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Abstract .  Adul t  C3H mice are resistant to intraperitoneal infection with murine 
coronavirus JHM, whereas suckling offspring of non-immune females are suscep- 
tible. Resistance can be conferred on suckling C3H mice by postnatal  transmis- 
sion of  maternal immunity,  if transfer preceeds infection. Suckling mice suc- 
cumb to infection even when they receive maternal antibodies within 1 day 
after infection. Prenatal transmission alone without  subsequent postnatal  trans- 
mission of maternal immunity  is not  sufficient to provide resistance. Persis- 
tence of  virus without  clinical consequences was observed when the supply of 
breast milk anti-JHMV antibodies was terminated 5 days before infection. 
Immune reactions restricted by his tocompatibi l i ty  antigens do not  play a crucial 
role in bestowing resistance. As neutralizing anti-JHM serum ant ibody titers 
of adult  mice only rise sharply 5 to 7 days after infection, these results indi- 
cate that  infection of  adults can be arrested by immunological means but  that,  
in addition, the rate of virus dissemination must be limited by other non-immu- 
nological mechanisms. 

Introduct ion  

Transmission of passive immunity from mother  to offspring plays an important  role 
in neonatal life. For  protect ion against infection the newborn animal depends heavily 

upon the supply of maternal ant ibody.  In the mouse a small but  significant amount  
of immunoglobulin is t ransmitted in utero to the fetal circulation, the greater part,  
however, is t ransmit ted after birth via colostrum and milk [3]. In the present s tudy the 
effect of maternal immunity on the outcome of intraperitoneal infection with murine 
coronavirus strain JHM in suckling mice was investigated. JHM-virus is a neurotropic 
variant of mouse hepatitis virus. Intracerebral injection of the virus may lead to various 
forms of  central nervous system diseases. Acute disease always occurs when either intra- 
peri toneal or intracerebral infection is shortly after birth and subacute or chronic dis- 
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orders develop as a consequence of infection later in life [10, 11, 17]. An age-related 
development of resistance to peripheral intraperitoneal infection with JHM-virus has 
been shown [13 ] and the acquirement of resistance parallelled in time the acquirement 
of immunological competence. It was therefore of interest to investigate further, 
whether the difference in resistance between suckling and adult mice was solely attri- 
butable to their different immunological conditions. 

Materials and methods 

Mice. C3H mice were purchased from Bomholtgard (Ry, Denmark). All mice used were 
specific-pathogen free and kept in laminar flow hoods. Neutralizing antibodies against 
JHM-virus were not found in these mice before experimental manipulation. 

Mating was performed with 2 - 4  months old mice. Adult females were immunized 
intraperitoneally with 105 PFU of JHM-virus before mating or after delivery as de- 
scribed for each experiment. Immune foster mothers were immunized by 3 weekly 
intraperitoneal injections with 105 PFU of JHM-virus. They were mated 1 0 - 3 0  days 
after the last injection. Suckling mice were infected with JHM-virus intraperitoneally 
as described for each experiment. The liver of  those mice which died after infection 
was homogenized, and aliquots were assayed for JHM virus by plaque formation, and 
its inhibition by anti-JHM-antiserum, on L929 cell monolayers. 

Virus. JHM-virus was propagated in the mouse fibroblast cell line L929 to titers of 
1--5 x 105 plaque forming units (PFU) per ml as published elsewhere [13]. The titer 
was evaluated by plaque assay on L929 cells. 

Sera. Mice were bled from the tail vein. The sera of  adult mice were assayed indivi- 
dually. The sera of suckling mice were prepared individually, mixed together in equal 
proportions and assayed as a pool. As JHM-virus used for injections was produced in 
L929 ceils all anti-JHM-antisera were absorbed with uninfected L929 cells. 

Serum anti-JHM antibody assay. Aliquots of 50/al of antiserum of various dilutions 
were incubated with 100 PFU JHM-virus in 50/11 of  minimal essential medium in micro- 
titer plate wells for 20 min at room temperature; 5 • 104 L929 cells in 50/al of me- 
dium were added to each well and plaques were counted after an incubation period of 
15 h at 37~ The titer of the serum is described as the reciprocal dilution which pro- 
duced 50% plaque reduction. 

UV-inactivation of  JHMV. Virus preparations containing 5 • 105 PFU/ml were UV-irra- 
diated with 30.000 erg/mm 2. No residual infectivity could be detected by plaque assay. 

