence that CD4 T cells in VP6-immunized
mice are capable of suppressing rotavirus shedding was found
through the chronic shedding model. Immunodeficient Rag-2

mice that were chronically infected with EDIM and were shed-
ding large quantities of rotavirus resolved their infections
within 7 days after adoptive transfer of 2 � 105 splenic CD4 T
cells from VP6-immunized BALB/c mice. Transfer of 2 � 104

CD4 T cells from the immunized mice reduced shedding below
detectable limits (ca. 1,000-fold), but depletion of CD4 cells in
these mice resulted in renewed high-level shedding of rotavi-
rus. Therefore, CD4 cells were the only lymphocytes from the
immunized mice needed to resolve shedding in chronically
infected Rag-2 mice. It was also found that transfer of 2 � 105

splenic CD4 T cells from naive mice resolved shedding in
chronically infected Rag-2 mice. However, the time required
for resolution was several days longer than needed after trans-
fer of the immune CD4 T cells, an observation with naive cells
that was also very recently reported by Kushnir et al. (21).
Although other explanations are possible, this result suggested
that the CD4 T cells transferred from naive mice were able to
traffic to an inductive lymphoid site, become activated after
encountering rotavirus antigen, and traffic to the intestinal

FIG. 4. FACS analysis of either B cells or CD8 or CD4 T cells obtained from the spleens, IELs, or lamina propria of Rag-2 mice 7 weeks after
adoptive transfer of purified splenic CD4 T cells from VP6-immunized mice. Splenic CD4 T cells were obtained 4 weeks after the second i.n.
immunization of BALB/c mice with MBP::VP6 and LT(R192G), column purified and sorted twice. These cells (2 � 105) were injected i.p. into
Rag-2 mice that were chronically shedding large amounts of EDIM. At 7 weeks after transfer, a group of four Rag-2 mice were sacrificed and their
splenic and intestinal cells were collected, stained with MAbs against the cell markers specified, and analyzed by FACS (26).
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mucosa where they resolved rotavirus shedding. Since CD4 T
cells were the only lymphocytes found in the spleens or intes-
tinal mucosae of the Rag-2 mice several weeks after their
transfer from either naive or VP6-immunized mice, it is as-
sumed that no other lymphocytes were needed to resolve the
infection.

If CD4 T cells are the only lymphocytes needed to resolve a
rotavirus infection, why are B-cell-deficient mice not protected
against a subsequent infection after oral immunization with
live murine rotaviruses? There are at least three explanations
that can be cited for this observed effect. The first is that the
shedding which follows reinfection of mice immunized with
live rotavirus is very reduced compared to that found after the
initial infection (11, 27). This reduction could be entirely due
to memory CD8 T cells, as suggested by others (12), or at least
partially due to the direct effects of activated CD4 T cells. The
importance of the latter cannot be predicted because the role
of CD4 T cells in protection against reinfection in B-cell-
deficient mice has not been directly investigated. The second
explanation comes from several reports showing that develop-
ment of CD4 T cells requires the help of B cells and mice
lacking B cells have impaired CD4 T-cell function (1, 16, 22–
24, 35). Our results support this explanation. Adoptive transfer
of 106 splenic CD4 T cells from naive JHD (B-cell-deficient)
mice into chronically infected Rag-2 mice had no effect on
shedding (unpublished results). Furthermore, the transfer of
this same number of CD4 T cells from VP6-immunized JHD
mice resolved shedding but less efficiently than did the transfer
of 2 � 105 CD4 T cells from either naive or VP6-immunized
immunologically normal mice. The third explanation is that the

roles of CD4 T cells in protection after oral immunization with
live rotavirus and i.n. immunization with VP6 and LT(R192G)
are very different and that, in fact, these cells have little ability
to act as direct effectors of protection after live-virus immuni-
zation. The results presented here and in previous reports (11,
27) show that the roles of CD8 T cells and B cells after immu-
nization by the two methods are very different. Therefore, it is
not unlikely that the roles of CD4 T cells will also be dissimilar.

It should be noted that adoptive transfer of 2 � 106 splenic
CD8 T cells from either naive or VP6-immunized BALB/c
mice into chronically infected Rag-2 mice had no effect on
rotavirus shedding. It has been reported that CD8 T cells
obtained from mice orally immunized with live murine rotavi-
rus are able to resolve rotavirus infection when transferred into
chronically infected immunodeficient mice, and the numbers
of CD8 T cells required are two- to fourfold less than the
amounts we transferred from VP6-immunized mice (10, 19).
Investigators from the same laboratory also reported that
transfer of 2 � 104 to 3 � 104 CD4 T cells from mice after oral
immunization with live murine rotavirus had no effect on shed-
ding (20, 36). These results support the suggestion that the
T-cell responses elicited by oral immunization with live rota-
virus and i.n. immunization with VP6 and LT(R192G) are very
different.

