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Although maternal antibodies can protect against infectious disease in infancy, they can also suppress active
immune responses. The effects of circulating maternal antibodies, with and without colostrum and milk an-
tibodies, on passive protection and active immunity to human rotavirus (HRV) were examined in gnotobiotic
pigs. Pigs received intraperitoneal injections of high-titer serum (immune pigs [groups 1 and 2]) from im-
munized sows, low-titer serum from naturally infected sows (control pigs [groups 3 and 4]), or no serum (group
5). Immune or control colostrum and milk were added to the diet of groups 2 and 4, respectively. After inoc-
ulation (3 to 5 days of age) and challenge (postinoculation day [PID] 21) with virulent HRYV, the effects of
maternal antibodies on protection (from diarrhea and virus shedding), and on active antibody responses
(measured by quantitation of antibody-secreting cells [ASC] in intestinal and systemic lymphoid tissues by
ELISPOT) were evaluated. Groups 1 and 2 had significantly less diarrhea and virus shedding after inoculation
but higher rates of diarrhea and virus shedding after challenge than did groups 3 and 5. Group 1 and 2 pigs
had significantly fewer immunoglobulin A (IgA) ASC in intestinal tissues at PID 21 and at postchallenge day
(PCD) 7 compared to group 5. Significantly fewer IgG ASC were present in the intestines of group 2 pigs at PID
21 and PCD 7 compared to group 5. There was a trend towards fewer ASC in intestinal tissues of group 2 than
group 1, from PID 21 on, with significantly fewer IgA ASC at PCD 7. IgG ASC in the duodenum and mesenteric
lymph nodes of group 3 and 4 pigs were significantly fewer than in group 5 at PCD 7. These decreases in ASC
emphasize the role of passive antibodies in impairing induction of ASC rather than in merely suppressing the
function of differentiated B cells. To be successful, vaccines intended for populations with high titers of ma-
ternal antibodies (infants in developing countries) may require higher titers of virus, multiple doses, or im-
proved delivery systems, such as the use of microencapsulation or immune stimulating complexes, to overcome

the suppressive effects of maternal antibodies.

Rotaviruses are the leading cause of severe diarrhea in in-
fants and young children in both developed and developing
countries (17), and considerable efforts and resources have
been invested in rotavirus vaccine development. Candidate
rotavirus vaccines which have been tested in humans have
consisted of live virus delivered orally, to mimic natural infec-
tion (39). A common observation in many reports of clinical
vaccine trials, is a reduced rate of postvaccinal seroconversion
in infants with high titers of passive (maternal) serum antibod-
ies (10, 13, 19, 28, 35, 39). This suppressive effect of passive
antibodies has been noted with bovine (35), rhesus (28), hu-
man-bovine (WC 3) reassortant (10), and human-rhesus reas-
sortant rotavirus vaccines (13, 19, 39). Administration of up to
three doses of oral vaccine may not overcome the suppressive
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effect (39). Breast-feeding has also been associated with de-
creased immune responses in some study populations (27, 28).

The immunological mechanisms responsible for the suppres-
sion of active immune responses by passively acquired antibod-
ies remain unclear; proposed mechanisms include inhibition of
specific B-cell function by cross-linking of Fc and surface im-
munoglobulin (Ig) receptors (8, 11), induction of specific sup-
pressor T lymphocytes (16), epitope-specific inhibition of
antigen processing (21), failure to elicit T-cell help (32), and
idiotypic interactions (31). With live viruses, passive antibodies
can also inhibit virus replication and shedding (30, 36) and thus
reduce the quantity of antigen presented to the immune sys-
tem. Passive antibodies not only affect the magnitude of im-
mune responses in the short term but also may affect the
nature (TH1/TH2 balance) of immune responses, with effects
persisting into adult life (1). Thus, the influence of passive
antibodies, both in the circulation as serum antibodies and in
the intestines as milk-associated antibodies, cannot be ignored
in developing effective oral vaccines against rotaviruses in in-
fants, especially those vaccines likely to be used in the devel-
oping world, where higher levels of maternal immunity occur
(28).

Gnotobiotic, caesarian-derived pigs provide an excellent
model for studying the effects of passive antibodies, as they are
born devoid of maternal antibodies, with a high level of im-
mune competence, and are susceptible to infection with human
rotavirus (HRV). In addition, the experimental animals are
protected from natural exposure to rotavirus, a complication
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TABLE 1. Clinical disease and fecal virus shedding in gnotobiotic pigs after oral inoculation with virulent Wa HRV

Pigs with diarrhea

Pigs shedding virus®

Exptl category

and group no.’ n % With Protection Mean duration Mean cumu- % Mean days Mean duration Mean peak titer
illness® rate (%) (days)* lative score®™”  Shedding® to onset’ (daysy shed (FFU/mlY
Virus inoculated
1 22 23B 76 0.3B 3.6B 64 B 25B 2.6 B,C 7.7 X 10* A
2 12 33 B 65 0.5B 41B 50 B 3.6 A 22C 21X10°A
3 17 100 A 0 35A 9.4 A 100 A 1.5C 47 A 49 X 10° A
4 11 91 A 4 3.7A 95 A 73 B 34 A 3.6B 2.5 X 10°A
5 64 95 A NA# 3.0A 9.5 A 100 A 1.7C 57A 2.1 X 10°A
Mock inoculated control
6 5 20 B NA 04B 3.7B ND" ND ND ND
7 7 14B NA 0.5B 39B ND ND ND ND
8 6 17B NA 0.5B 43B ND ND ND ND
9 7 29 B NA 09B 43B ND ND ND ND

“ Determined by ELISA and CCIF infectivity assay.

b Protection rate = [1 — (percentage of Wa HRV-inoculated pigs with diarrhea/percentage of pigs in group 5 with diarrhea)] x 100.
¢ Duration of diarrhea determined by number of days with fecal scores of =2; feces were scored as follows: 0, normal; 1, pasty; 2, semiliquid; 3, liquid.