Results 

Relationship between the outcome of  infection with JHM~virus in suckling mice and 
the immune status of  their mothers 

In the experiments summarized in Table 1 female mice were immunized with infec- 
tious JHM-virus at different times before mating or after delivery. The offspring were 
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Tab le  1. Dependence of  the ou t come  of  JHMV infection in suckling mice on the  immune  s ta tus  of  their 
mothers  

Motbers Offspring 

Time of  immuni-  Dose o f  virus Age of  Interval be- Survivors/ Occurrence 
zation PFU/mouse  babies at tween immu-  total group of  death 

t ime of  in- nization o f  days p.i. a 
fect ion mo the r  and (average) 
(days) infection o f  

babies 

(i) 

3X with 105 PFU: 2 X 101 14 6--8 wk 10/10 
3 , 2 a n d l w k  2 X  103 5/ 5 
before mat ing 2 X 105 5/ 5 

2 X 101 6 7/ 7 
2 X 101 3 5/ 5 

3X with UV-JHM c 2 X 101 14 0 /10  

100% 

0% 4 - 7  ( 5 )  

(ii) 

1X with 10 5 PFU: 
4 days p.p.b 2 • 101 14 10 days 9/ 9 ] - 

2 X  104 7/ 7 / 100% - 
5 days p.p. 2 • 101 14 9 days 14/14 - 
7 days p.p. 2 • 101 14 7 days 8/12 67% 6 - 2 2  (12) 
9 days p.p. 2 X 101 14 5 days 3/11 ] 4 -  5 ( 5 )  

10 days p.p. 2 • 101 14 4 d a y s  4 /10  ~ 34% 7 - 1 2  ( 9 )  
11 days p.p. 2 X 101 14 3 days 0 /10  ~ 4 - 1 4  ( 7 )  
12 days p.p. 2 • 101 14 2 days 0/11 ~ 0% 5 -  8 ( 6 )  

4 days p.p. no virus - - 6/ 6 100% - 
9 days p.p. no virus - - 7/  7 - 

a p.i. post  infection 
b p.p. post  pa r tum 
c 5 X 105 PFU before UV-inactivation 

Time schedule to Table 1 : 

(i) 

3 2 

I I I 

t t t 
1 o 2 ~ 3 ~ 

immuniza t ion  of  
mothers  

(ii) 

0 2 

4 I 
t 
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I I I I I I I 1 

t t 

mating parturi t ion infection of  
babies 

4 6 8 10 12 14 days 

I I I I t I I I I 

t t t t t t t t 
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immuniza t ion  of  mothers  (1 ~ 

weeks 
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Fig. 1. Titers of neutralizing anti-JHM antibodies in the serum of adult C3H 9 mice after immuni- 
zation, x x Mice were injected intraperitoneally with 10 5 PFU JHM-virus at the age of 8 
weeks, o . . . .  o Mice were injected intraperitoneally with UV-inacdvated JHMV (5 • 10 PFU 
before inactivation) 3 • in weekly intervals. Serum was taken from the tail vein at various inter- 
vals after injection and assayed for anti-JHM antibodies 

not  clinically affected by this treatment.  The offspring of these mothers were infected 

with JHM-virus at various intervals after immunization of the mother  and were found 

to resist infection to various degrees, independent of the dose of virus used for infec- 

tion. Full protection was given to litters of mothers which were immunized before 

mating and protection could also be provided by mothers which were immunized 

after delivery. In this case a period of  at least 9 days between immunization of the 

mother  and infection of the babies was neccessary to provide protection for all off- 
spring and partial protection of  the litter was achieved when an interval of  4 - 7  days 

was allowed. A period of  3 days or less, however, was not sufficient to confer resis- 

tance on any of the offspring. 

Figure 1 shows the titer of neutralizing antibodies in the serum of one respresenta- 

tive female at various periods after a single immunization with 105 PFU of JHM-virus. 

The kinetics of antibody production were the same in all (more than 20) animals 

tested, although the antibody level reached at the plateau varied to some degree. A 

notable increase of  titer occurred between days 5 and 7. This increase would corre- 

late well with the survival of  babies which were infected with JHM-virus 7 days after 

immunization of their mother. A 3-fold immunization with UV-inactivated JHMV 

(5 • 105 PFU before inactivation) did not produce comparable antibody titers. 

