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Summary. Maternally-derived passive immunity of infant mice to challenge
infection with enterotropic coronavirus mouse hepatitis virus strain Y (MHV-
Y) was studied. Pups born to both naive and immune dams, but nursed by
naive foster dams, were susceptible to infection, while naive or immune pups
nursed by immune foster dams were protected. The MHV infectious dose was
identical among naive pups inoculated at 1, 2, 3, or 4 weeks of age. Pups nursing
immune dams resisted infection when inoculated at 1, 2, or 3 weeks of age.
Three week old pups were protected only if they were allowed access to their
immune dams. Pups born to MHV immune dams 4 in consecutive litters acquired
equal MHV IgG titers in serum and whey and were all protected against
challenge infection. Only pups actively ingesting immune whey at the time of
or within two hours after virus inoculation were effectively protected. Pups
born to dams immunized by oral inoculation with live MHV acquired both
MHV-specific IgA and IgG in their whey, while pups born to dams immunized
with killed virus acquired only IgG. Both IgA and IgG, but not IgG alone,
were required for complete protection.

Introduction

Coronaviruses infect many mammalian and avian species, including humans.
Mouse hepatitis virus (MHYV), the coronavirus of mice, is a highly contagious
and mutable virus with numerous antigenically cross-reactive but distinct
strains. Like coronaviruses of other species, MHV strains can be divided ac-
cording to their primary tissue tropism into respiratory and enterotropic strains
[3]. Enterotropic MHV is the most common form of natural infection in
contemporary mouse colonies, but is the least studied of the two MHYV biotypes.
It is thus important not only as a natural pathogen of laboratory mice but also
as a potential model for enteric coronavirus infections of other species.
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Epizootics of enterotropic MHYV in naive mouse colonies are associated with
diarrhea and high mortality among infant mice. Mice in enzootically infected
colonies, on the other hand, show no signs of disease, suggesting that maternally-
derived passive immunity protects neonatal mice from disease and possibly even
infection [1, 3, 7, 10]. We have previously shown that following an immunizing
infection with enterotropic MHV-Y, dams produce MHV-specific IgA and IgG,
but not IgM in their whey. Pups born to and nursed by MHV-Y immune dams
acquire MHV-specific IgG in their serum and both IgA and IgG in their gastric
contents [9]. IgG can be transferred from mouse dam to pup in utero via yolk
sac receptors, as well as post-natally for two weeks through receptors located
on the intestinal mucosa [6]. We have found that maternally-derived IgA is
transferred to pups in whey and is restricted to the lumen of the gastrointestinal
tract without absorption [9].

The purpose of the present study was to examine the protective effect of
maternally-derived MHV antibody against challenge infection with enterotropic
MHY and to delineate the role of different immunoglobulins in passively ac-
quired challenge immunity.

Materials and methods
Mice, inoculations, and sample collections

MHV-free outbred CD1(Crl-CD1Br) mice were purchased from Charles River Breeding
Laboratories, Portage, M1, shipped in filtered containers and housed in microisolator cages
on pine shavings. Handling was performed aseptically in a biosafety change station as
previously described [2]. Dams were immunized by a single oral inoculation with 10°
median neonatal enteritis doses (NEDsy) of MHV-Y and bred to naive males after 10 days.
Thus, pups were born on day 30 after initial infection of their dams. Pups were inoculated
orally with 10° NEDs, MHV-Y. Interim blood samples from adult mice were obtained by
periorbital bleeding under methoxyflurane anesthesia and terminal samples by cardiac
puncture after euthanasia with carbon dioxide gas. Pups were killed and bled by decapi-
tation. Whey was collected as previously described [9]. Tissues for histology were immer-
sion-fixed in 10% neutral buffered saline, pH 7.2, embedded in paraffin, sectioned at 5pum
and stained with hematoxylin and eosin. Tissue sections were examined blindly and scored
positive if the mucosa contained pathognomic MHYV syncytia [1]. Tissues for virus assay
were collected aseptically and frozen at — 70°C.

