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Influence of H-2 and Non-H-2 Genes on Resistance to Murine
Cytomegalovirus Infection

JANE E. GRUNDY (CHALMER),t* J. S. MACKENZIE, AND N. F. STANLEY
Department ofMicrobiology, University of Western Australia, Queen Elizabeth II Medical Centre,

Nedlands, 6009, Western Australia

The resistance of adult mice to acute lethal infection with murine cytomega-
lovirus is controlled by genes linked to the H-2 complex. The k haplotype is
approximately 10 times more resistant than the b or d haplotypes. Susceptibility
is inherited as a completely dominant trait. At least two genes within the H-2
complex are involved, one mapping to the K/IA subregion and the other to the
D subregion. The data suggest that interactions may occur between these K- and
D-end genes which further affect resistance to the virus. The precise mechanism
of H-2 gene control of resistance to murine cytomegalovirus remains to be
elucidated. Non-H-2-linked genes also affect resistance to the virus, particularly
in the C57BL genetic background, which is associated with an increased resistance
to murine cytomegalovirus. Newborn mice of all strains are equally susceptible:
both the H-2- and the non-H-2-associated resistances develop in the first few
weeks of life and are retained up to at least 18 months of age.

It has been recognized for many years that
the genetic constitution of the host influences
susceptibility to infection with various agents.
The discovery of genes within the major histo-
compatibility complex of the mouse (H-2 com-
plex) which controlled the specific immune re-
sponse to a variety of antigens posed the ques-
tion as to whether such genes might control the
host's response to infectious agents, including
viruses. This stimulated a search for association
between histocompatibility type and suscepti-
bility to virus-induced disease. Such associations
were indeed found between certain H-2 haplo-
types and st,sceptibility to viral leukomogenesis,
involving a variety ofleukemia viruses (reviewed
in reference 5). Studies in this laboratory have
previously demonstrated that an association ex-
ists between the susceptibility of adult mice to
lethal infection with the herpesvirus murine cy-
tomegalovirus (MCMV) and H-2 haplotype (3).
In congenic strains of BALB/c mice, possession
ofthe H-2k haplotype was found to be associated
with relative resistance, whereas the H-2b and
H-2d haplotypes conferred susceptibility. We be-
lieve this to be the only association at present
known between H-2 haplotypes and resistance
to acute infection with a nonleukemic virus. The
association originally reported by Oldstone and
co-workers between resistance to lymphocytic
choriomeningitis virus and particular H-2 hap-
lotypes (10) has not been confirmed by other
workers (9).

t Present address: Immunology Branch, National Cancer
Institute, Bethesda,t MD 20205.

The studies presented in this report confirm
the H-2 association of resistance to MCMV in
congenic strains of mice with the B10 genetic
background. In addition, the pattem of resist-
ance in recombinant strains of mice suggested
that this was due to the existence of at least two
loci within the H-2 complex which controlled
resistance to MCMV: one mapping to the K end
and the other mapping to the D end. Non-H-2-
linked genes were also found to influence resist-
ance to the virus. The pattern of inheritance of
these various genes was investigated, and pre-
liminary studies were undertaken to determine
their mechanism of action. The effect of H-2-
and non-H-2-linked genes on the pathogenesis
ofMCMV infection is described in the following
papers in this series.

MATERIALS AND METHODS
Mice. BALB/c, C57BL, and C3H/HeJ mice were

provided by the Queen Elizabeth II Medical Centre
Animal Breeding Unit, Perth, Westem Australia. The
congenic strains BALB/c (H-2d), BALB.B (H-2b),
BALB.G (H-29), and BALB.K (H-2k) were obtained
from the Walter and Fliza Hall Institute, Melbourne,
Australia, and were maintained in this department by
brother-sister mating for several generations. Addi-
tional inbred strains of mice, including some recom-
binant strains, were kindly provided by the John Cur-
tin School for Medical Research, Canberra, Australia.
These were B10, B1O.A, B1O.A(2R), B1O.A(4R),
B1O.A(5R), BALB/c, CBA, C3H.OH, C3H.OL, A/Tb,
A.TL, and A.TH. The Royal Perth Hospital Animal
Breeding Unit, Perth, Western Australia, supplied the
congenic strains B10 and B1O.BR.