4 Mean cumulative score = (2 daily fecal scores for 1 week postinoculation)/n.

¢ Proportions in this column followed by different letters differ significantly (Fisher’s exact test).
/Means in this column followed by different letters differ significantly (one-way ANOVA).

& NA, not applicable.
"' ND, not detected (i.e., <250 FFU/ml).

 Groups: 1, immune serum; 2, immune serum plus immune colostrum and milk; 3, control serum; 4, control serum plus control colostrum and milk; 5, no maternal
antibodies; 6, mock inoculated, immune serum; 7, mock inoculated, immune serum plus immune colostrum and milk; 8, mock inoculated, control serum; 9, mock

inoculated, control serum plus control colostrum and milk.

that can make interpretation of data from field trials difficult
(19). In the present study, antibody-secreting cell (ASC) re-
sponses were studied in gnotobiotic pigs with passive serum
antibodies with and without local intestinal (milk) antibodies
(analogous to breast-fed and formula-fed infants, respectively).
With this approach, effects on local (mucosal) active antibody
responses can be distinguished from systemic effects. Insights
can also be gleaned as to whether passive antibodies suppress
the number of ASC generated or downregulate the function of
differentiated cells. Such experimental work is essential for the
development of improved vaccines which can induce protective
immune responses in the presence of maternal antibodies.

MATERIALS AND METHODS

Virus. Virulent Wa HRV (G1, P1A) rotavirus (intestinal contents from the
16th passage in gnotobiotic pigs) diluted in minimal essential medium (MEM;
Life Technologies, Grand Island, N.Y.), was used for inoculation and challenge
(37, 40). Attenuated Wa HRV (cell culture adapted) was propagated in monkey
kidney (MA104) cells for use in enzyme-linked immunospot (ELISPOT) and
virus neutralization assays.

Preparation of immune sow serum. Rotavirus-seropositive sows (n = 2) re-
ceived five or six doses of attenuated Wa HRV (~107 fluorescent-focus-forming
units [FFU]/dose) in incomplete Freund’s adjuvant (IFA) intramuscularly at
2-week intervals, followed by two doses of virulent Wa HRV (~5 X 10° FFU/
dose) orally (2-week interval). After the last immunization, serum was collected,
pooled, filtered (0.22-pm-pore-size membrane filter; Millipore, Bedford, Mass.),
and stored at —20°C until used. Two nonimmunized and two mock-immunized
(IFA alone) rotavirus-seropositive sows in the same herd provided control nor-
mal-sow serum. Immune colostrum was collected at farrowing from 10 rotavirus-
seropositive sows injected intramuscularly with attenuated Wa HRV (~107 FFU/
injection) in IFA at 4, 3, and 2 weeks before their expected parturition dates.
Immune milk was collected from day 4 postpartum for 5 to 10 days. Control
normal colostrum and milk were collected similarly from 10 rotavirus-seroposi-
tive sows. Colostrum and milk samples were centrifuged at 700 X g for 45
minutes (4°C), heat inactivated (56°C) for 30 min, and then centrifuged at
10,000 X g for 20 min to pellet casein aggregates. Beta-propiolactone (0.3%;
1 hour incubation at 37°C with agitation) was used to sterilize processed co-
lostrum and milk. Titers of virus-neutralizing (VN) (plaque reduction) antibod-
ies to Wa HRV in serum and milk administered to gnotobiotic piglets are
presented in Fig. 1.

Gnotobiotic pigs and experimental design. Gnotobiotic pigs were derived by
hysterectomy of near-term sows and maintained in isolation units as described
previously (23). Pigs were allocated to nine groups (Table 1). Within 6 h of
derivation, pigs in group 1 (immune serum) and group 2 (immune serum plus

immune colostrum and milk) received intraperitoneal injections of 30 ml of
maternal high-titer immune serum per pig, followed by an additional 30 ml 12 h
later. Administration of these volumes of serum was found in preliminary work
to result in levels of serum IgG (18 to 26 mg/ml [data not shown]) similar to those
reported for naturally suckled piglets (25 to 40 mg/ml [36]). Pigs in group 3
(control normal serum) and group 4 (control normal serum plus control normal
colostrum and milk) similarly received injections of serum from nonimmunized,
rotavirus-seropositive (low-titer) control healthy sows. Group 2 pigs received
supplements of 15 ml of immune colostrum twice a day from 3 to 5 days of age
and then 25 ml of milk twice a day for another 7 days; these volumes represented
approximately 25% of the diet. Group 4 pigs were fed supplements from non-
immunized rotavirus-seropositive (control normal) sows on the same schedule.
Pigs in group 5 (no maternal antibody) received 60 ml of saline intraperitoneally
or no injection and received no milk supplements. At 3 to 5 days of age, pigs in
groups 1 to 5 were orally inoculated with 5 ml of 100 mM sodium bicarbonate (to
reduce gastric acidity), followed by ~5 X 10° FFU (~5 X 10° 50% infectious
doses in gnotobiotic pigs without maternal antibodies) of virulent Wa HRV in 5
ml of MEM (37, 41, 42). Groups 6 to 9 received serum and milk preparations in
the same manner as groups 1 to 4, respectively, but were mock inoculated with
MEM instead of virulent virus at 3 to 5 days of age. At postinoculation day (PID)
20 to 21, pigs from all nine groups were challenged orally with ~5 X 10° FFU
(~5 % 10° 50% infectious doses) of virulent Wa HRV (37, 41). Pigs were
observed daily for diarrhea, and rectal swabs were collected for assessment of
virus shedding. Fecal consistency was scored as follows: 0, normal; 1, pasty; 2,
semiliquid; and 3, liquid. Pigs with daily fecal consistency scores of =2 were
considered diarrheic. The cumulative fecal score was calculated as the sum of the
daily fecal scores from PID 1 to 7, or from postchallenge day (PCD) 1 to 7. Blood
was collected at PID 0 and at weekly intervals. Two to six pigs from each group
were euthanatized, and the small intestines (duodenum and ileum), mesenteric
lymph nodes (MLN), spleen, and blood were collected at the following times:
PID 8, PID 20 to 21, PCD 4, and PCD 7.