The results reported here provide the first definitive evi-
dence that CD4 T cells can be the only lymphocytes needed to
protect against rotavirus, a role previously associated with B
and CD8 T cells. Evidence for the direct involvement of CD4
T cells in protection against infection and disease has been
previously reported for several viruses, and some studies date

FIG. 5. Rotavirus shedding in Rag-2 mice after adoptive transfer of purified CD4 T cells from naive mice. A group of five naive BALB/c mice
were sacrificed, and their splenic CD4 T cells were column purified and sorted twice. Specified quantities of these cells were then injected (i.p.)
into groups of four Rag-2 mice that were chronically shedding high levels of rotavirus after oral inoculation of 1,000 SD50 of wild-type EDIM 26
days earlier (day 0). Monitoring for rotavirus antigen shedding was continued until day 61.
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back at least 1 decade. In most studies, however, there is only
a suggestion that CD4 T cells are the effectors of protection
and it is clear that if they are effectors of protection, other
effectors still play the major roles. Often, the traditional role of
CD4 T cells as helpers for B and CD8 T-cell activation and
development has not been eliminated. Even so, there are ex-
amples where CD4 T cells may be the only lymphocytes
needed for protection. Recent examples include studies with
mengovirus (32), Friend virus complex (14), Sendai virus (15,
37), and respiratory syncytial virus (33). Some of the best
evidence for direct CD4 T-cell involvement in protection has
been found for herpes simplex viruses (8, 25, 26, 30). Even
here, however, CD4 T cells have been shown to be only one of
the effectors of protection when other lymphocyte subsets are
present. Because the immune system is highly redundant, it is
possible that in the absence of �� CD4 T cells, other lympho-
cyte populations will elicit protection following i.n. immuniza-
tion with VP6 and LT(R192G). However, our data definitively
show that CD4 T cells are the only lymphocytes needed as
effectors of protection in mice immunized under these condi-
tions.

The mechanisms by which CD4 T cells protect against rota-
virus shedding after i.n. immunization with VP6 has not been
examined in this study. In fact, to our knowledge, these mech-
anisms have not been established for any virus. CD4 T cells
have been shown to be cytolytic under certain conditions, and
this direct cytotoxic T-lymphocyte activity has been routinely
suggested as a possible mechanism (13). In one study with
herpes simplex virus type 2 (HSV-2), it was suggested that CD4
memory cells present in the vaginal mucosa of immunized mice
may be activated following an HSV-2 reinoculation and rec-
ognize processed viral peptides in association with major his-
tocompatibility complex class II proteins on infected vaginal
epithelial cells (30). Rotaviruses are known to infect intestinal
enterocytes, and these cells can present processed antigen in
association with major histocompatibility complex class II pro-
teins (4). Therefore, the same mechanism may be applicable in
protection against rotavirus after VP6 immunization. If this is
the case, it is also likely that the CD4 memory cells that be-
come activated are retained indefinitely in the intestinal mu-
cosa because no loss of protection was observed even 1 year
after i.n. immunization with VP6 and LT(R192G) (unpub-
lished results).

The other mechanism of protection routinely associated
with the CD4 T cells is the antiviral activity of the cytokines
they produce. Again, there is a scarcity of data that support the
direct role of cytokines in protection against viral disease, but
there are numerous reports concerning the antiviral activities
of cytokines in protection during cell culture infections. A
report by Bass demonstrated that gamma interferon (IFN-�),
interleukin 1, and IFN-� all inhibited rotavirus replication in
cultured human intestinal cells (2). IFN-� was also suggested
to be the primary CD4 T-cell product associated with protec-
tion against HSV-2 replication in vaginal mucosa of mice (8,
30). This cytokine may also be partially responsible for protec-
tion against rotavirus shedding after VP6 immunization, but if
this is the case, it is only one effector of protection because
genetically altered mice lacking IFN-� remained fully pro-
tected after i.n. immunization with VP6 and LT(R192G) (un-
published results).

The protection elicited after VP6 immunization in this study
was highly dependent on the presence of the adjuvant. In its
absence, no significant protection was observed. Therefore, it
is assumed that if VP6 elicits protection against rotavirus shed-
ding in humans after i.n. immunization, this protection will also
be dependent on coadministration of a potent mucosal adju-
vant. Based on the crucial role of CD4 T cells in protection in
this study, it is also assumed that the LT(R192G) adjuvant was
instrumental in stimulating production of these protective
cells. Although the mechanism by which LT(R193G) boosts
immune responses is not fully established, it is known to be a
potent stimulator of both Th-1 and Th-2 cell production (28).
Knowledge of which CD4 T-cell population plays the more
important role in protection will be important to establish, and
a vaccination protocol that increases stimulation of this Th
subset will be an immediate goal in the development of a VP6
vaccine.
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