Mice of the same strain obtained from different
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breeding units showed identical resistance to MCMV
infection, and distinction between them will not be
made in this paper. However, the BALB/c strain
obtained from the Walter and Eliza Hall Institute was
always used in experiments when the other congenic
strains on this background were used. Similarly, the
B10 strain was consistently used in conjunction with
the recombinant or congenic strains on this back-
ground, and not the C57BL strain obtained from the
Queen Elizabeth II Medical Centre.

Virus. The Smith strain of MCMV was used in all
experiments. The origin of this strain and the prepa-
ration of virus stocks have been described previously
(3). Only virulent salivary gland virus was used in
animal experiments.
MCMV infection of mice. Adult mice received 0.1

ml ofMCMV in mouse osmolality-buffered saline (13)
by the intraperitoneal (i.p.) route. Newborn mice re-
ceived only 0.02 ml of virus intraperitoneally.
LDo determination. The minimum dose which

killed 50% of the animals inoculated (LD5o) was deter-
mined after inoculation of serial twofold dilutions of
virus in adult mice or serial half-log dilutions of virus
in newborn mice. The LDso values were calculated by
the Kaerber method: log LDso = 0.5/n + log of the
highest concentration of virus used - 1/n x (sum of
percent of dead animals)/100, where n = number of
dilutions per log interval, i.e., n = 1 for log dilutions
and n = 2 for half-log dilutions. The LD5o was calcu-
lated using the log2 if serial twofold dilutions of virus
were used. The range of dilutions used covered the
range from 0 to 100% mortality in most cases.

Cell culture. Mouse embryo cell cultures (MECC)
were prepared as described previously (3). Cells were
grown in medium 199 (GIBCO, Grand Island, N.Y.),
adjusted to mouse osmolality (333 mosmol), and sup-
plemented with 25 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid) buffer and 10%
fetal calf serum (Commonwealth Serum Laboratories,
Melbourne, Victoria). Maintenance medium contained
only 2% fetal calf serum.
TCID.o determination. MECC were seeded into

96-well Microtest II trays (Falcon Plastics, Oxnard,
Calif.) and used within 24 h of reaching confluency.
Growth medium was removed, and 0.025 ml of virus
dilutions in maintenance medium was added to each
well. Virus was allowed to adsorb at 37°C for 1 h.
Maintenance medium was then added, and the trays
were incubated for 3 weeks. Medium was changed
every 7 days, and the trays were examined daily for
cytopathic effect (CPE). The dose of virus which
produced CPE in 50% of the inoculated cells (TCID5o)
was calculated by the Kaerber method using the equa-
tion described for the LD5o above, except that per-
centage of cells showing CPE replaced percentage of
dead animals.

Generally, one 96-well tray was infected with each
half-log dilution of virus, and the range of dilutions
used resulted in from 0% to 100% CPE. TCID.0 titers
on MECC from different strains of mice were com;
pared statistically using the x2 test. This was done by
calculating the total number of wells showing CPE
and the total number of wells infected over the whole
range of virus dilutions used (this range was the same
in the two groups being compared.)

Neutralization test. Neutralizing antibody was as-
sayed by a complement-dependent neutralization test
using guinea pig complement (C'). Secondary or ter-
tiary cultures of cells from Prince Henry inbred em-
bryos were seeded into 96-well Microtest II trays and
used within 24 h of reaching confluency. Growth me-
dium was removed, and 0.05 ml of maintenance me-
dium was added to each well. Sera to be tested were
diluted 1:5 with maintenance medium and heat inac-
tivated at 56°C for 30 min. Serial twofold dilutions of
sera were made in maintenance medium containing a
1:10 dilution of C' (this represented a C' excess). A
0.02-ml sample of the serum plus C' mixture was
incubated with an equal volume of virus (containing
100 TCID5o) for 1 h at 37°C. This was then added to
the MECC in the Microtest trays. The trays were
incubated at 37°C for 3 weeks. Medium was changed
every 7 days, and the cells were inspected daily for
CPE. The neutralizing antibody titer of sera was ex-
pressed as the reciprocal of the last dilution which
inhibited the appearance of CPE.

