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Summary. Gnotobiotic piglets serve as a useful animal model for studies of
human rotavirus infections, including disease pathogenesis and immunity. An
advantage of piglets over laboratory animal models is their prolonged suscepti-
bility to human rotavirus-induced disease, permitting cross-protection studies
and an analysis of active immunity. Major advances in rotavirus research
resulting from gnotobiotic piglet studies include: 1) the adaptation of the first
human rotavirus to cell culture after passage and amplification in piglets; 2)
delineation of the independent roles of the two rotavirus outer capsid proteins
(VP4 and VP7)in induction of neutralizing antibodies and cross-protection; and
3) recognition of a potential role for a nonstructural protein (NSP4) in addition
to VP4 and VP7, in rotavirus virulence. Current studies of the pathogenesis of
group A human rotavirus infections in gnotobiotic piglets in our laboratory have
confirmed that villous atrophy is induced in piglets given virulent but not cell
culture attenuated human rotavirus (G1, P1A, Wa strain) and have revealed that
factors other than villous atrophy may contribute to the early diarrhea induced.
A comprehensive ¢xamination of these factors, including a proposed role for
NSP4in viral-induced cytopathology, may reveal new mechanisms for induction
of viral diarrhea. Finally, to facilitate and improve rotavirus vaccination stra-
tegies, our current emphasis is on the identification of correlates of protective
active immunity in the piglet model of human rotavirus-induced diarrhea.
Comparison of cell-mediated and antibody immune responses induced by
infection with a virulent human rotavirus (to mimic host response to natural
infection) with those induced by a live attenuated human rotavirus (to mimic
attenuated oral vaccines) in the context of homotypic protection has permitted
an analysis of correlates of protective immunity. Results of these studies have
indicated that the magnitude of the immune response is greatest in lymphoid
tissues adjacent to the local site of viral replication (small intestine). Secondly,
there was a direct correlation between the degree of protection induced and the
level of the intestinal immune response, with significantly higher local immune
responses and complete protection induced only after primary exposure to



154 L. J. Saif et al.

virulent human rotavirus. These studies thus have established basic parameters
related to immune protection in the piglet model of human rotavirus-induced
disease, verifying the usefulness of this model to examine new strategies for the
design and improvement of human rotavirus vaccines.

Introduction

Group A rotaviruses are a leading cause of dehydrating diarrheal infections in
infants and young children worldwide [8]. Public health problems posed by
rotaviruses have stimulated research on vaccination strategies. Vaccine develop-
ment has focused on the use of live attenuated oral vaccines in a “Jennerian”
approach using heterologous animal strains or human/animal reassortants as
candidate vaccines [5, 8]. Unfortunately, these candidate vaccines have often
failed in various aspects of safety, immunogenicity or efficacy, especially when
tested in developing countries [8]. To facilitate and improve vaccine develop-
ment, a more comprehensive understanding of rotavirus pathogenesis and
mucosal immunity to rotaviruses is needed. These studies are most readily
accomplished by the use of animal models to study disease pathogenesis and
immunity in vivo.

Advantages of gnotobiotic piglets as models for studies of
rotavirus pathogenesis and immunity

Although laboratory mice and rabbits serve as useful models for evaluating
immune responses to rotaviruses, especially host-specific strains, these animal
models are not conducive for studies of active immunity to clinical infections
induced by human rotaviruses because human rotavirus infections in these
species are usually subclinical [3, 13]. Moreover, older mice and rabbits are
refractory to rotavirus disease and permit evaluation of active protection only
against infection.

In comparison, gnotobiotic piglets remain susceptible to infection and
disease induced by several human rotavirus strains for as long as 6 weeks of age
(14, 22, 24, Saif, LJ, unpublished). Other advantages of the gnotobiotic piglet
model include: 1) they closely resemble humans in gastrointestinal physiology
(monogastrics) and mucosal immune development [9, 12]; 2) the placenta of pigs
acts as a barrier to the transfer of maternal antibodies; hence colostrum-deprived
gnotobiotic pigs are devoid of rotavirus maternal antibodies and are immu-
nologically virgin but immunocompetent at birth, permitting analysis of true
primary immune responses [9]; and 3) the derivation and maintenance of piglets
in a gnotobiotic environment assures that exposure to extraneous rotaviruses or
other enteric pathogens is eliminated as a confounding variable [1, 23].