VN antibody assay. A plaque reduction VN antibody assay was performed on
serum and milk samples as described previously (30), with Wa HRV. VN anti-
body titers were expressed as the reciprocal of the serum dilution which reduced
the number of plaques by >80%.

CCIF assay. A cell culture immunofluorescence (CCIF) assay was performed
to detect infectious Wa HRV as described previously (7). Briefly, rectal swabs
and fecal suspensions were diluted 1:25 in MEM and were clarified by centrif-
ugation for 20 min at 1,500 X g. The samples were further diluted to 1:100 and
then serially diluted (10-fold); each dilution was assayed in duplicate on MA104
cell monolayers in 96-well plates. Rotavirus-negative and -positive fecal controls
were included on each plate. Fluorescent foci within the wells were visualized
and enumerated by using fluorescein isothiocyanate-conjugated hyperimmune
pig antiserum to group A rotavirus and fluorescence microscopy.

Rotavirus antigen ELISA. An antigen-capture enzyme-linked immunosorbent
assay (ELISA) was performed to detect Wa HRV antigen in rectal swab fluids,
feces, and intestinal contents as described previously (29). Rotavirus-negative
and -positive fecal controls were included on each plate. A sample was consid-
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ered positive if the mean absorbance of replicate samples on rotavirus antibody-
coated wells was greater than the mean absorbance plus 3 standard deviations of
samples in negative control wells.

Isolation of MNC. Mononuclear cells (MNC) from duodenum, ileum, MLN,
spleen, and blood were isolated as described previously (41). Purified MNC were
resuspended in RPMI 1640 medium supplemented with 8% fetal bovine serum,
20 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 100 pg of gentamicin/ml, 10 wg of ampicillin/ml, and 50 uM 2-
mercaptoethanol.

ELISPOT assay for virus-specific ASC. ELISPOT assays to enumerate iso-
types of rotavirus-specific ASC were conducted based on previously published
methods and reagents (9, 41). Briefly, Wa HRV-infected MA104 cells in 96-well
plates (Nunc-Immuno, Nalge-Nunc, Rochester, N.Y.) were acetone fixed and
washed with deionized water prior to use. Single-cell suspensions of MNC from
each tissue sample were added to duplicate wells (5 X 10%, 5 X 10% or 5 X 10°
cells/well). Plates were incubated for 12 h at 37°C in 5% CO, and then washed
and incubated with biotinylated mouse monoclonal antibody (ascites fluid) to pig
1gG (hybridoma 3H7) (0.03 wg/ml), pig IgA (hybridoma 6D11) (0.04 pg/ml), or
pig IgM (hybridoma 5C9) (0.35 pg/ml) (24) for 2 h at room temperature. Plates
were washed, and horseradish peroxidase-conjugated streptavidin (1:30,000;
Kirkegaard & Perry Laboratories Inc. [KPL], Gaithersburg, Md.) was added.
After incubation for 1 h at room temperature, the plates were washed and spots
were developed with a tetramethylbenzidine peroxidase substrate system (KPL).
The numbers of virus-specific ASC were determined by counting blue spots in
the wells and reported as the mean number of virus-specific ASC per 5 X 10°
MNC.

ELISPOT assay for total IgSC. The total number of Ig-secreting cells (IgSC)
in duodenum, ileum, MLN, spleen, and peripheral blood specimens were deter-
mined by previously published methods (41, 42). Briefly, 96-well plates (Nunc-
Immuno) were coated with goat anti-pig IgM (25 wg/ml; KPL), goat anti-pig IgA
(30 pg/ml; Bethyl Laboratories Inc., Montgomery, Tex.), or goat anti-pig IgG
(1 wg/ml; Bethyl Laboratories). Plates were washed with deionized water, and
single-cell suspensions of MNC were added. After incubation for 12 h at 37°C in
5% CO,, biotinylated MADs to porcine IgM (hybridoma 5C9), IgA (hybridoma
6D11), and IgG (hybridoma 3H7) were added to their respective plates. Re-
agents for color development and the method of enumeration of cells were the
same as those for the rotavirus-specific ELISPOT assay described above.