Cortisone treatment. Hydrocortisone acetate
(Hydrocortone) was obtained from Merck Sharp &
Dohme (West Point, Pa.). A dose of 3.5 mg of cortisone
per kg of body weight was given subcutaneously in 0.1
ml of mouse osmolality-buffered saline 2 h after i.p.
inoculation with virus and thereafter by the i.p. route
daily for 1 week or until the death of the animal.

RESULTS

Resistance of recombinant strains of
mice to MCMV. The relative resistance of var-
ious recombinant and congenic strains of mice
to lethal infection withMCMV is shown in Table
1. Differences were observed between the resist-
ance of strains with the same H-2 map but
different genetic background, for example,
B1O.A and A/Tb, BALB.B and BlO, BALB.K
and C3H. Thus, direct comparisons should only
be made when recombinants possess the same
background genes. Accordingly, the data have
been presented as groups of recombinants on a
particular background.
Table 1 shows the relative resistance of strains

with the BALB/c background. As we have pre-
viously reported (3), the k haplotype was ap-
proximately 10 times more resistant than the b
and d haplotypes. It should be stressed that on
this background, the b and d haplotypes were
equally susceptible and that the BALB.G recom-
binant, in which b has been substituted for d at
the D subregion, was unaltered in resistance as
compared to BALB/c.
The relative resistance of recombinants with

the B1O genetic background can also be seen in
Table 1. The following points should be noted.

(i) A comparison of BRO and B1O.BR shows
that replacement of b alleles at all loci by k
alleles significantly increased the resistance by
10-fold. Thus, as on the BALB/c background,

INFECT. IMMUN.



INFLUENCE OF HOST GENES ON RESISTANCE TO MCMV 279

TABLE 1. Relative resistance of various recombinant strains ofmice to lethal infection with MCMVa

Back- H-2 map Relative
ground Strmin -1og2 LD5oD50K IA IB IE IJ IC S D Tla LD5(

BALB/c BALB.K k k k k k k k k - 3.4 10.2
BALB.B b b b b b b b b - 0.32 1.3
BALB.G d d d d d d d b - 0.28 1.2
BALB/c d d d d d d d d c 0 1.0

B10 B10.BR k k k k k k k k a -0.78 17.2
B1O.A(4R) k k b b b b b b b <0 <8.2
B10.A(2R) k k k k k d d b b <0 <8.2
B10.A k k k k k d d d a 1.13 3.8
B10.A(5R) b b b k k d d d a 1.30 3.3
B10 b b b b b b b b b 2.23 1.8

C3H C3H k k k k k k k k b <0 <8.2
C3H.OH d d d d d d d k b 0.7 5.1
C3H.OL d d d d d d k k b 1.3 3.3

A A/Tb k k k k k d d d a 2.50 1.5
A.TL 8 k k k k k k d c 3.55 0.7
A.TH 8 8 s 8 8 8 8 d a >4.50 <0.4

a Mice received serial twofold dilutions of virus by the i.p. route. Five to 10 mice were used for each dilution.
The differences between the LD5o titers of the various strains were analyzed statistically by the x2 test, and the
following results were obtained. Significant at P < 0.05 level or below: BALB/c, BALB.B or BALB.G, and
BALB.K; B10, B10.A, or B1O.A(5R) and B1O.BR, B1O.A(2R), or B1O.A(4R); C3H and C3H.OH or C3H.OL; A/
Tb and A.TH. Not significant at P < 0.05 level; BALB/c and BALB.B or BALB.G; BALB.B and BALB.G; B10
and B1O.A or B1O.A(5R); B1O.A and B10.A(5R); C3H.OH and C3H.OL; A.TL and A/Tb or A.TH.

b Relative LD5o refers to the LDwo of the particular strain compared with that of the BALB/c strain arbitrarily
assigned the value 1.0.

relative resistance was associated with the k
haplotype.

