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A sequential mucosal prime-boost vaccine regimen of oral attenuated (Att) human rotavirus (HRV) priming
followed by intranasal (i.n.) boosting with rotavirus protein VP2 and VP6 rotavirus-like particles (2/6-VLPs)
has previously been shown to be effective for induction of intestinal antibody-secreting cell (ASC) responses
and protection in gnotobiotic pigs. Because serum or fecal antibody titers, but not intestinal ASC responses,
can be used as potential markers of protective immunity in clinical vaccine trials, we determined the serum and
intestinal antibody responses to this prime-boost rotavirus vaccine regimen and the correlations with protec-
tion. Gnotobiotic pigs were vaccinated with one of the two sequential vaccines: AttHRV orally preceding
2/6-VLP (VLP2x) vaccination (AttHRV/VLP2x) or following VLP2x vaccination (VLP2x/AttHRV) given i.n. with
a mutant Escherichia coli heat-labile toxin (mLT) as adjuvant. These vaccines were also compared with three
i.n. doses of VLP�mLT (VLP3x) and one and three oral doses of AttHRV (AttHRV1x and AttHRV3x, respec-
tively). Before challenge all pigs in the AttHRV/VLP2x group seroconverted to positivity for serum immuno-
globulin A (IgA) antibodies. The pigs in this group also had significantly higher (P < 0.05) intestinal IgA
antibody titers pre- and postchallenge and IgG antibody titers postchallenge compared to those in the other
groups. Statistical analyses of the correlations between serum IgM, IgA, IgG, and virus-neutralizing antibody
titers and protection demonstrated that each of these was an indicator of protective immunity induced by the
AttHRV3x and the AttHRV/VLP2x regimens. However, only IgA and not IgM or IgG antibody titers in serum
were highly correlated (R2 � 0.89; P < 0.001) with the corresponding isotype antibody (IgA) titers in the
intestines among all the vaccinated groups, indicating that the IgA antibody titer is probably the most reliable
indicator of protection.

Group A rotaviruses (RVs) are the most common dehydrat-
ing diarrheal agents of infants and young children worldwide
(2, 4). Human RV (HRV) infections range from asymptomatic
conditions to severe dehydrating gastroenteritis resulting in
hospitalization and death (2, 4). Withdrawal of the live oral
rhesus RV tetravalent vaccine (24) because of potential safety
concerns (intussusception) has prompted the development and
evaluation of recombinant nonreplicating candidate HRV vac-
cines. A sequential prime-boost vaccine regimen of priming
with an oral HRV vaccine followed by intranasal (i.n.) boosting
with RV protein VP2 and VP6 RV-like particles (2/6-VLPs)
has previously been shown to be effective for induction of
intestinal antibody-secreting cell (ASC) responses and protec-
tion in gnotobiotic pigs. However, priming and boosting with
nonreplicating 2/6-VLPs did not provide protection (39). Data
from previous studies with animals and humans have indicated
a correlation between the titers of antibodies to RV in serum
and the numbers of RV-specific ASCs in the intestinal tissues
(5, 33) after RV infection. An earlier study with gnotobiotic
pigs orally infected with the virulent Wa strain of HRV also