The influence of breast milk anti-JHM antibodies on JHM~oirus infection in suckling 
mice 

Having confirmed the ability of immune mothers to confer full resistance on their own 

offspring, babies born to non-immunized mothers were transferred to JHM-immunized 

lactating foster mothers at various times before or after infection (Table 2 (i)). One 

day of suckling on the immune foster mothers rendered more than 80% of the babies 

of  non-immune mothers resistant. Transfer to immune foster mothers at the time of 

infection improved the chances of survival but transfer after infection could not prevent 

a lethal outcome. Results were identical whether the mice were infected at 5 - 7  or 

1 1 - 1 4  days of age. 
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Table 2. Relevance of time of maternal antibody supply to the outcome of JHMV infection in 

suckling mice 

(i) 

Transfer of  offspring of  non- age of babies at survivors/ 
immune mother  to immune at time of infec- total group 
foster mothers  a tion b (days) 

occurrence 
of  death 
days p.i. 
(average) 

3 days before infection 5 -  7 18/19 95% 
1 day before infection 5 -  7 21/25 84% 
at time of  infection 5 -  7 6/17 35% 

1 day before infection 1 1 - 1 4  13/16 81% 
at time of  infection 1 1 - 1 4  5/14 36% 
1 day after infection 1 1 - 1 4  1/13 8% 
2 days after infection 1 1 - 1 4  O/ 8 0% 

13 
6 - 1 4  (10) 
4 - 1 5  ( 6 )  

5 - 1 3  ( 9 )  
4 - 1 5  ( 7 )  
4 - 9 ( 5 )  
4 - 5 ( 5 )  

offspring of  immune foster mothers 14 33/33 100% - 

a foster mothers were immunized 3X before mating 
b 50 PFU/mouse 

(ii) 

Age of babies at 
time of transfer from 
immune mothers a to 
non-immune foster 
mothers (days) 

age of  babies at interval between survivors/ 
time of  infection transfer and infec- total group 
with 50 PFU/ tion (days) 
mouse (days) 

occurrence 
of death 
days p.i. 
(average) 

1--2 6 5 O/ 3 
5 21 0/14 0% 
3 1 0/ 7 

5 15 10 6/16 38% 
12 7 8/13 62% 
10 5 11/14 79% 

8 3 7/ 7 100% 

8 15 7 8/14 57% 
13 5 14/18 78% 
10 2 11/11 100% 

4 -4 b 20/20 100% 

8 ( 
4--12 ( 
4 - - 6 (  

4--12 
6--12 
4--12 

4 - - 9  
4 - 1 5  

8 )  
7) 
5) 

6) 
8 )  
7) 

7) 
9) 

babies of  immune 2 - 8  no transfer 27/27 100% - 

mothers 

a original mother  was immunized 3X before mating 
b Mice were infected before transfer 

Time schedule to Table 2 

(i) (ii) 

infection of  babies 

3 2 1 0 1 2 

1 I I I 1 I 

t t t t t 
transfer of babies from non-immune 
to immune foster mothers 

infection of  babies 

days 10 8 6 4 2 0 2 4 days 

I I I I I I I I 

t t t t ~ t  t 
transfer of babies from immune to non-immune foster mothers 
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Fig. 2. Appearance of  neutralizing anti-JHM antibodies in the serum of  C3H baby mice born to 
non-immune mothers and transferred to immune foster mothers.  A. A litter of 6 pups was 
transferred at day 7 post partum, 3 of the pups were infected with 50 PFU JHM virus 1 day 
after transfer. B. A litter of 5 pups was transferred at day 13 post  partum. Anti-JHM antibodies 
were determined in adult and suckling mice as described in Methods. x - - x  uninfected baby 
mice; �9 . . . .  �9 infected baby mice; @ . . . . .  @ immune mother  
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Fig. 3. Presence of  neutralizing anti-JHM antibodies in the serum of mice born to immune mothers.  
x - - x  A. The litter was transferred to a non-immune mother  7 days p.p. �9 . . . .  �9 B. The litter was 
transferred to a non-immune mother  6 days p.p. and infected with 50 PFU JHM virus 5 days after 
transfer, zx . . . .  zx C. The litter stayed with the immune mother.  Encircled symbols give the antibody 
titers of  the appropriate mother. Sera of the babies were prepared individually, and equal volumes 

of the sera were pooled per group. 
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These results correlate well with the finding that  a significant level of neutralizing 
anti-JHM antibodies is transferred to the serum of the suckling mice (Fig. 2) within 
one day of  transfer to immunized foster mothers. The ant ibody ti ter  declined after 
day 18 p.p. and eventually reached the level of  non-immune mice. Infection of  the 
suckling mice after transfer did not  change this ant ibody profile. 