The pathogenesis of a group A human rotavirus in neonatal
gnotobiotic piglets

In spite of the host-specificity of rotaviruses, several researchers have found that
gnotobiotic piglets or gnotobiotic calves were susceptible to infection and
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disease by heterologous rotaviruses, including human rotaviruses, under experi-
mental conditions [10, 11, 14-16, 18, 21-24]. This observation agrees with
antigenic and genetic data showing a close relationship between certain human
and animal rotaviruses, suggesting that interspecies transmission of rotaviruses
may occur under certain poorly defined circumstances in nature [19].
Gnotobiotic piglets were invaluable for initial studies of human rotaviruses.
Passage of the Wa strain of human rotavirus (G1, P1A) from stool filtrates of
infected infants into gnotobiotic piglets provided an amplified source of viable
rotavirus, free of maternal or actively induced (in the early stages of infection)
antibodies, and resulted in the first successful adaptation of a human rotavirus to
serial propagation in cell culture [23].

In subsequent studies, the pathogenesis of the infant stool-passaged, virulent
Wa strain of human rotavirus was analyzed in gnotobiotic piglets [21]. Piglets
orally inoculated with 10° focus-forming units (FFU) (or 10° median infec-
tious doses) of Wa rotavirus developed diarrhea within 13 post-inoculation
(PI) hours, which correlated with the presence of rotavirus antigen within
villous epithelial cells (Table 1). Mild to moderate villous atrophy was
observed at PI hours 24-48 coincident with the peak of virus replication.
Diarrhea and rotavirus shedding persisted between 4 to 7 PI days (PID).
Recovery correlated with the presence of morphologically normal villi by PID 7.
Thus the Wa human rotavirus induced lesions in gnotobiotic pigs, similar but
less severe than those seen after infection with some (but not all) homologous
porcine rotavirus strains [ 17]. Moreover, factors other than villous atrophy may
contribute to the early diarrhea induced by PT hour 13, preceding the detection of
villous atrophy.

Gnotobiotic piglets also proved useful in a recent study to identify the
rotavirus genes associated with virulence and host range restriction [6]. The
response of gnotobiotic piglets was analyzed after oral administration of a por-
cine X human reassortant rotavirus derived from a parental porcine rotavirus
(G4, P9, SB1A strain) which caused diarrhea in piglets and a parental human
rotavirus (G2, 1B, DS-1 strain) which was attenuated for piglets. The major
conclusions were that replacing the VP3, VP4, VP7 or NSP4 genes of the
attenuated human strain with the corresponding genes of the virulent porcine
rotavirus yielded viral reassortants that failed to induce diarrhea. Similarly,
reassortants possessing only one, two or three of these porcine rotavirus genes on
the human rotavirus genetic background failed to induce diarrhea. These results
suggest that replacement of any one of these four genes of a human rotavirus with
that of an avirulent animal rotavirus could attenuate the human rotavirus,
leading to a new rotavirus vaccine strategy.

Passive immunity to human rotaviruses in a gnotobiotic
piglet model of disease

Gnotobiotic piglets have been used to evaluate the efficacy of passively adminis-
tered bovine antibody to a human rotavirus for preventing human rotavirus-
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induced diarrhea [15]. Cows were immunized with inactivated human rotavirus
serotypes G1, P1A (Wastrain) and G2, P1B(S2 strain) and simian rotavirus (G3,
[P2],SA11 strain) and the (immune) colostrum collected. Antibody concentrates
from colostrum were fed three times daily to gnotobiotic piglets subsequently
challenged with virulent Wa rotavirus. The immune colostrum feeding effectively
reduced or eliminated both rotavirus shedding and diarrhea in a dose-dependent
manner, confirming that a quantitative relationship exists between the protective
antibody dose and the diarrheal disease response. Furthermore, piglets fed the
immune colostrum and therefore protected against human rotavirus-induced
disease, seroconverted to Wa rotavirus, indicative of the development of active
immune responses in the presence of protective levels of passive colostral
antibodies.