showed that immunoglobulin A (IgA) ASC responses in intes-
tinal tissues were correlated with serum IgA antibody re-
sponses (33), presumably reflecting the transit of intestinally
derived IgA ASCs in the blood after RV infection. Further-
more, both intestinal IgA ASC numbers (in pigs) and serum
IgA antibody titers (in pigs and humans) were correlated with
protection against reinfection (33, 35, 43). However, similar
correlates between antibody responses and protection have not
been evaluated for nonreplicating i.n. RV vaccines or sequen-
tial prime-boost vaccine regimens with neonatal pigs or hu-
mans. Studies with adult mice showed that the protective im-
munity against RV infection elicited by 2/6-VLP or chimeric
VP6 i.n. vaccines alone is not associated with induction of
serum or intestinal RV antibodies (7, 20, 25). The discrepan-
cies in the findings from studies of the protective efficacy of i.n.
2/6-VLP vaccines with naive adult mice (complete protection)
compared with those from studies with naive neonatal pigs (no
protection) (25, 39) raise an important question for future
vaccine trials with humans: are the RV antibodies elicited by
nonreplicating vaccines in the intestine and serum an indicator
of protective immunity? Previous studies have suggested that
antibodies to RV correlate with protection after natural RV
infection of humans (35) and after oral infection or vaccination
of pigs with HRV (33). We delineated the serum and intestinal
antibody responses in neonatal pigs vaccinated with one or
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three oral doses of attenuated HRV (AttHRV) vaccine alone
(AttHRV1x and AttHRV3x, respectively) or i.n. with a non-
replicating RV VLP vaccine alone or after vaccination with
a prime-boost sequential vaccine regimen (replicating oral
AttHRV and i.n. VLPs) and compared them to the protection
rates induced by these same vaccines reported in a recent
previous study (42). The similarity between the gastrointestinal
physiology of gnotobiotic pigs and humans, the similarity be-
tween the development of mucosal immunity in gnotobiotic
pigs and humans, the pigs’ susceptibilities to infection and
disease with several HRV strains to at least 8 weeks of age, and
the pigs’ development of histopathologic lesions in the small
intestine following HRV infection (36) indicate that gnotobi-
otic pigs are a valuable model for the study of HRV-induced
disease and immunity. Gnotobiotic pigs are also devoid of
maternal antibodies but are immunocompetent, allowing as-
sessment of true primary immune responses and manipulation
of passive maternal antibodies (17, 21, 27). Their gnotobiotic
status also ensures that exposure to extraneous RVs or other
enteric pathogens is eliminated as a confounding variable.

In this study, we evaluated the magnitudes of the serum and
intestinal isotype-specific and virus-neutralizing (VN) antibody
responses and analyzed the correlation of these antibody titers
with protection.

MATERIALS AND METHODS

RV. The attenuated cell culture-adapted Wa strain (P1A [8]G1) of HRV was
grown in rhesus monkey kidney (MA104) cells (37, 38). Infected cell lysates were
harvested as described previously (37) and were used at a dose of 5 � 107

fluorescent focus-forming units for inoculation of gnotobiotic pigs and as the
capture antigen for enzyme-linked immunosorbent assay (ELISA) and VN an-
tibody assays (43). Virulent HRV strain Wa, which causes diarrhea in gnotobiotic
pigs up to at least 8 weeks of age, was maintained by serial passage of pooled
intestinal contents in gnotobiotic pigs (31, 36) and was used for challenge at a
dose of 106 median infectious doses (ID50s). The ID50 of the virulent HRV Wa
inoculum for gnotobiotic pigs was at least 1 fluorescent focus-forming unit (37).
This high infectious dose of heterologous HRV Wa was used to ensure that
diarrhea occurred in all age-matched mock-inoculated control pigs after chal-
lenge. Virus titers were determined by a cell culture immunofluorescence assay
(3).

2/6-VLPs and adjuvant. The recombinant baculoviruses expressing the indi-
vidual RV proteins VP2 from the bovine RF strain, provided by Jean Cohen
(Virologie Moleculaire et Structurale, Dijon, France), and VP6 from HRV Wa
were constructed by using the pBlueBac (version 4.5) system (Invitrogen, Carls-
bad, Calif.) and were used to produce 2/6-VLPs by coinfection of Spodoptera
frugiperda (Sf9) cells (11, 39). The 2/6-VLPs were purified and characterized as
described previously (11, 39) and used at 250 �g per dose. The mutant heat-labile
toxin (mLT) adjuvant (mLT-R192G) was provided by John Clements (Tulane
University Medical Center, New Orleans, La.) and was administered to the
gnotobiotic pigs at 5 �g per dose, as described previously (39). mLT lacks toxicity
but retains the adjuvant properties of heat-labile toxin. The mutant has the
substitution of an arginine for a glycine at position 192 of the protein. This

mutation eliminates the trypsin-sensitive cleavage site in the protein, so the
cleavage of the A subunit no longer occurs (12).