Statistical analyses. One-way analysis of variance (ANOVA) followed by
Duncan’s multiple-range test was used to assess differences in (log-transformed)
VN antibody titers among groups. Percentages of pigs with diarrhea and pigs
shedding virus were compared among groups by Fisher’s exact test; when signif-
icant differences were present among groups, pairwise comparisons were made
by Fisher’s exact test to clarify the nature of the differences. The mean number
of ASC was calculated for each treatment group at various times (PID 8, PID 21,
PCD 4, and PCD 7). If significant differences were detected among groups by the
Kruskal-Wallis rank sum (nonparametric) test, then pairwise differences between
particular groups and the group with no maternal antibody (group 5) were tested
(Kruskal-Wallis rank sum test). Differences between group 1 (immune serum)
and group 2 (immune serum plus immune colostrum and milk) and between
group 3 (control serum) and group 4 (control serum plus control colostrum and
milk) were also tested by the Kruskal-Wallis test to assess whether colostrum and
milk antibodies had immune-modulating effects beyond those of circulating
antibodies alone. To evaluate whether administration of serum or feeding of
colostrum and milk affected total IgSC numbers, data from groups 1 and 3 were
pooled and data from groups 2 and 4 were pooled. Differences in total IgSC
among (i) serum-injected pigs, (ii) serum-injected and colostrum- and milk-fed
pigs, and (iii) pigs with no maternal antibody were assessed by the Kruskal-Wallis
rank sum test at each time point. When differences among these groups were
detected, the same test was used in a pairwise fashion to clarify the nature of the
differences. A significance level of 0.05 was used throughout.

RESULTS

Passive transfer of antibodies. VN antibody titers in pooled
serum, colostrum, and milk of vaccinated sows were 28-, 2.6-,
and 3.4-fold higher, respectively, than titers in nonvaccinated
control sows (Fig. 1). Geometric mean titers (GMT) of VN
antibodies in sera of pigs receiving immune serum intraperi-
toneally were significantly higher than those of pigs receiving
control serum (Fig. 2).

Passive protection postinoculation. Clinical signs and virus
shedding data are summarized in Table 1. Over 90% of pigs in
groups 3 (control serum), 4 (control serum plus control co-
lostrum and milk), and 5 (no maternal antibody) had diarrhea
after virus inoculation; diarrhea was present in significantly
fewer (23%) group 1 (immune serum) and (33%) group 2
(immune serum plus immune colostrum and milk) pigs. The
rates of diarrhea, mean number of days with diarrhea, and
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FIG. 1. (A) VN antibody titers in pools of sow serum, colostrum, and milk
prepared from immunized sows (solid bars) and nonimmunized sows (open
bars). (B) GMT of VN antibodies in serum of pigs at PID 0. Pigs received
intraperitoneal injections of 60 ml of immune or control serum within 18 h of
derivation. A subset of pigs received 15 ml of immune or control colostrum orally
twice a day from 3 to 5 days of age and 25 ml of immune or control milk twice
a day for another 7 days. Solid bars indicate titers in pigs inoculated with virulent
Wa HRYV at PID 0, and open bars indicate titers in pigs mock inoculated at PID
0. Columns labeled with an A differ significantly from those labeled with a B
(one-way ANOVA of log-transformed VN titers followed by Duncan’s multiple-
range test).

mean cumulative fecal scores of group 1 and 2 pigs were
statistically comparable to those of age-matched mock-inocu-
lated pigs (groups 6 to 9) and significantly less than those of
groups 3 to 5.

The proportion of pigs shedding rotavirus after inoculation
was significantly lower in group 1, 2, and 4 pigs (64, 50, and
73%, respectively) than in group 3 and 5 pigs (100%). Among
those pigs which shed virus, the mean number of days to onset
of shedding was significantly greater in group 1 pigs (immune
serum) than in groups 3 (control serum) and 5 (no maternal
antibody). Pigs which received immune or control milk in ad-
dition to serum (groups 2 and 4, respectively) had significantly
greater mean number of days to onset of shedding than group
1 pigs. Among those pigs which shed virus, the mean duration
of shedding was significantly less for group 1 and 2 pigs than
for group 3 and 5 pigs. Group 4 pigs, which received control
milk in addition to control serum, had significantly fewer days
of virus shedding than group 3 pigs that received only control
serum. Among pigs which shed virus after inoculation, mean
peak virus titers in feces were lowest for group 1 and 2 pigs, but
differences among groups were not significant. Group 2, which
received both immune serum and immune milk, had the lowest
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FIG. 2. GMT of VN antibodies in piglet serum from PID 0 to PID 28. Piglets
were challenge exposed at PID 21 (PCD 0). Datum points labeled with different
letters at the same time point differ significantly (one-way ANOVA of log-
transformed VN titers followed by Duncan’s multiple-range test).

proportion of animals shedding, the longest time to onset of
shedding, and the shortest duration of shedding.

Protection postchallenge. At PID 21 pigs were challenged
with virulent Wa HRYV; clinical signs and virus shedding data
are summarized in Table 2. Those pigs which had been mock
inoculated at PID 0 and were therefore susceptible to chal-
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lenge were also exposed to Wa HRV at PID 21. Challenge data
from mock-inoculated pigs that had received immune serum
(group 6) were pooled with data from pigs that had received
immune serum plus immune milk (group 7) for purposes of
statistical analysis, as the data were comparable and the num-
ber of animals was low. Similarly, data from mock-inoculated
pigs receiving control serum (group 8) or control serum plus
control milk (group 9) were pooled.

All mock-inoculated pigs except one (15 of 16) had diarrhea
after challenge. Group 5 (no maternal antibody) had a signif-
icantly lower proportion of pigs (12%) with diarrhea than
the mock-inoculated, challenged groups. Group 2 but not
group 1 pigs had significantly higher rates of diarrhea than
group 5 pigs. The mean duration of diarrhea was significantly
longer for mock-inoculated pigs after challenge than for pigs in
groups 1 to 5. Mean cumulative fecal scores did not differ sig-
nificantly among groups 1 to 5.