(ii) The greater than fivefold significant in-
crease in resistance of BlO.A(4R) mice over that
of B10 was a result of the substitution of the b
allele at the K and IA loci by the k allele. The
highest dose of virus available in this experiment
failed to kill any BlO.A(4R) [or BlO.A(2R)]
mice, and so the extent of the resistance of this
strain could not be assessed, nor could it be
compared with that ofB1O.BR mice (which were
examined in a separate experiment using a
higher-titer virus stock). However, the data do
indicate that at least one gene in the K/IA
subregion of the H-2 complex controls resistance
to MCMV.

(iii) A comparison of the resistance of B1O.A
and B1O.BR shows that the substitution of the
k for the d allele at IC, S, andD loci significantly
increased resistance by approximately fivefold.
This observation suggests the existence of a
second gene controlling resistance to MCMV at
the D end of the H-2 complex, somewhere to the
right of IC.

(iv) The changing of the d allele at the D
subregion of B1O.A mice for the b allele as in
BlO.A(2R) resulted in a significant increase in
resistance, in excess of 2.5 times. (Later experi-

ments showed this difference to be 6.5 times.)
Thus, although this result implies the involve-
ment of the D locus (or a gene mapping in the D
subregion) in controlling resistance to MCMV,
the reason for the difference in the resistance of
these two strains is unclear. On this B10 back-
ground, the presence of b alleles did not seem to
confer susceptibility in a manner similar to the
presence of d alleles, yet B10 mice with the b
allele at all loci are susceptible. Furthermore, we
observed that, on the BALB/c background, the
b and d haplotypes were equally susceptible and
that a similar substitution of b for d at the D
locus in the BALB.G recombinant did not affect
resistance.

(v) Replacement of the b allele by the k allele
at K, IA, and IB loci failed to increase signifi-
cantly the resistance of B1O.A mice as compared
with BlO.A(5R). This is in contrast to the find-
ings in point (ii), but it should be noted that the
presence of d alleles at the D end in B1O.A and
B1O.A(5R), as opposed to b alleles in BlO.A(4R)
and B10, may have influenced the resultant re-
sistance.

(vi) The Tla region did not appear to be
involved in controlling resistance to MCMV.
Table 1 shows the relative resistance ofrecom-

binant strains of mice with the C3H genetic
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background. The results indicate that possession
of the k allele at the K and I subregions of the
H-2 complex (in C3H mice) is associated with
significantly greater resistance than the d allele
(as in C3H.OH and C3H.OL mice). Thus, this
supports the finding discussed above for mice of
the B10 background, that a gene in the K end of
H-2 controlled resistance to MCMV.
The relative resistance to MCMV of recom-

binant strains of mice with the A genetic back-
ground is shown in Table 1. The lowest dose of
virus given killed all A.TH mice, which have
proven to be the most susceptible strain we have
tested. Hence, the accurate LD50 for A.TH mice
cannot be calculated, but it is less than 0.4 times
that of BALB/c. Mice with the H-28 haplotype
were not available for testing at this time, but
later studies (with ASW mice) showed that s
was a susceptible haplotype. Table 1 shows a
small but not significant difference between the
resistances of A/Tb and A.TL, which probably
resulted from the loss of the resistant k allele at
the K subregion (rather than the acquisition of
k alleles at IC and S) in A.TL mice. There is a
much more striking decrease in resistance in
A.TH mice which have further loss of k alleles
in the I and S subregions. The difference be-
tween A.TH and A/Tb is statistically significant.
In view of the finding in the B10 recombinants
that a gene in the K/IA subregion controls re-
sistance to MCMV, it is tempting to speculate
from the A-strain recombinants that this gene is
located closer to the IA than to the K subregion.
However, further studies with other recombi-
nants are necessary to clarify this point.
Resistance of F1 hybrids. We have previ-