Inoculation and challenge of gnotobiotic pigs and sample collection. Near-
term pigs were surgically derived and maintained in gnotobiotic isolator units as
described previously (22). The pigs were assigned to one of six treatment groups
as follows (Table 1): (i) one oral dose of attenuated HRV Wa followed by two
i.n. doses of 2/6-VLP plus mLT (2/6-VLP�mLT) (AttHRV/VLP2x), (ii) two i.n.
doses of 2/6-VLP�mLT followed by one oral dose of attenuated HRV Wa
(VLP2x/AttHRV), (iii) three oral doses of attenuated HRV Wa (AttHRV3x),
(iv) one oral dose of attenuated HRV Wa (AttHRV1x), (v) three i.n. doses of
2/6-VLP�mLT (VLP3x), and (vi) three i.n. doses of mLT alone or oral doses of
minimum essential medium (control). Pigs were first inoculated at 3 to 5 days of
age and were then reinoculated 10 and 21 days later. At postinoculation day 28
(PID 28) they were challenged with virulent HRV strain Wa and were observed
daily for diarrhea. Subsets of pigs from each group were euthanized at PID 28
and postchallenge day 0 (PCD 0) and at PID 35 and PCD 7 (31, 41, 43).

Blood samples were collected from all groups at PIDs 0, 10, 21, 28, and 35;
processed for serum; and kept at �20°C until they were tested. Large and small
intestine contents (LICs and SICs, respectively) were collected after euthanasia
at PID 28 and at PID 35 and PCD 7. The intestinal contents were diluted 1:2 in
medium (minimum essential medium, 1% antibiotic-antimycotic [Gibco], 1%
NaHCO2), and 250 �g of trypsin inhibitor (Sigma) per ml and 50 �g of leupeptin
(Sigma) per ml were added to inhibit proteolytic enzymes. The suspensions were
centrifuged (500 � g for 30 min), and the supernatants were collected and stored
at �20°C until they were tested.

Isotype-specific ELISA antibody titers. Plates were coated with guinea pig
hyperimmune serum against IND bovine strain group A RV antigen in 0.1 M
carbonate-bicarbonate buffer (pH 9.6) and were incubated at 4°C overnight (27,
33). The plates were blocked with 1% bovine serum albumin or 5% nonfat dry
milk, and reagents and samples were added in the following order: (i) semipu-
rified (by sucrose gradient centrifugation) HRV Wa or mock-infected cell culture
supernatant; (ii) fourfold serial dilutions of serum or intestinal contents; (iii)
biotinylated monoclonal antibodies to porcine IgM, IgA, or IgG (28); and (iv)
horseradish peroxidase-conjugated streptavidin (Roche). Antibody titers were
calculated as the reciprocal of the highest sample dilution which produced a
mean absorbance (A414) greater than the cutoff value (the mean A414 for the
negative controls plus 3 standard deviations), after subtraction of the mean A414

for the mock-coated wells from the A414 of the antigen-coated well for each
sample.

VN antibody titers. Serum samples collected from all groups at PIDs 0, 10, 21,
28, and 35 were tested for neutralizing antibodies by a plaque reduction assay, as
described previously (3). The VN antibody titers were expressed as the reciprocal
of the highest dilution producing a reduction in plaque counts equal to or greater
than 80% compared to the counts for the controls.

Assessment of protection. At PID 28 subsets of pigs from each group were
challenged with virulent HRV strain Wa at a dose of 106 ID50s (36). Rectal swab
specimens were collected for 6 days after challenge to assess diarrhea and virus
shedding. Fecal consistency was scored as follows: 0, normal; 1, pasty; 2, semi-
liquid; and 3, liquid. Virus shedding was detected by an antigen capture ELISA
and a cell culture immunofluorescence assay to detect infectious HRV by using
suspensions of the rectal swab fluid processed and tested as described previously
(30, 43).