The proportion of mock-inoculated pigs shedding rotavirus
after challenge was significantly higher (100%) than that of
pigs in groups 1 to 5 (0 to 20%), which did not differ signifi-
cantly among the groups.

VN antibodies. At PID 0, serum VN antibody titers of group
1 and 2 pigs given immune serum were significantly higher than
those of group 3 and 4 pigs given control serum (Fig. 2). VN
antibodies were not detected at PID 0 in samples from group
5 pigs, confirming their seronegative status (Fig. 2). From PID
0 to 21, the VN GMT of group 1 and 2 pigs declined 2- to 3-
fold; over the same interval group 3 and 4 VN GMT increased
10- to 19-fold (Fig. 2). By PID 21, the VN antibody titers of
pigs that received immune serum (group 1) were still signifi-
cantly higher than titers of pigs that received control serum
(group 3), and titers of pigs receiving immune serum and
immune milk (group 2) were still significantly higher than titers
of pigs receiving control serum and control milk (group 4). By
PCD 4 to 7 these differences were no longer significant. In
group 5 pigs VN antibodies were present in serum by PID 21,

TABLE 2. Clinical disease and fecal virus shedding in gnotobiotic pigs after oral challenge with virulent Wa HRV

Pigs with diarrhea

Pigs shedding virus®

Exptl category and

group no/ n % With Protection  Mean duration  Mean cumu- % Mean days Mean duration ~Mean peak titer
illness® rate (%)? (days)*" lative score?’  Shedding®  to onset (days) shed (FFU/mlY
Virus inoculated
1 12 42C,D 55 1.2B 6.3C 17B 1.5A 3.0A 35X 10*A
2 5 60 A,B,C 36 1.8B 7.1B,C 20 B 3.0A 1.0A 1.4 X 10° A
3 8 25C,D 73 1.0B 4.6 C 0B NA# NA ND”
4 6 33B,D 65 1.2B 6.1C 17B 1.0A 3.0A 2.0 X 10° A
5 25 12D 87 0.6 B 50C 0B NA NA ND
Mock inoculated control’
6 2 50A,B NA 25A 75A 100 A 1.5A 1.0A 2.1 X 10*A
7 6 100A,B NA 4.7 A 11.8 A 100 A 1.8 A 2.7A 45X 10° A
8 3 100 A NA 37A 93A,B 100 A 2.7 A 23A 1.8 X 10* A
9 5 100 A NA 34 A 9.7A,B 100 A 1.6 A 32A 72X 10° A

“ Determined by ELISA and CCIF infectivity assay.

b Protection rate = [1 — (percentage of Wa HRV-inoculated pigs with diarrhea/percentage of pigs in mock-inoculated groups with diarrhea)] x 100.
¢ Duration of diarrhea determined by number of days with fecal scores of =2; feces were scored as follows: 0, normal; 1, pasty; 2, semi-liquid; 3, liquid.

4 Mean cumulative score = (2 daily fecal scores for 1 week postchallenge)/n.

¢ Proportions in this column followed by different letters differ significantly (Fisher’s exact test).

/Means in this column followed by different letters differ significantly (one-way ANOVA).

& NA, not applicable.

"'ND, not detectable (i.e., <250 FFU/ml).

 Data from mock-inoculated groups receiving the same serum preparations were combined for statistical analysis, as the numbers of animals were low and the data
were comparable.

J For an explanation of groups, see Table 1, footnote i.
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FIG. 3. Mean ASC counts per 5 X 10° MNC in duodenum, ileum, and MLN. Symbols: *, group differs significantly from group 5 for the same isotype at the same
time point (Kruskal-Wallis rank sum test); A, groups 1 and 2 differ significantly for the same isotype at the same time point (Kruskal-Wallis rank sum test); [J, groups
3 and 4 differ significantly for the same isotype at the same time point (Kruskal-Wallis rank sum test).

but titers were significantly lower than titers in group 3 and 4
pigs which had received passive antibodies from control sows.

ASC responses. (i) PID 8. ASC of all isotypes were detected
in tissues of group 5 pigs, but ASC counts were low (<10 per
10° cells) in all tissues except for IgM ASC in duodenum,
ileum, and MLN and IgA ASC in duodenum and ileum (Fig. 3
and 4). IgM ASC counts in duodenum and MLN of group 1
pigs were significantly lower than for group 5 pigs, whereas IgA
ASC counts in duodenum, ileum, and MLN were significantly
lower in both group 1 and 2 pigs than in group 5 pigs (Fig. 3).
IgA ASC counts in MLN of group 3 pigs and in ileum and

MLN of group 4 pigs were significantly lower than those of
group 5 pigs. Data were not available for ASC numbers in
mock-inoculated pigs at PID 8.

(i) PID 21/PCD 0. At challenge, PID 21 (= PCD 0), mean
IgM ASC numbers had declined to <5 per 10° cells in all
tissues of group 5 pigs; IgM ASC numbers in groups 1 to 4 did
not differ significantly from these levels (Fig. 3 and 4; Table 3).
By PID 21, mean IgA and IgG ASC numbers increased in the
duodenum, ileum, and MLN of group 5 pigs (=20 per 10°
cells) but remained low (<10 per 10° cells) in the systemic
tissues (spleen and peripheral blood) of pigs in all groups (Fig.
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FIG. 4. Mean ASC counts per 5 X 10° MNC in spleen and peripheral blood. For an explanation of symbols, see the legend to Fig. 3. Note the change of vertical

scale from Fig. 3.