ously examined the resistance of F1 hybrids be-
tween resistant C3H (H-2k) and susceptible
BALB/c (H-2d) parents (3), and found that the
F1 hybrid was relatively susceptible. This finding
conflicts with the report of Selgrade and Osborn
(12) that resistance was expressed dominantly in
F1 hybrids between resistant CBA (H-2k) and
susceptible C57BL (H-2") parents. In view ofthe
differences observed in some of the B10 recoin-
binants between the effects of d and b alleles,
these apparently conflicting results in F1 hybrid
studies may be due to the use of different hap-
lotypes (d or b) to represent a susceptible strain.
We therefore extended our F1 hybrid studies to
include the b haplotype of C57BL mice. Accord-
ingly, F1 hybrids were obtained between C3H
and C57BL, C57BL and BALB/c, and for com-
parison, as previously, C3H and BALB/c. The
resistance of these various F1 hybrids to MCMV
was examined to determine the patterns of in-
heritance (Fig. 1). As previously reported (3),
the k/d F1 hybrid between C3H and BALB/c

was more than twice as resistant as the BALB/
c parent, but significantly more susceptible than
the C3H parent. In contrast, however, the b/k
F1 hybrid between C57BL and C3H was almost
as resistant as the C3H parent; indeed, the dif-
ference between them is not statistically signifi-
cant. This F1 hybrid was significantly more re-
sistant than the C57BL parent. Of interest is the
resistance of the d/b F1 hybrid between the two
susceptible strains, BALB/c and C57BL, which
was greater than that of either parent. This
increase in resistance over the BALB/c parent
was statistically significant, whereas that over
the C57BL parent was not. This finding sug-
gested that the reasons for susceptibility in these
two strains might be different and that some
sort of complementation might have been occur-
ring in vivo. However, because differences had
been noted between the resistance of strains
with the same 1-2 type and different back-
ground genes, the possibility existed that the
genetic background might have been affecting
the observed patterns ofresistance in the various
F1 hybrids. For this reason, these experiments
were repeated using F1 hybrids between d, b,
and k haplotypes, but all on the BALB/c back-
ground, and the results (Fig. 2) contrasted with
those just described. The d/b F1 hybrid (BALB/
c x BALB.B) was more susceptible than either
parent, although this difference was not statis-
tically significant. The k/d F1 hybrid between
BALB/c and BALB.K was equally as suscepti-
ble as the H-2d (BALB/c) parent, but signifi-
cantly more susceptible than the H-2'
(BALB.K) parent. The b/k F1 hybrid (BALB.B
x BALB.K) on the BALB/c background was
more susceptible than either parent. This differ-
ence was statistically significant with P < 0.001
(X2 = 2.95) between the F1 hybrid and the H-2k)
parent, but was not significant (P < 0.1; x2 =
2.95) when the F1 hybrid was compared with the
H-2b parent.

Effect of genetic background on resist-
ance. The marked differences between the re-
sults obtained with crosses among C3H, BALB/
c, and C57BL (Fig. 2) compared with those
among theBALB/c congenics (Fig. 3) empha-
sized the strong effect of background genes on
the resistance determined by H-2 type. To fur-
ther clarify background effects, the relative re-
sistance of d, b, and k haplotypes on various
backgrounds was directly compared. The results
are seen in Fig. 3, which shows the relative LD50
titers for the same virus stock tested at the same
time in the various strains of mice. The relative
LD5o titers of the three H-2k strains, BALB.K,
C3H, and B1O.BR, were 10, 26, and 34 times that
of BALB/c, respectively. Thus, with the k hap-
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FIG. 1. Relative resistance of adult BALB/c, C57BL, and C3H mice and their various F, hybrids to i.p.
inoculation with MCMV. The figure shows the relative LD50 of each strain or F1 hybrid compared with the
LD5o of BALB/c mice (equal to 1.0). The shaded area shows the relative LD50 compared with the LD50 of
C57BL mice (equal to 1.0). The LD50 values of the various groups were compared statistically by the x2 test,
and the results obtained were as follows: (BALB/c x C57BL)F, and BALB/c: P< 0.02, X2 = 6.02; and C57BL:
P = NS, X2 < 1. (BALB/c x C3H)F1 and BALB/c: P < 0.025, X2 = 5.03; and C3H: P< 0.005, x2 = 9.94. (C57BL
x C3H)Fi and C57BL: P < 0.02, X2 = 5.54; and C3H: P = NS, x2 <1.