Statistical analysis. The isotype-specific antibody and VN antibody titers were
compared by using the General Linear Model procedure (SAS Institute, Inc.,
Cary, N.C.) with log10-transformed data. Differences in antibody titers among the
vaccination groups were evaluated at PIDs 10, 21, and 28 and at PID 35 and PCD
7 by one-way analysis of variance (ANOVA), followed by Duncan’s multiple-
range test. Clinical signs postchallenge (the proportion of pigs with diarrhea or

TABLE 1. Number of gnotobiotic pigs assigned to each vaccine regimena

Vaccination
group Vaccine(s)

No. of pigs tested:

Prechallenge Postchallenge Total

AttHRV/VLP2x One oral dose of attenuated HRV Wa, two i.n. doses of 2/6-VLP�mLT 6 12 18
VLP2x/AttHRV Two i.n. doses of 2/6-VLP�mLT One oral dose of attenuated HRV Wa 4 6 10
AttHRV3x Three oral doses of attenuated HRV Wa 9 6 15
AttHRV1x One oral dose of attenuated HRV Wa 4 4 8
VLP3x Three i.n. doses of 2/6-VLP�mLT 4 6 10
Controls i.n. doses of mLT alone or oral doses of minimum essential media 2 27 29

a All pigs were bled at each PID until the day of euthanasia.
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shedding virus) were compared by Fisher’s exact test. Correlations between
groups were analyzed by use of Pearson’s and Spearman’s correlation coeffi-
cients. Statistical analyses were carried out by Statistical Analysis System proce-
dures (SAS Institute, Inc.); significance was assessed at a P value of �0.05
throughout the study.

RESULTS

Seroconversion to positivity for HRV Wa IgA and IgG iso-
type-specific and VN antibodies was induced earlier in the
groups primed with AttHRV. Pigs were considered to have
seroconverted to positivity for antibodies to HRV when anti-
body titers increased from �4 to �16. All pigs were seroneg-
ative (titers, �4) for IgM, IgA, and IgG antibodies to HRV at
the first inoculation. Seroconversion to positivity for IgM HRV
antibodies occurred at PID 10 in 100% of the pigs in all
vaccination groups except pigs in the VLP3x group, 90% of
which showed seroconversion (Fig. 1). In the control group
seroconversion occurred only postchallenge. Seroconversion to
positivity for IgA HRV antibodies occurred in 100% of the
pigs in the AttHRV/VLP2x group at PID 21 (P � 0.05) and
occurred only postchallenge in the other four vaccination
groups. Seroconversion to positivity for IgG antibodies to
HRV was observed at PID 21 in 100% of the pigs only in the
groups primed with AttHRV (AttHRV/VLP2x, AttHRV3x,
and AttHRV1x) (P � 0.05) but not until PID 28 in the groups
primed with VLPs (VLP3x and VLP2x/AttHRV). The sero-

conversion to positivity for VN antibody was defined as anti-
body titer increases from �4 to �10. At PIDs 10, 21, and 28,
the percentage of pigs that seroconverted to positivity for VN
antibodies was significantly greater (P � 0.05) for the groups
vaccinated with AttHRV3x, AttHRV/VLP2x, and AttHRV1x
than for the groups vaccinated with VLP3x and VLP2x/
AttHRV. The VP4 and VP7 neutralizing antigens are present
on the intact AttHRV of the first three vaccines, while the
VLP3x and VLP2x/AttHRV vaccines lack VP4 and VP7 (2/6-
VLP) or the pigs were given AttHRV as the last (third) dose.

The AttHRV/VLP2x and the AttHRV3x vaccine regimens
induced the highest isotype-specific antibody titers to HRV
in the sera of gnotobiotic pigs. The geometric mean titers
(GMTs) of RV isotype-specific antibody in postvaccination
serum samples are summarized in Fig. 2.