4). The numbers of IgG and IgA ASC in duodenum and ileum
of group 1 and 2 pigs were significantly lower than those in
group 5 pigs (Table 4). There were also significantly fewer IgG
ASC in the MLN of group 1 and 2 pigs than those in group 5
pigs. ASC numbers of group 3 and 4 pigs did not differ signif-
icantly from those of group 5 pigs in any tissue examined. No
ASC of any isotype were detected in tissues of pigs mock
inoculated at PID 0 (data not shown).

(iii) PCD 4. IgM ASC responses after challenge were min-
imal in group 5 pigs (Fig. 3 and 4; Table 3), and IgA ASC
numbers were similar at PID 21 and PCD 4. In group 2 pigs,

there were significantly fewer IgA ASC in duodenum and il-
eum than in group 5 pigs at PCD 4; in group 1 pigs, there were
fewer IgA ASC than in group 5, but not significantly so. In
group 5 pigs, IgG ASC numbers in duodenum, ileum, and
MLN increased from PID 21 to PCD 4. Although IgG ASC
counts increased moderately in duodenum and ileum of group
1 pigs from PID 21 to PCD 4, mean IgG ASC counts remained
below 10 per 10° cells in group 2 pigs. Group 1 and 2 pigs had
significantly fewer IgG ASC in duodenum and ileum than did
group 5 pigs at PCD 4. Numbers of IgG ASC in duodenum of
group 3 pigs and numbers of IgG ASC in duodenum, ileum,
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TABLE 3. Summary of ASC responses in intestinal and systemic tissues at PCD 0 and PCD 4 to 7

No. of ASC*

Exptl category and

" Time n® Duodenum Tleum MLN Spleen PBL*
group no.

IgM IgA IgG IgM IgA IgG IgM IgA IgG IgM IgA IgG IgM IgA IgG

Virus inoculated

1 PID 21/PCD 0 5 4 11 9 5 7 14 0 0 2 0 0 1 0 1 1
PID 25-28/PCD 4-7 11 2 28 17 7 25 38 1 4 4 1 1 3 1 7 6
2 PID 21/PCD 0 3 0 0 0 0 1 3 0 1 3 0 0 0 0 0 0
PID 25-28/PCD 4-7 6 0 4 3 0 0 0 0 1 4 0 0 2 0 0 0

3 PID 21/PCD 0 6 1 48 29 1 39 77 1 12 29 1 2 2 1 20 7
PID 25-28/PCD 4-7 8 3 180 21 17 94 71 1 8 13 1 7 6 0 8 4

4 PID 21/PCD 0 3 0 27 15 0 22 111 0 6 11 0 4 3 0 4 2
PID 25-28/PCD 4-7 6 0 29 12 0 21 28 0 31 10 0 9 7 0 11 4

5 PID 21/PCD 0 6 3 40 52 4 66 76 2 20 46 1 4 3 0 6 2
PID 25-28/PCD 4-7 13 6 85 83 3 40 74 2 19 51 0 8 4 0 12 4

Mock inoculated
controls

6 PID 21/PCD 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PID 28/PCD 7 2 63 0 0 115 0 0 1 0 0 1 0 0 0 0

7 PID 21/PCD 0 1 0 0 0 0 0 0 0 0 0 0 0 0 NA© NA NA
PID 28/PCD 7 6 6 2 0 25 1 0 1 1 0 3 0 0 2 2 0

8 PID 21/PCD 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PID 28/PCD 7 3 50 2 0 112 1 0 10 1 0 7 0 0 4 0 0

9 PID 21/PCD 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PID 28/PCD 7 5 25 13 1 59 10 1 1 2 0 1 0 0 1 3 0

“ Values for the different isotypes are mean numbers of ASC per 5 X 10° MNG; for statistical analyses, see the legends to Fig. 3 and 4.
® Number of pigs euthanatized in each group at each time point: PCD 4 and 7 pigs were combined for groups 1 to 5.

¢ NA, not available.

@ For an explanation of groups, see Table 1, footnote i.

¢ PBL, peripheral blood lymphocyte.

and MLN of group 4 pigs were significantly lower than those of numbers in groups 1 to 4 did not differ significantly from these
group 5 pigs. Data were not available for ASC numbers in levels. ASC responses in pigs mock inoculated at PID 0 were
mock-inoculated pigs at PCD 4. dominated at PCD 7 by IgM ASC in intestinal tissues, reflect-

(iv) PCD 7. Mean IgM ASC counts were <5 per 10° cells in ing primary exposure to rotavirus (data not shown); mean
all tissues of group 5 pigs (Fig. 3 and 4; Table 3). IgM ASC numbers of ASC of all isotypes in systemic tissues (spleen and

TABLE 4. Summary of serological, clinical, and ASC data

Postinoculation PID 21/ Postchallenge? PCD 7¢
Group P‘I’g o % of % of pigs IgA ASC 1gG ASC % of % of pigs IgA ASC IgG ASC
no. pigs with shedding VN¢ - - pigs with shedding
diarrhea® virus” D’ 14 D I diarrhea virus D 1 D I
1 1,566 A 23B 64 B 684 A 11* 7* 9% 14* 42A,B 17A 25N 20%A 13* S1A
2 1,792 A 33B 50B 543 A, B 0* 1* 0* 3% 60 A 20 A 1* 1* 3% 1*
3 17B 100 A 100 A 305B,C 48 39 290 77 25A,B 0A 57 35 15% 85
4 11B 91A 73B 190 C 27 22 15 111 33A,B 17A 39 25 16* 35
5 <4C 95 A 100 A 79D 40 66 52 76 12B 0A 94 43 56 56

“ For an explanation of groups, see Table 1, footnote i.