lotypes the C3H background increased resist-
ance by a factor of 2.6 times and the C57BL/10
background increased resistance by 3.4 times as
compared with the BALB/c background. Simi-
larly with the two H-2b strains, BALB.B and
C57BL/10, the relative LDso titers were 1.3 and
4.1 times that of BALB/c; hence the C57BL/10
background increased resistance of the b haplo-
type by a factor of 3.2 times over that of the
BALB/c background.
Taken together, the results shown in Fig. 1, 2,

and 3 indicate the following.
Effect of H-2 linked genes. (i) On BALB/c

background, d and b haplotypes are associated
with equal susceptibility to MCMV. (ii) On
BALB/c and B10 backgrounds, the k haplotype
confers relative resistance (8- to 10-fold that of
d and b haplotypes). (iii) On BALB/c back-
ground, susceptibility is a completely dominant
trait.

Effect on genes not linked to H-2. (i) The
genetic background of C3H mice contains a
gene(s) which enhances the resistance of the k
haplotype (compared to the BALB/c back-
ground) and modifies the dominant susceptibil-
ity associated with b and d haplotypes, so that
susceptibility is only partially dominant in k/b
and k/d heterozygotes. (ii) The C57BL genetic
background appears to contain a gene(s) which
complements H-2 genes such that in F1 hybrids
resistance is markedly enhanced compared with
that predicted according to their H-2 type. This
genetic background is also associated with a
three- to fourfold enhancement of resistance of
b and k haplotypes compared with the BALB/c
background.
Effect of age on resistance. The studies

presented so far were all conducted in adult
mice, usually 10 to 20 weeks old. Resistance to
MCMV is known to increase with age, presum-
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FIG. 2. Relative resistance of adult BALB/c, BALB.B and BALB.K mice and their various F, hybrids

(shaded areas) to i.p. inoculation with MCMV. The figure shows the relative LD50 ofeach strain ofF, hybrid
compared with the LD50 ofBALB/c mice (equal to 1.0). The LD50 values of the various groups were compared
statistically by the X2 test, and the results obtained were as follows. (BALB/c x BALB.B)F1 and BALB/c: P
= NS, X2 = 1.41; and BALB.B: P = NS, X 2 = 1.63. (BALB.B x BALB.K)F, and BALB/c: P = NS, X2 < 1; and
BALB.K:P < 0.02, X2 = 6.22. (BALB.B x BALB.K)F, and BALB.B: P = NS, X2 = 2.95; and BALB.K:P <
0.001, x2 = 12.95.

ably due to maturation of the immune system
(2, 7). To determine whether the relative resist-
ance seen in some strains was a property ofthose
strains throughout their life-span or whether it
developed with age, the resistance to lethal in-
fection with MCMV was determined in BALB/
c, C3H, and C57BL mice from 3 days to 18
months old. Table 2 shows that at 3 to 4 days of
age there were no significant differences in re-
sistance between the three strains. Note also
that the susceptibility of the 3- to 4-day-old mice
compared with adult BALB/c mice was about 1:
560 to 1:180 (relative LD50 of 10-275 to 10-225).
We have previously shown (3) that by 21 days
of age, C3H mice are significantly more resistant
than BALB/c mice of equal age or adult BALB/
c mice. Table 3 shows that the differences in
resistance between BALB/c, C57BL, and C3H
mice, seen at 10 to 20 weeks of age, were still
apparent at 18 months of age. Within each
strain, there was no significant difference in re-
sistance between the two age groups.
Cortisone treatment. To evaluate the role