(i) IgM antibody. The highest (P � 0.05) serum IgM HRV
antibody titers were obtained at PID 10 for the AttHRV-
primed groups: for AttHRV3x, the GMT was 34,674; for
AttHRV/VLP2x, the GMT was 24,547; and for AttHRV1x, the
GMT was 13,804. Thereafter, significantly higher (P � 0.05)
IgM titers were obtained at PID 21 in the AttHRV/VLP2x
group (GMT � 28,184) and at PID 28 in the VLP2x/AttHRV
group (GMT � 9,333) and the AttHRV/VLP2x group (GMT �
6,607). At PID 35 and PCD 7, all vaccination groups except the
AttHRV3x group had high IgM antibody titers; the AttHRV3x
group had significantly lower titers, reflecting the lower IgM

FIG. 1. Seroconversion to positivity for isotype-specific and VN antibodies to HRV Wa in sera of gnotobiotic pigs inoculated with the different
vaccine regimens. Arrows indicate the day of challenge. Symbols: }, IgM; �, IgA; Œ, IgG, �, VN antibody.
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antibody response after repeated oral antigen stimulation and
protection against reinfection. The lowest IgM GMT among
the vaccination groups was observed in the VLP3x group at all
prechallenge PIDs.

(ii) IgA antibody. The pigs in the AttHRV/VLP2x group had
significantly higher (P � 0.05) serum IgA antibody titers at
PIDs 21 and 28 (GMTs � 550 and 1,549, respectively). These
titers correspond to those that conferred the highest protection
rates in these pigs. At PID 35 and PCD 7, significantly higher
(P � 0.05) serum IgA antibody titers were observed in the
AttHRV/VLP2x group (GMT � 14,454) and the VLP2x/
AttHRV group (GMT � 8,128) than in any of the other
groups.

(iii) IgG antibody. Significantly higher (P � 0.05) serum IgG
antibody titers were observed in the AttHRV/VLP2x and
AttHRV3x groups at PID 21 (GMTs � 11,482 and 9,330,
respectively) and PID 28 (GMTs � 19,953 and 17,378, respec-
tively); these were also the groups with the highest protection
rates. At PID 35 and PCD 7, all groups had significantly higher
(P � 0.05) IgG antibody titers than the controls.

Postchallenge, all vaccination groups except the AttHRV/
VLP2x and AttHRV3x groups had significantly increased (P �
0.05) IgM, IgG, and IgA antibody titers compared to those
detected prechallenge (PID 28), reflecting the higher degree
of protection against reinfection. The AttHRV/VLP2x and
AttHRV3x groups did not have significantly increased GMTs
of IgM. The control group had only IgM antibodies postchal-
lenge and no detectable IgA and IgG antibodies pre- or post-
challenge, consistent with a primary immune response after
challenge.

Significantly higher titers of IgA antibodies to HRV in in-
testinal contents were induced only by the AttHRV/VLP2x
vaccine regimen. The RV isotype-specific antibody GMTs af-
ter vaccination (PID 28) and postchallenge (PID 35 and PCD
7) in SICs and LICs are summarized in Fig. 3.

(i) IgM antibody. No statistically significant differences were
observed in intestinal IgM antibody titers among the vaccina-
tion groups. Prechallenge (PID 28) the highest antibody titers
were observed in the SICs and LICs of the AttHRV/VLP2x
group (GMTs � 200 and 166, respectively), and postchallenge
the highest antibody titers were observed in the LICs of the
VLP2x/AttHRV group (GMT � 813) and the SICs of the
control group (GMT � 955).

(ii) IgA antibody. The AttHRV/VLP2x group had signifi-
cantly higher (P � 0.05) IgA antibody titers in SICs and LICs
prechallenge (GMTs � 851 and 851, respectively) and post-
challenge (GMTs � 3,631 and 3,236, respectively) compared
to those in the SICs and LICs of the other groups and the
controls. Again, these titers correspond to those that conferred
the highest protection rates in this group. Prechallenge, the
AttHRV1x group had the lowest IgA antibody titers in SICs
and LICs.

(iii) IgG antibody. IgG antibody titers in SICs and LICs were
low pre- and postchallenge, especially in LICs. Prechallenge,
the highest IgG antibody titers were observed in the SICs of
the AttHRV1x group (GMT � 22), and postchallenge, the
highest IgG antibody titers were observed in the SICs of the
AttHRV/VLP2x group (GMT � 85), but they were not signif-
icantly higher.