® VN, VN GMT.

¢ Means in these columns followed by different letters differ significantly (one-way ANOVA; log-transformed titers).

@ Proportions in these columns followed by different letters differ significantly (Fisher’s exact test).

¢ Symbols: *, group differed significantly from group 5 for the same isotype at the same time point (Kruskal-Wallis rank sum test); A, groups 1 and 2 differed
significantly for the same isotype at the same time point (Kruskal-Wallis rank sum test); [J, groups 3 and 4 differed significantly for the same isotype at the same time
point (Kruskal-Wallis rank sum test).

/PID 21 = day of challenge.

& Feces were scored as follows: 0, normal; 1, pasty; 2, semiliquid; 3, liquid; feces with a score of =2 was considered diarrheic.

" Determined by ELISA and CCIF infectivity assay.

D, duodenum.

/1, ileum.
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peripheral blood) were low (<10 per 10° cells) in these pigs
(data not shown). There were significantly fewer IgA ASC in
duodenum, ileum, MLN, and spleen of group 1 and 2 pigs than
in those of group 5 pigs. There were significantly fewer IgG
ASC in duodenum and MLN of pigs in groups 1 to 4 than for
group 5 (Fig. 3 and 4; Tables 3 and 4).

Effect of milk antibodies on ASC responses. From PID 21/
PCD 0 to PCD 7, mean IgA ASC in duodenum and ileum were
higher for group 5 (no maternal antibody) pigs than for group
1 (immune serum) pigs, which were higher than those for
group 2 (immune serum plus colostrum and milk) pigs. At
PCD 7, there were significantly more IgA ASC in both the
duodenum and ileum of group 1 pigs than in those of group 2
pigs (Table 4).

From PID 21 to PCD 7, mean numbers of IgG ASC in
duodenum and ileum were higher for group 5 pigs than for
group 1 pigs, which were higher than group 2. At PCD 7, there
were significantly more IgG ASC in the ileum of group 1 pigs
than in those of group 2 (Table 4).

There was a trend (P = 0.08 [data not shown]) towards
higher IgG and IgA in the duodenum and ileum of group 3 pigs
than in those of group 4 pigs. By PID 21, there were signifi-
cantly more IgG ASC in the duodenum of group 3 pigs than in
group 4 pigs (Table 4). Responses in the two groups were
similar at PCD 4 and 7.

A summary of serological, clinical, and ASC data for PID 0
to PCD 7, is presented in Table 4.

Total IgSC responses. (i) PID 8. Total IgSC data were not
available for PID 8 for pigs with no maternal antibodies. Total
IgA- and IgG-secreting cell numbers for pigs receiving serum
alone (groups 1 and 3) were significantly higher than those for
pigs receiving serum and colostrum and milk (groups 3 and 4)
in duodenum, ileum, MLN, and spleen (Fig. 5 and 6; Table 5).

(i) PID 21. At PID 21, numbers of IgA-secreting cells in
duodenum and of both IgA- and IgG-secreting cells in ileum
were significantly higher in pigs receiving serum than in pigs
receiving serum and colostrum and milk. There were signifi-
cantly fewer IgM-secreting cells (in all tissues tested) in pigs
receiving no maternal antibodies (group 5) than in pigs receiv-
ing serum alone.

(iii) PID 25/PCD 4 and PID 28/PCD 7. There were signifi-
cantly more IgA-secreting cells in ileum tissue of pigs receiving
serum than in that of pigs receiving serum and colostrum and
milk. IgM-secreting cell numbers, however, were significantly
higher in colostrum- and milk-fed pigs in MLN, spleen, and
peripheral blood at PID 25/PCD 4. Mean numbers of IgSC in
pigs receiving no maternal antibodies (group 5) were lower
than those in pigs receiving serum alone in the majority of
tissues, at both time points.

DISCUSSION

In the present study pooled sera with either high (immune)
or low (control normal) titers of rotavirus VN antibodies were
injected intraperitoneally into newborn gnotobiotic pigs. Ma-
terial injected intraperitoneally is transported cranially by lym-
phatic vessels and enters the vena cava and thence the blood
circulation (15). Efficient uptake of the injected antibodies into
the circulation was evidenced by the high titers of VN antibod-
ies in serum of group 1 (immune serum) pigs by the time of
virus inoculation at 3 to 5 days of age. Subsets of pigs also
received immune or control colostrum and milk orally for the
first 14 days of life.

After inoculation with virulent Wa HRYV, pigs in groups 1
(immune serum) and 2 (immune serum plus colostrum and
milk) had high levels of passive protection. Rates of diarrhea
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were comparable to rates in age-matched, mock-inoculated
pigs (<33%), whereas rates in groups 3 (control serum), 4
(control serum plus colostrum and milk), and 5 (no maternal
antibodies) were significantly higher (>90%). Virus shedding
rates were also significantly lower in group 1 and 2 pigs than in
groups 3 and 5; interestingly, group 4 pigs, which received
control colostrum and milk in addition to control serum, also
had a significantly lower rate of virus shedding, suggesting that
even moderate titers of local gut (milk) antibodies are effective
in reducing viral shedding. Mata et al. (22) have reported
partial protection against rotavirus diarrhea in (exclusively)
breast-fed infants in Guatemala with very high exposure to
rotavirus. Velazquez et al. (34) have reported a significant re-
lationship between duration of breast-feeding and risk of ro-
tavirus infection. Protective effects of breast-feeding may vary
with season in countries in which the disease is seasonal rather
than endemic (20). The discrepancy in group 4 pigs between
viral shedding data and clinical signs (significantly reduced
viral shedding but an incidence of diarrhea of 91%) empha-
sizes the difficulty in predicting clinical protection from vaccine
trials in animal models (mice, rabbits) where rotavirus does not
cause clinical disease.