In a second set of  experiments the protect ion of babies born to immune mothers, 
and foster nursed by non-immune mothers for various times before infection was in- 
vestigated. As shown in Table 2 (ii) the period of  protect ion varied depending on the 
age of the babies at the time of transfer. When offspring were removed from their im- 
mune mothers  within the first 2 days after birth, and were transferred to normal foster 
mothers  protect ion had not  been conferred on these animals. However, when babies 
were allowed to suckle from their immune mothers for 5 days or longer before being 
transferred, protect ion against infection lasted for at least 3 to  5 days, and some of the 
babies were protected for 10 days. As shown in Fig. 3, the t i ter  of neutralizing anti- 
bodies in the serum of babies born to immune mothers and transferred to non-immune 
mothers 6 days post  partum (p.p.) (A) declined slowly, reaching the level of  non- 
immune babies 30 days p.p. However, when the baby mice were infected 5 days after 
transfer (11 days p.p.) (B) their ant ibody titer continued to decrease for only a few 
days and remained at a relatively high level for about  2 weeks before rising again. 

Figure 3 shows for comparison also the ant ibody profile of  mice born to and left with 
an immune mother  (C). 

Influence of bistoincompatibility between mother and offspring 

Babies born to non-immune C3H (H2k), DBA (H2 d) and C57 BI/6 (H2 b) mothers are 
fully susceptible to JHMV infection (Table 3). When foster nursed by  C3H mothers 
which were immunized 3 times with 105 PFU of JHMV, all babies survived infection, 
independent ly  of  whether they were his tocompatible  or incompatible with the foster 
nurse. 

Table 3. Influence of histoeompatibility on protection by maternal immunity 

Mouse strain Age of babies at Interval between Survivors/ 
time of infection transfer and Total group 

Foster mother Babies a (100 PFU/Mouse) infection 

C3H (H2 k) 
(immunized 3• 
with 105 PFU 
before mating) 

DBA (H2 d) 
(non-immune) 

C57B1/6 (H2 b) 
(non-immune) 

C3H 5-14 - 30/30 

DBA 10--14 4--6 8/ 8 
C57BI/6 10--14 4--6 12/12 

DBA 14 - 0/ 6 

C57B1/6 14 - 0/ 6 

a Babies were born to non-immune mothers 
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Discussion 

We have investigated the action of maternal immunity during the interval before the 
neonate initiates an active immune response of  its own. It was shown that  babies born 
to JHM-immune mothers and allowed to suckle for 5 days are protected against lethal 
JHM-virus infection and this protect ion lasted for a further 5 days when those babies 
were transferred to non-immune foster mothers.  However, when neonates from im- 
mune mothers were transferred within the first 2 days after birth they did not  resist 
a subsequent infection. Mothers which were immunized after delivery could also con- 
fer resistance to their offspring and babies which were born to non-immune mice and 
foster nursed by immune mothers could be rendered resistant against lethal infection. 
These results show that  transfer of maternal immunity against JHM-virus in utero is 
not  sufficient to confer protect ion,  whereas protect ion can be mediated post  partum 
via the breast milk. Similar conclusions have been reached for the infection of neo- 
natal mice with Friend virus [7, 8]. 

It has been shown by Brambell [3] that  a small but  significant amount  of immuno- 
globulin is t ransmitted from mother  to fetus prenatally,  whereas most of the immuno- 
globulins found in the blood of suckling mice are acquired from maternal colostrum and 
milk after birth. IgA, the main immunoglobulin component  of the breast milk is not  
resorbed but  remains fixed at the surface of the epithelium of the gastrointestinal tract  
and only immunoglobulins of the IgG class are transported across the epithelial barrier 
to the systemic circulation [1, 2, 4, 9, 12]. Therefore maternal IgG is the most likely 
candidate for conferring protect ion against the fatal outcome of infection after peri- 
pheral inoculation of JHM-virus. I t  has, however, also been shown that  milk lympho- 
cytes and macrophages penetrate in a functional state to the newborn recipients '  circu- 
lation [14, 15] and a contr ibut ion of these cells to the functional immunity  detected 
in our experiments cannot  be ruled out. Yet, babies transferred to histoincompatible 
immune mothers showed the same pat tern of resistance as babies nursed by histo- 
compatible mothers.  This suggests that  at least H2-restricted immune reactions pro- 
vided by, for instance, cytolyt ic  T-cells do not  play a critical role. Our own earlier 
finding [13] that  intraperitoneal injection of  spleen cells from an immune donor into 
normal baby mice 1 day after infection provides protect ion against a lethal outcome 
taken together  with our observation here that  ant ibody supply by an immune foster 
mother  1 day after infection did not  confer resistance, suggests that  under certain con- 
ditions cellular mechanisms may play a crucial role. It can, however, be argued that  
intraperitoneal administration of ant ibody-producing cells provides a better  and faster 