VN antibody titers correlated with RV-specific IgA antibody
titers in the sera of the AttHRV/VLP2x and AttHRV3x groups.
Prechallenge, a positive correlation between the VN and se-
rum IgA antibody titers was observed only in the AttHRV/
VLP2x group (R2 � 0.69), suggesting that serum IgA antibod-
ies are also neutralizing. Postchallenge, a positive correlation
between VN and serum IgM antibody titers was seen in the
AttHRV3x group (R2 � 0.97).

The AttHRV/VLP2x and AttHRV3x vaccination groups had
significantly reduced levels of virus shedding and diarrhea
compared to those for the controls after challenge with viru-
lent HRV strain Wa. The detailed diarrhea and virus shedding
data were previously presented by Yuan et al. (40). The levels
of protection against diarrhea and virus shedding after chal-
lenge with virulent HRV strain Wa were compared between
the vaccinated and the control groups. Control pigs and pigs in
the VLP3x group developed virus shedding (100%) and diar-
rhea (89 to 100%) after challenge. In the AttHRV3x group,
33% virus shedding and diarrhea rates were observed, whereas
in the AttHRV1x group, 100% of the pigs shed virus and 60%
had diarrhea. In the AttHRV/VLP2x group, the percentages of
virus shedding and diarrhea (42 and 50%, respectively) were
significantly reduced compared to those for the other groups,
but these rates did not differ significantly from those for the
AttHRV3x group. The VLP2x/AttHRV group had 83% virus
shedding and 67% diarrhea rates.

Higher RV-specific antibody titers in serum were signifi-
cantly correlated with protection, and higher antibody titers in
the SICs and LICs were also associated with higher rates of
protection among the vaccination groups. Because we were
able to measure the antibody titers only in the SICs and LICs
at the time of challenge (PID 28), when the pigs were killed,
the intestinal immune responses to vaccination in individual
animals could not be correlated statistically with protection
against challenge (16). However, we statistically analyzed the
correlation between serum antibody titers at challenge at PID
28 among the challenged pigs with virus shedding and diarrhea
after challenge. The IgM, IgA, IgG, and VN antibody titers in
serum were significantly inversely correlated with the duration
of virus shedding and the duration of diarrhea across all vac-
cination groups (R2 range, �0.52 to �0.67; P � 0.001).

In addition, postchallenge a positive correlation was ob-
served between higher IgM antibody titers in intestinal con-
tents (an indication of infection in the pigs that lacked protec-
tive immunity upon challenge) and a longer duration of
shedding and higher mean peak titers of virus shedding among
the vaccination groups.

Serum IgA antibody titers, but not IgM or IgG antibody
titers, were highly correlated with the corresponding isotype
antibody titers in the intestines among the vaccination groups.
Pearson’s correlation coefficient analyses were performed to
examine the relationship between isotype-specific antibody ti-
ters in the serum and SICs or LICs among all samples from all
vaccination groups. We found that the serum IgA antibody
titers were most closely correlated with the IgA titers in SICs
(R2 � 0.88; P � 0.001) or LICs (R2 � 0.89; P � 0.001). The
correlation coefficients were much lower for IgM (R2 � 0.43
and P � 0.001 in SICs; R2 � 0.49 and P � 0.001 in LICs) or
IgG (R2 � 0.41 and P � 0.001 in SICs; R2 � 0.24 and P � 0.047
in LICs).
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DISCUSSION

The sequential administration of a combination of an oral
attenuated HRV vaccine and i.n. 2/6-VLPs by using two mu-
cosal inductive sites for immunization (gastrointestinal tract-
associated lymphoid tissue and nasal tract-associated lymphoid
tissue) has been shown to induce high levels of intestinal ASCs
and protective immunity (40). In this study, five groups of pigs
were inoculated with 2/6-VLP�mLT, 2/6-VLP�mLT followed
by AttHRV, AttHRV followed by 2/6-VLP�mLT, or one or
three doses of AttHRV. Our hypothesis was that the immune
responses and protection induced by oral priming with a live
attenuated vaccine could be enhanced by i.n. booster admin-
istration of nonreplicating 2/6-VLPs, which would avoid the
need for sequential doses of live vaccine. Alternatively, the
initial administration of two doses of 2/6-VLPs might induce
intestinal RV antibodies prior to oral boosting with one dose of
attenuated RV vaccine and prevent the possible intussuscep-
tion associated with live virus in infants (24). In this report,
serum and intestinal isotype-specific antibodies to HRV and
serum neutralizing antibodies were quantitated for the five
vaccination groups, and these antibody titers were correlated
with the level of protection induced against challenge with
virulent HRV strain Wa.