Active immunity to human rotaviruses in a gnotobiotic
piglet model of disease

Previous studies of porcine rotavirus infections in gnotobiotic piglets confirmed
that rotaviruses that share common VP4 (P) and VP7 (G) serotypes induced
a high degree, or complete cross-protection against challenge with rotavirus
strains bearing the common P or G types [7]. Little or no cross-protection was
evident in the piglets inoculated and challenged with heterotypic (in both G and
P type) serotypes [1].

We have expanded these studies to identify correlates of homotypic (common
G and P types) protection in the gnotobiotic piglet model of human rotavirus-
induced diarrhea [ 14, 22, 24]. In these studies, 3- to 5-day-old piglets were orally
inoculated with the virulent (stood-passaged) or attenuated (cell culture-passaged)
Wa strain of human rotavirus and challenged at PID 21 with the homologous
virulent Wa rotavirus. These viruses were selected to mimic natural infection
with virulent rotavirus or oral inoculation with a live attenuated candidate
rotavirus vaccine. Piglets were examined for clinical signs of illness and for
rotavirus shedding (by ELISA [4]and cell culture immunofluorescence assays
[1]) after inoculation and challenge and intestinal lesions were evaluated in
selected pigs [14, 21, 22, 24; Table 1). Correlates of protective immunity were
determined by ELISPOT (20, 24, B cell responses) and lymphoroliferative assays
(2, 22, LPA, T cell responses) using intestinal (gut lamina propria; mesenteric
lymph node) and systemic (blood; spleen) lymphoid tissues collected at various
PID or post-challenge days (Table 2).

Piglets inoculated with virulent Wa rotavirus developed diarrhea and villous
atrophy was evident within 24-72 PI hours [ 14, 21, 22, 24, Table 1]. All piglets
shed virus in feces and seroconverted with neutralizing antibodies to Wa
rotavirus. Upon challenge with homologus virulent Wa rotavirus, all piglets
were protected from virus shedding and severe to moderate diarrhea. Piglets
given attenuated Wa rotavirus developed transient mild or no diarrhea (like
controls) and no villous atrophy was evident (Table 1). Fecal shedding was
detected in only 6% of the pigs, but 96% of the pigs seroconverted to Wa
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rotavirus. Piglets were only partially protected from diarrhea (56% with
diarrhea) and virus shedding (81% shed virus) after challenge exposure.

Assessment of the immune responses in these pigs revealed that the highest
numbers of antibody secreting cells (ASC) (measured by ELISPOT)[14, 24] and
LPA responses [22] [measured by virus-stimulated counts per minute (CPM)
minus background CPM] were in intestinal tissues (adjacent to the site of
rotaviral replication) of both groups of pigs (Table 2). The number of ASC in
intestinal tissues was at least 5-fold higher than the number of ASC in systemic
tissues (data not shown) before challenge. The number of IgA ASC and the LPA
responses (CPM) were significantly higher (p < 0.05) at challenge (PID 21) in the
intestinal lymphoid tissues of the virulent-Wa rotavirus-inoculated pigs com-
pared to the attenuated Wa rotavirus-inoculated pigs (Table 2). Moreover the
mean IgG/IgA ratios were ~1 in the virulent Wa rotavirus-inoculated pigs,
but were ~7 in the attenuated Wa rotavirus- inoculated pigs, reflecting the
predominance of IgG ASC in the latter group of pigs. After challenge of the
virulent Wa rotavirus-inoculated pigs, only transient low (<2 fold) or no
increases occurred in numbers of IgA and IgG ASC and LPA responses (Table 2)
reflecting the limited viral replication and antigenic stimulation which coincided
with complete protection. The lower numbers of ASC (particularly IgA ASC)
and LPA immune responses seen in the attenuated Wa rotavirus-inoculated pigs
at challenge exposure (Table 2, PID 21) correlated with induction of only
partial protection against diarrhea and virus shedding after challenge
(Table 1). Furthermore, these pigs developed greatly increased ASC numbers
(6—7-fold) and LPA responses (2—4-fold) after challenge, consistent with virus
infection. Thus it appears that the magnitude of the immune response is greatest
in lymphoid tissues adjacent to the site of rotavirus replication and tissue
destruction (small intestine) and that the level (and IgA antibody isotype)
of the local immune response may correlate with the degree of protection
induced.
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