The protective effects seen with high titers of circulating
maternal antibodies are consistent with the experimental find-
ings of Ward et al. (36), that high titers of passive serum
antibodies in colostrum-fed conventional piglets (maintained
on soy-based milk replacer) are associated with reduced sever-
ity and duration of diarrhea and shorter duration of virus
shedding following inoculation with homologous porcine rota-
virus. Similarly, Besser et al. (4) have demonstrated protection
of neonatal calves against virulent NCDV bovine rotavirus
after systemic administration of specific antibodies. Besser et
al. further documented the transfer of serum IgGl1 into the
gastrointestinal tract in neonatal calves (3); a comparable pro-
cess may be responsible for the passive protection observed in
the conventional piglets (36). It is unclear whether a similar
transfer of serum antibodies into the intestinal lumen of hu-
man infants occurs. However, Quan et al. (26) have demon-
strated high levels of Fab fragments (derived from maternal
serum IgG) of high affinity in feces of neonates. The clinical
importance of these Fab fragments in protection against en-
teric disease has not been determined, but the fragments dis-
played strong antibody activity to tetanus toxoid and were
present in stools of week-old formula-fed babies. Bernstein et
al. (2) have reported that high levels of transplacentally ac-
quired (serum) rotavirus VN antibodies can protect infants up
to 1 year of age.

Although group 1 and 2 pigs had high levels of protection
after inoculation, protection against diarrhea following chal-
lenge was lower than that seen in groups 3 to 5. The duration
of diarrhea and rates of virus shedding in group 1 and 2 pigs
after challenge, however, were significantly lower than for na-
ive (mock-inoculated, HRV-challenged) pigs, suggesting that a
degree of active immunity developed following initial exposure
to rotavirus, even in the presence of high titers of maternal
antibody. Although increases in IgA and IgG ASC were evi-
dent in both the duodenum and ileum of group 1 pigs after
challenge, ASC numbers remained low (<10 per 10° cells) in
group 2 pigs (Fig. 3; Tables 3 and 4). The moderate level of
protection seen in group 1 and 2 pigs after challenge may be
attributable in part to cell-mediated immune mechanisms, as
cell-mediated responses can occur in the presence of levels of
passive antibodies that block humoral immune responses (33)
or may be due to the continuing higher levels of circulating
maternal antibodies in these pigs (Fig. 2).

Complete protection against rotavirus shedding and 73 to
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FIG. 5. Mean IgSC counts per 5 X 10° MNC in duodenum, ileum, and MLN. For statistical analysis, see Table 5. NA, not available.

87% protection against diarrhea were evident in group 3 (con-
trol serum alone) and group 5 (no maternal antibodies) pigs,
respectively, following challenge (Table 2). Numerous studies
have been published concerning protection against reinfection
with rotavirus following natural infection. High levels of pro-
tection (93 to 100%) against symptomatic reinfection following
a single (symptomatic or asymptomatic) rotavirus infection in
infants have been reported by Ward and Bernstein (38) and
Bernstein et al. (2) in studies conducted in the United States.
Bishop et al. (6), in contrast, found neonatal infection with
rotavirus to confer no protection against rotavirus infection per
se but documented protection against severe clinical manifes-
tations of rotavirus infections in an investigation conducted in

Australia. Studies in Mexico (34), Guatemala (22), and India
(5) suggest that protective effects of natural infection are con-
siderably lower in developing countries; two or more rotavirus
infections may be needed to confer subsequent protection (22,
34). Differences in level of rotavirus exposure, in diversity of
rotavirus serotypes present locally, in virulence of local rotavi-
rus strains, in occurrence of concurrent infections, in level of
maternal antibodies, and in nutrition (or a combination of
these factors) may be responsible for the spectrum of results
which have been reported. The high level of protection seen in
group 3 and 5 pigs after challenge in the present study may
reflect in part the homotypic challenge used and the short time
elapsed from induction of immunity until challenge.
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Following inoculation of pigs with rotavirus (PID 21), IgG
and IgA ASC responses were significantly lower in group 1 and
2 pigs than in pigs without maternal antibodies, in both duo-
denum and ileum. Surprisingly, significant differences in num-
bers of ASC persisted in these tissues even after challenge
(PID 28/PCD 7 [Table 4]). These results confirm the possibility
of suppression of immune responses to oral live rotavirus vac-
cines in infants with high titers of maternal circulating anti-
bodies. Although in many field studies high prevaccination
antibody titers are associated with lower rates of seroconver-
sion, it is difficult in many cases to eliminate the possibility that

some serum titers reflect active responses to natural exposure
to rotavirus. In the present work, the use of gnotobiotic ani-
mals effectively prevents this confounding factor of unknown
prior exposure to rotavirus. The significantly lower numbers of
intestinal ASC in group 1 and 2 pigs, even after challenge
exposure, raise the question of how many exposures to virus at
what time intervals would be necessary before comparable
ASC responses would be attained. Ward et al. (39) have re-
ported that suppressive effects of prevaccination serum anti-
bodies on serum antibody responses were evident in infants
even after three doses of oral rotavirus vaccine.
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ise as a means of stimulating active immune responses in the
face of maternal antibodies (33).
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