Virus and virus assay

MHV-Y was isolated in NCTC-1469 cells from naturally infected mice [1], but because
of its inefficient in vitro replication, it was propagated in infant CD1 mice. Clarified intestinal
homogenate, derived from infant mice at 48 hours after oral MHV-Y inoculation, was used
as an inoculum. MHV-S was obtained from the American Type Culture Collection, Be-
thesda, MD and passaged in NCTC-1469 cells. MHV-3 was obtained from the Institut fiir
Labortierkunde, Universitit Zirich, Switzerland and passaged in NCTC-1469 cells.
Because of the insensitivity of cell culture for detection and propagation of enterotropic
MHYV-Y, infectious virus in tissue samples was determined with an infant mouse bioassay.
Tissues for virus assay were thawed, weighed and homogenized in glass grinders as 10%
w/v suspensions in minimal essential containing 5% fetal bovine serum. Four 2 day old
mice were inoculated orally with 10pl suspension and at 48 h after inoculation, ascending
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colons were blindly examined microscopically for MHYV lesions (syncytia, necrosis, inflam-
mation), as previously described [1]. A sample was considered positive if at least 1 of 4
bioassay pups had enteritis. Pilot studies have determined that MHV-Y enteric lesions are
at their zenith in the ascending colon at 48 h, but direct contact littermates do not yet have
lesions at this interval. Thus, inoculation with multiple samples could be accomplished
using a single litter differentially marked with ink.

Serology

Since enterotropic MHV-Y does not replicate efficiently in cell culture [1, 3], immunoassays
with respiratory MHYV strains as antigens were used. Serum and whey were tested for MHV-
specific IgG by an enzyme immunoassay (EIA) with MHV-S infected NCTC-1469 cells
[13] and for IgA by an enzyme-linked immunosorbent assay (ELISA) using purified MHV-
3 as antigen [8, 97. Sentinel animals were screened for inadvertant MHYV infection by an
indirect immunofluorescence assay [12].

Results

The protective effect of passive immunity against challenge infection was first
examined. Pups born to MHV-Y immune or naive dams were allowed to suckle
their natural dams for six days, then transferred to immune of naive foster
dams. Two days after transfer, all pups were challenged orally with MHV-Y,
necropsied 48 h later and ascending colons examined for microscopic evidence
of enteritis. Naive pups nursed by naive foster dams all developed enteritis (9/
9) and naive pups nursed by immune dams showed no signs of disease (0/9)
(x®p < 0.001). On the other hand, immune pups transferred to immune foster
dams were protected from disease (0/13) whereas all immune pups suckling
naive foster dams had enteritis (13/13) (3*p< 0.001).

Pups nursing MHV-Y immune dams have intraluminal IgG and IgA to
MHYV in their gastrointestinal tracts for the first two weeks, but not at weaning
age [9]. To evaluate how this change affects protection against infection with
enterotropic MHV, pups born to immune and naive dams were challenged at
1, 2, 3, and 4 weeks of age with serial 10-fold dilution doses (10'-10° NEDsy)
of MHV-Y. They were necropsied at 48 h; serum was collected for EIA and
ascending colon samples were collected for histology and virus assay. Based
upon both histological evidence of enteritis and detectable virus, different aged
pups from naive dams were susceptible to approximately the same infectious
dose of MHV-Y (Table 1). One and two week old pups suckling immune dams
were fully protected against infection, even when inoculated with 10° NEDs,
MHV-Y. Unweaned three week old pups of immune dams required a higher
infectious virus dose to develop enteritis and detectable virus compared to
weaned three and four week old mice, which were as susceptible to MHV-Y
infection as non-immune animals of the same age-group (Table1). All pups
with enteritis had disease of equal severity among pups of the same age-group,
regardless of virus dose. Histological evidence of enteritis correlated with de-
tection of virus by bioassay in the paired samples.

Pups born to MHV-Y immune dams in consecutive litters have been shown
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Table 1. Oral MHV challenge of pups suckling MHV-immune or naive dams
at 1, 2, 3, and 4 weeks of age

Age Immune pups Naive pups

(weeks) ; . - :
serum infectious serum infectious
IeG dose® IeG dose

1 2,962 + 1,111° > 10° —¢ 10!

2 5,079 + 1,119 > 10° — 10°

3 (with dam) 897 4 299 10°

3 (without dam) 712 + 318 10! - 10!

4 216 + 40 10 - 10

®Lowest virus dose (NEDs,) necessary to infect at least one of three pups, based upon
enteritis and virus bioassay

b Reciprocal geometric mean EIA titer + SD (6 replicates)

°< 50

to have equal serum IgG titers[9]. To examine if the same is true for intraluminal
antibody in the gastrointestinal tract and how it affects protection against
challenge infection, pups of the first four litters born to immune and naive dams
were inoculated with MHV-Y at one week of age and necropsied 48 h later.
Whey and serum were collected for EIA/ELISA and ascending colon for his-
tology. Since by infecting the pups, dams would become superinfected or boosted
immunologically, a separate group of dams was used to evaluate each litter.
Naive males were used as sentinels throughout the experiment to detect acci-
dental booster infections with MHV, and none were detected. IgG titers in
serum and whey of seven day old pups did not decrease significantly over the
course of four consecutive litters (Table2) . The pups’ MHV IgG titers were,
however, dependent upon their dams’ serum MHV IgG titer. MHV IgA titers
in the whey seemed to decrease slightly from the first to the fourth litter, but
pups from all four litters born to immune dams were completely protected {from
enteritis after challenge with MHV-Y (Table 2).