As discussed previously (40), the AttHRV/VLP2x regimen
induced moderate rates of protection against virus shedding
and diarrhea, and the protection rates were not significantly
different from those induced by the AttHRV3x regimen. The
VLP2x/AttHRV regimen induced lower protection rates than
the AttHRV/VLP2x regimen but higher protection rates than
the VLP3x and AttHRV1x regimens. The boosting effect of
VLPs on protection in the sequential prime-boost regimen
(AttHRV/VLP2x) was observed by comparing the protection
rate for this regimen with that for the AttHRV1x regimen. An
augmented immunological response to a replicating (AttHRV)
vaccine, which effectively increases the virus dose, compared
with that of a nonreplicating (VLP) vaccine used to prime the
animals and exploitation of a different induction site (the oral
site) may be an explanation for the improved immune re-
sponses observed in the AttHRV/VLP2x group. The genera-
tion of significantly higher neutralizing antibody titers (against
VP4 and VP7 on intact virus) upon challenge in the AttHRV/
VLP2x group may also have contributed to the higher protec-
tion rates. The boosting effects of the 2/6-VLPs on neutralizing
antibodies in animals orally primed with live virus may be
explained by the development of Th cells against VP6. These
VP6-specific Th cells may provide cognate help to VP4- and
VP7-specific B cells (13, 23, 32, 40). In this study, one dose
of AttHRV was not sufficient to induce a high level of protec-
tion against virus shedding and diarrhea. Gorrel and Bishop
(15), corroborating the findings from other studies, suggested
that for RV vaccines to be effective, they should be multidose
to elicit high titers of cross-reactive neutralizing antibodies, an
observation in accordance with our data.

Prechallenge, 100% seroconversion to positivity for IgM an-
tibodies to HRV Wa occurred among all the vaccination
groups except the VLP3x group. The AttHRV/VLP2x group
showed the earliest 100% seroconversion rate to positivity for
IgA antibodies at PID 21. This group also had the highest
GMT of IgA antibody in sera and the intestines. These data

support prior observations for humans (8), in which fecal IgA
was shown to be a good marker for protection against RV
diarrhea. However, in this group, although serum and intesti-
nal IgA antibody titers prechallenge were significantly higher
than those in the AttHRV3x group, the highest protection rate
against viral challenge was seen in the latter group (but the
difference was not significantly greater). A possible explanation
for the higher antibody responses in the AttHRV/VLP2x
group than in the AttHRV3x group could be that the antibod-
ies in the intestine induced after oral priming would neutralize
the subsequent oral booster dose of AttHRV; the i.n. route of
boosting may have prevented or reduced the effects of preex-
isting antibodies. Yuan et al. (40) also observed higher levels of
IgA ASCs in the intestines of the AttHRV/VLP2x group. Al-
though the AttHRV/VLP2x vaccine regimen induced signifi-
cantly higher serum and intestinal IgA antibody responses, this
regimen did not confer better protection than the AttHRV3x
regimen.