systemic ant ibody distr ibution in the baby mouse than passage of antibodies via breast 
milk. 

Neutralizing antibodies against JHM-virus in the serum of adult  C3H mice could 
not  be detected earlier than 4 days after infection. The titer inclined until 16 days 
after infection, showing a drastic increase between day 5 and 7. It stayed on a high 
level for more than 4 months.  In line with this observation is the fact that  mice, when 
immunized with JHM-virus after delivery, could not  confer resistance to any of  their 
offspring when a period of  only 2 or 3 days was allowed between immunizat ion of the 
mother  and infection of the babies, but  that  the ability to confer resistance was en- 
hanced when this period was extended. These results explain our former finding [6] 
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that  injection of  immunocompeten t  spleen cells from non-immune adult  donors into 
immunoincompetent  baby mice did not  render the babies resistant to a subsequent 
J HM-virus infection. 

Babies born to non-immune mothers and transferred to immune foster mothers 
showed significant serum ant ibody titers 12 h after transfer. The titer increased until 
2 days after transfer and decreased when the mice were 1 8 - 2 0  days of  age as a con- 
sequence of gut closure which terminates the capacity to resorb antibodies from the 
milk 1 4 - 1 6  days post  partum [5, 6]. Such babies resisted infection 1 day after trans- 
fer. Partial resistance of the litter was achieved when infection and transfer were arrang- 
ed simultaneously, but  no protect ion was provided by a transfer 1 day after infection. 
These findings show again that  a lethal outcome of infection in baby mice can only 
be prevented, when the infecting virus is encountered by antibodies immediately.  By 
contrast,  adult  C3H mice are not  harmed by JHM-virus infection although they do not  
develop significant ant ibody titers until 4 - 5  days after infection. Therefore, not only 
the immune system but  also non-immunological factors have to be considered to be 
the basis of  the age dependent  difference in resistance to JHM-virus infection. One 
such mechanism could be the interferon system, which has been shown to be incom- 
plerely developed in suckling mice [16], or alternatively a change of target cells for 
JHM-virus might occur with age. 

Finally, our results are also relevant to  the question of JHM persistence. In vivo 
persistence has been demonstrated for JHM-virus in various systems, in some cases 
leading to clinical symptoms (reviewed in [18]). From our results, development of virus 
persistence might be assumed because of two observations. Firstly,  adult  C3 H mice 
maintain anti-JHM-antibodies at a high level for more than 4 months after a single 
immunizat ion with infectious JHM-virus without  additional experimental  challenge, 
while immunizat ion with UV-inactivated JHMV, even after several boosts,  never leads 
to comparable ant ibody titers. Secondly, when 11-day-old babies, which had been 
transferred from an immune mother  to a non-immune foster mother  5 days after birth, 

were infected with JHMV there was initially no increase of ant ibody titers, but  when 
the animals achieved immune competence at about  20 days of  age, a significant increase 
in ant ibody ti ter  was observed. As this increase must have been caused by the infants '  

own immune system it must  be assumed that,  under these counterbalancing condi- 
tions between virus and ant ibody,  the virus must  have persisted in the animal for a 
period of  at least 2 weeks without  causing any clinical symptoms.  Infectious virus 
could be detected in peri toneal exudate,  liver and spleen of adult  animals only until 
day 7 or occasionally until day 1 4 - 1 6  post  infection and in passively immunized baby 
mice until  day 3 - 5  post  infection. Whether the virus which gives rise to ant ibody 
product ion persists in an infectious form at other sites than those examined, or in a 
non-infectious form, cannot  be decided. However, it has to be assumed that  at least 
viral antigens which induce neutralizing antibodies have to be present at sites which 
are easily accessible to the immune system. Further ,  as UV-inactivated JHMV fails to 
induce a successful immunizat ion it must  be proposed that  these viral antigens have 

been processed and presented in a highly immunogenic form. 
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