The next experiment studied the effect of lactogenic passive antibody on
ongoing infections with MHV-Y. One week old pups born to immune or naive
dams were inoculated with MHV-Y and transferred to naive or immune dams,
respectively, at — 24, — 12, — 2,0, + 2, + 12, or + 24 h relative to inoculation.
They were necropsied 48 h after infection and infection status was assessed by
histology and virus bioassay of ascending colon samples from each mouse. Pups
from immune dams transferred to naive foster dams at or after the time of
inoculation, but not before, were protected from MHV-Y infection, based upon
lack of enteritis and no detectable virus. Pups from naive dams transferred to
immune foster dams before or within 2h after inoculation, but not thereafter,
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Table 2. MHYV antibody titers in serum and whey of pups of four consecutive litters suckling
immune and naive dams and effect of MHYV challenge infection on pups at 7 days of age

Antibody titer®

Dam Pups

Virus
Litter serum IgG serum I1gG whey IgG  whey IgA challenge
Immune
First 5571 42,351 422242584 229+ 60 92+£29  (/24°
Second 2,785 £2,170 2,786 + 320 131 £ 60 6046  0/25
Third 696 £ 222 1,055 + 646 1000 46+26 0/25
Fourth 1,392 £ 1,110 1,393 +2,332 125+33 3015 0/28
Naive
First ~° - - —d 13/18
Second - - - - 22/22
Third - - - - 23/23
Fourth - - - - 7/16

# Reciprocal geometric mean of EIA/ELISA titers = SD (5 replicates)

>Number of pups with enteritis/number examined at 48 h after oral challenge with 10
NEDs, MHV-Y

“< 50

4< 10

Table 3. Susceptibility of 1 week old pups born to immune or naive dams, then transferred
to naive or immune foster-dams at intervals prior to and after MHYV inoculation

Time of transfer relative to inoculation (h)

-24 -12 -2 0 +2 +12 +24

Immune pups/naive foster dams 7/11F 7/10 5/12 0/9  06/9  0/11 0/12
Naive pups/immune foster dams 0/5 0/9 0/6 3/10  8/12

2 Number of pups with enteritis/number examined

were also protected (Table 3). These results suggest the importance of active
ingestion of whey for protection against infection.

A final experiment attempted to evaluate the importance of the different
immunoglobulin classes involved in passive immunity. Adult female mice were
immunized intraperitoneally eight times at intervals of five days with formalin-
inactivated MHV-Y, according to a previous protocol [10] which caused them
to produce IgG but not IgA against MHV, which was confirmed by EIA/
ELISA. They were bred and allowed to whelp. At one week of age, the pups
were challenged with MHV-Y and necropsied 48 h later. Serum and whey were
collected for EIA/ELISA and ascending colon samples for histology and virus
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assay. Reciprocal geometric mean serum EIA MHYV IgG titers of nine dams
(3456 £+ 1499 SD) were lower than those of orally infected animals, but com-
parable to dams having their third or fourth litter (Table 2). The same was true
for MHV IgG titers in pup serum (1600 & 883) and whey (141 £ 51). No MHV
IgA could be detected in any of the samples. Ascending colon histology of pups
from 10 different litters (81 pups total) revealed mild nonspecific inflammation
(enteritis) in many of the pups, but most cases could not be scored positive due
to lack of pathognomonic syncytia. Five of the pups (representing 4 litters) had
mild enteritis with demonstrable syncytia which could be definitively scored
positive. Syncytia were very rare and less conspicuous in these mice compared
to MHV-Y infected, naive mice (Figs.1 and 2). Furthermore, virus could be
detected in only 1 of 11 samples tested, including colons from 2 individual pups
of 1 litter and pooled colon samples from each of 9 different litters. One pooled

Fig.2

Fig. 1. Ascending colonic mucosa of a nine day old mouse suckling a dam vaccinated with
inactivated MHV-Y, 48 h after oral MHV-Y callenge. The mucosa is nearly normal, with
a single small virus-induced syncytium (arrow) in the surface mucosa

Fig. 2. Ascending colonic mucosa of a nine day old mouse suckling a non-immune dam,

48 h after oral MHV-Y challenge. The mucosa has multiple virus-induced syncytia (arrows),

the lamina propria is infiltrated with leukocytes and mucin vacuoles in goblet cells are less
prominent than normal
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sample from 1 of the litters was positive. These results indicated no or low
levels of replicating virus in these pups.