of the inflammatory response in the resistance
of C3H mice, the effect of cortisone treatment
on the outcome of MCMV infection was exam-
ined. In addition, BALB/c and C57BL mice were

also treated with cortisone to see whether the
inflammatory response during MCMV infection
was beneficial or contributed to illness and death
in these more susceptible strains. The regime
used had been shown to make ICR/HA mice
more susceptible to MCMV (6). The results
(Table 4) show that cortisone treatment signifi-
cantly increased the susceptibility of BALB/c,
C57BL, and C3H mice to lethal infection with
MCMV.
Virus replication in vitro. We have previ-

ously reported that MCMV replicates equally
efficiently in vitro inMECC derived from strains
of susceptible (d and b) or resistant (k) H-2
haplotypes (3). To determine whether differ-
ences in efficiency of viral replication might ex-
plain the effect of non-H-2-linked genes on re-
sistance to MCMV, we have examined the in
vitro replication of the virus in MECC derived
from BALB/c, C57BL, and C3H mice. Table 5
shows that, in a highly sensitive assay, there was
no significant difference in the ability of the
virus to replicate in MECC from the susceptible
or resistant strains.
Neutralizing antibody. The appearance of

neutralizing antibody was examined in an infec-
tion which was lethal in BALB/c mice but sub-
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FIG. 3. Effect ofH-2 haplotype and genetic background on resistance of adult mice to i.p. inoculation with

MCMV. The figure shows the relative LD5o values for BALB.K, C3H, BMO.BR, C57BL/10, and BALB.B mice
compared with the LD5o ofBALB/c mice (equal to 1.0). The LD50 values of the various groups were compared
statistically by the X2 test, and the results obtained were as follows. BALB/c and BALB.K: P < 0.05, x2 = 4.5;
and BALB.B: P = NS, x2 < 1. BALB.K and C3H: P < 0.05, X2 = 3.86; and BMO.BR: P < 0.05, X = 4.32.
C57BL/10 and BMO.BR: P < 0.025, x2 = 5.79; and BALB.B: P = NS, X2 = 2.62. C3H and BMO.BR: P = NS,
X2= 2.67.

lethal in the more resistant BALB.K and C3H
mice, in an attempt to correlate the appearance,
or lack of, neutralizing antibody with the time of
death in the more susceptible mice. Groups of 6
to 9 mice from each strain were bled at 24 h and
also at 58 h postinfection, at which time deaths
had begun to occur in the BALB/c group. Sam-
ples from each mouse were assayed individually
for neutralizing antibody in a complement-de-
pendent neutralization test. All samples were
assayed in parallel. Of 22 samples taken at 24 h
postinfection, only one, from a BALB.K mouse,
showed any evidence of neutralizing antibody.

Similarly, of 23 serum samples from the 58-h
bleed, only two had any activity: one was from
a C3H mouse, and the other was from a BALB/
c mouse. The three positive samples gave only
a weak reaction at 1:10 dilution of serum. Thus,
by the time BALB/c mice began to die, neutral-
izing antibody was not generally demonstrable
in their serum by the assay used, nor was it
present in the sera of C3H or BALB.K mice.
Hence, it is unlikely that the early appearance
of neutralizing antibody is involved in the in-
creased resistance of C3H and BALB.K mice to
lethal infection with MCMV.
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DISCUSSION
The resistance of adult mice to lethal infection

with MCMV is under genetic control. Part of

TABLE 2. Comparison of the relative resistance of
3- to 4-day-old BALB/c, C57BL, and C3H mice to

i.p. infection with MCMVa

Strain No. of No. of -log1o rela-Stan mice m- dah logi Dotv Dooculated dah ~ ie1)

BALB/c 89 69 2.6 2.25
C57BL 38 31 2.6 2.25
C3H 71 68 3.1 2.75

a Virus was given in 0.02 ml in half-log dilutions.
There was no sigificant difference by the x2 test be-
tween the number of deaths in any strain pair combi-
nation (X2 < 1).

b Relative LD5O compared with that of adult BALB/
c mice = 1.0 (i.e., -logio LD50 = 0).