Johansen et al. (19) established that after primary infection
in humans serum IgA antibodies are mainly directed against
VP2 and VP6. Similarly, Chang et al. (6) measured isotype-
specific ASC responses to individual RV structural and non-
structural proteins and observed that in all RV-inoculated pig-
lets, VP6 induced the highest numbers of ASCs. Therefore,
most of the serum and intestinal IgA antibodies observed in
the AttHRV/VLP2x group were against VP2 and VP6, as
boosted by 2/6-VLPs. The boost against the VP4 and VP7
neutralizing epitopes (which are present on the intact triple-
layer AttHRV), such as in the AttHRV3x group, probably
occurred to only a limited extent in the AttHRV/VLP2x group
after 2/6-VLP boosters. Thus, the higher IgA antibody re-
sponses present in the AttHRV/VLP2x group do not necessar-
ily denote higher VN antibody responses. After natural infec-
tion of children with HRV or experimental infection of animals
with RV, serum and intestinal IgA or IgA ASCs are frequently
associated with protection from RV reinfection (8, 14, 39–42);
however, in most cases, statistically validated correlations were
not established. Jiang et al. (18) reviewed data from a variety
of studies with humans and concluded that if antibodies are
present in serum at elevated levels, they might be protective or
might be an important correlate of protection against disease.
In the present study, we observed significant negative correla-
tions between serum IgM, IgA, IgG, and VN antibody titers
and the duration of virus shedding and diarrhea. These corre-
lations confirmed the role of serum antibody titers as possible
indicators of protective immunity for RV vaccine trials. In
addition, the IgA antibody titers in serum were most closely
correlated (R2 � 0.89; P � 0.001) with the IgA antibody titers
in the intestines among all vaccination groups, indicating that
IgA antibody levels rather than IgM or IgG antibody levels are
probably the most reliable indicator of protection.

The AttHRV3x group had the highest GMT of VN antibody
in serum prechallenge, which corresponded to the titer that
conferred the highest protection rate, with a strong negative
correlation between VN antibody titers and the duration of
virus shedding (R2 � �0.62; P � 0.001). This finding is con-
trary to that presented in a previous report (33), in which there
was no correlation between serum VN antibody titers and the
degree of protection in gnotobiotic pigs inoculated with one
dose of virulent HRV or two doses of AttHRV and challenged
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at PID 21. The earlier challenge time in the previous studies
may have played a role in this discrepancy, because the VN
antibody titers in serum usually do not peak until PID 21 (42).

In conclusion, the AttHRV/VLP2x vaccine conferred mod-
erate but higher rates of protection against RV diarrhea and
virus shedding in gnotobiotic pigs compared to those conferred
by the AttHRV1x, VLP2x/AttHRV, and vaccine regimens,
with the induction of significantly higher serum and intestinal
IgA and neutralizing antibody titers. The failure of monovalent
live RV vaccines to induce significant protection in children
has been attributed to their lack of induction of heterotypic
protective antibody responses to multiple RV serotypes. Con-
sequently, a successful RV vaccine may need to induce broadly
reactive or neutralizing antibodies to the major serotypes of
RV (serotypes G1 to G4) commonly seen in children (29).
Natural HRV infections in children induce increased rates of
protection from reinfection and diarrhea following each sub-
sequent RV infection, and secondary infections are most often
caused by a different G serotype (34). Thus, induction of neu-
tralizing IgA antibodies to homotypic and heterotypic RVs is a
goal in the development of effective RV vaccines. HRV strains
appear to stimulate broadly reactive serum antibody responses
across serotypes only after a second or subsequent infections.
Recent results of a phase II trial with RV3 (P2A[6]G3), which
possesses antigenic determinants in VP7 cross-reactive with
serotype G1 strains (9), showed that it has moderate protective
efficacy but induces relatively low antibody responses (1). A
75% level of protection against overall RV infections was
noted in preliminary studies of a phase III trial of a reassortant
pentavalent vaccine (Rotateq; serotypes G1, G2, G3, G4, and
P1A) (26). Use of a combination of vaccines, such as AttHRV
(P1A[8]G1) and 2/6-VLP�mLT, might be an alternative ap-
proach to decrease the risk of intussusception or other risks
associated with the administration of multiple live vaccine
doses. The protection rate induced by VLPs combined with
AttHRV may be improved by the use of triple-shelled 2/4/6/7-
VLPs, alone or in association with AttHRV or 2/6-VLPs. In-
creased coverage of protection could be achieved by adding
additional G serotypes to the 2/4/6/7-VLPs. The use of 2/4/6/
7-VLPs to induce neutralizing antibodies against a broad range
of heterotypic viruses may provide sufficient priming of the
immune system, or the use of 2/6-VLPs for boosting may in-
duce immune responses capable of reducing the severity of
disease in the face of subsequent HRV exposure (10).
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