Discussion

Previous studies, using dams immunized oronasally or intraperitoneally with
live respiratory MHV strain JHM [5, 11] or parenterally with inactivated
enterotropic MHV strain DVIM [10] showed that maternally-derived passive
immunity was capable of preventing death in pups challenged with the respective
strain of MHYV. These findings were confirmed in the present study with dams
that were actively immunized by oral inoculation with enterotropic MHV-Y.
This immunization procedure was chosen because it closely mimics the natural
infection. Pups born to and nursed by dams that were immunized in this fashion
were not only protected from fatal diarrhea, but we also showed they were
protected from microscopic evidence of enteritis and were virus-free, based on
bioassay of intestinal samples.

Cross-foster nursing experiments showed that only the immune status of
the dam nursing the pups at the time of infection was relevant for the pups’
protection. The pups’ systemic serum antibody had no effect on virus replication
in their intestine. Passive immunity to enterotropic MHV seemed therefore to
be solely dependent on intraluminal MHYV IgA and IgG in the gastrointestinal
tract of the pups. Furthermore, only intraluminal antibody present at the exact
time of infection or up to two hours afterwards was able to neutralize the
challenge virus and prevent enteritis and virus replication. In contrast, similar
studies with respiratory MHV-JHM have shown that pasive immunity to chal-
lenge infection can be conferred by transfer of maternal IgG, and is not de-
pendent upon active ingestion of whey at the time virus challenge [5]. The
effectiveness of intraluminal antibody on neutralizing enterotropic MHV was
underscored by another observation. Due to the change from milk to solid food
at weaning age, pups nursed by immune dams had no detectable MHV-specific
antibody in their gastrointestinal tract at that time [9]. When three week old
pups from immune dams were challenged with MHV-Y, the group that had
been separated from their dam at the time of infection was as susceptible to
MHV-Y infection as pups from naive dams of the same age group, but three
week old pups that were still suckling their immune dams were less susceptible
to infection. Even in undetectable quantities, intraluminal antibody in the gas-
trointestinal tract of pups suckling immune dams seemed to be able to neutralize
low titers of challenge virus.

Only pups up to one week of age develop severe or fatal disease when
infected with enterotropic MHV-Y [4]. Older pups and adults do not usually
develop apparent disease. This study was able to show that this age-related
tendency to fatal diarrhea was not due to an increased susceptibility to enter-
otropic MHYV infection, since all naive pups between one and four weeks of
age were equally susceptible to the same infectious dose of MHV-Y, resulting
in both enteritis and active virus infection. Pups suckling immune dams were
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fully protected against virus challenge for the first two weeks postpartum. This
would explain why no apparent disease occurs among pups in enzootically
infected mouse colonies. Maternally-derived passive immunity protects pups
during the critical first two weeks of their lives. In enzootically infected colonies,
pups most likely become infected at weaning or shortly thereafter, at an age
when maternally derived antibody wanes and susceptibility to disease is minimal.
Most mice in commercial breeding colonies give birth to less than eight litters
during their lives. Since the protective effect of maternally-derived passive im-
munity to enterotropic MHYV did not diminish over the course of four consec-
utive litters, one can speculate that immunity caused by the initial infection
might effectively protect all pups subsequently born to these animals from fatal
diarrhea when infected with the same strain of virus.

The present study confirmed previous findings that mice immunized orally
with infectious MHV-Y produced virus specific IgG and IgA [9], but mice
immunized parenterally with inactivated MHYV produced only IgG [10], since
the mucosal component of the immune response was missing. When pups nursed
by dams immunized using these different means were challenged orally with
MHV-Y, the group that received both IgG and IgA in milk was fully protected,
based upon both histology and infectious virus assay. Pups that received only
IgG in their milk had evidence of protection against virus challenge, but a few
developed mild nonspecific enteritis and those that could be confirmed to be
definitely infected based upon the presence of MHYV syncytia of enterocytes or
demonstrable infectious virus had very mild disease. It can therefore be con-
cluded that while MHV-Y specific IgG has neutralizing capacity, IgA is needed
for complete protection from infection.

These studies provide evidence that maternally-derived passive immunity to
an enterotropic virus infection requires continuous, active ingestion of immune
whey for effective protection. The laboratory mouse is host to two enterotropic
viruses, coronavirus and rotavirus, which may be useful models for examining
pathogenetic mechanisms of enterotropic viruses which cause neonatal disease
in other species, including humans.
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