TABLE 3. Comparison of the relative resistance of
19- to 24-week-old and 18-month-old BALB/c,
C57BL, and C3H mice to lethal infection with

MCMVa

Mean wt Mean time
Strain Age (g) -log2 LD50 of death(g) (days)

BALB/c 24 wk 24.4 >5.50 5.28
18 mo 25.7 4.83 5.17

C57BL 25 wk 20.6 4.10 5.01
18 mo 22.6 3.10 5.33

C3H 19 wk 22.2 0.83 6.92
18 mo 29.0 1.13 3.50

a The resistance of 18-month-old mice was not sig-
nificantly different by the x2 test from that of the 19-
to 25-week-old mice in any strain (x2 < 1 in each case).

this control is mediated by genes linked to the
major histocompatibility complex of the mouse.

Of the three H-2 haplotypes studied, suscepti-
bility was associated with two, d and b, whereas
the third haplotype, k, was relatively resistant.
In mice of the BALB/c background the increase
in resistance conferred by the k haplotype was

about 8- to 10-fold that of the d and b haplo-
types, which were equally susceptible. Suscep-
tibility was expressed as a completely dominant
trait. The data indicate that at least two loci
within the H-2 complex are involved in deter-
mining resistance to MCMV; one (in mice of
B10 background) maps to theD end, close to the
D locus, and the other (in mice of B10 or C3H
background) maps to the K end, close to the K
and IA loci. Generally, the presence of d and b
alleles at these loci was associated with suscep-
tibility, whereas that of k alleles conferred in-
creased resistance; there were, however, two ex-

ceptions to this general trend. First, we observed
unexpected resistance of B10.A(2R) mice com-

pared with B10.A (see above), resulting only
from a replacement of the d allele (in B10.A) for
the b allele [in B1O.A(2R)] at the D locus. The
second exception was the failure of the replace-
ment of b alleles at K, IA, and IB loci in
B10.A(5R) by k alleles in B10.A to increase
resistance (see above). It is possible that the D"
allele codes very strongly for susceptibility,
overriding any protective effect afforded by k
alleles at K and IA, whereas in the presence of
the Db allele such a protective effect of k alleles
at the K end is apparent. These observations,
however, could also be explained by the exist-
ence of an interaction between Kk or IAk and Db
gene products which increased resistance, such

TABLE 4. Effect of cortisone treatment on the resistance of adult BALB/c, C57BL, and C3H mice to lethal
infection with MCMV"

Strain Group Cortisone Virus No. of mice in- No. of deaths Mean time of
oculated death (days)

BALB/c 1 + + 10 8 5.75
2 + - 5 0 -
3 - + 8 0 -

C57BL 4 + + 10 9 5.67
5 + - 5 0 -
6 - + 10 2 6.00

C3H 7 + + 10 9 5.44
8 + - 5 0 -
9 - + 10 0

a Cortisone was given subcutaneously at 3.5 mg/kg in 0.1 ml of mouse osmolality-buffered saline 2 h after i.p.
inoculation with virus and thereafter i.p. daily for 1 week or until the death of the animal. Sham control mice
received 0.1 ml of mouse osmolality-buffered saline. The differences between the numbers of deaths in various
groups were analyzed statistically by the x2 test and were significant with P < 0.02 in the following pair
combinations: 1 and 2, 1 and 3, 4 and 5, 4 and 6, 7 and 8, 7 and 9, 1 and 2 (or 3), 4 and 5 (or 6), 7 and 8 (or 9).
-, Not applicable.
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TABLE 5. Comparison of the ability ofMCMV to
replicate in MECC derived from BALB/c, C57BL,

and C3H embryosa
Wells with CPE/total wells ofMECC

-log virus dilu- from:
tion

BALB/c C57BL C3H

3.5 96/96 96/96 96/96
4.0 89/96 92/96 79/83
4.5 59/96 67/95 52/85
5.0 27/96 28/96 23/88
5.5 9/96 11/94 9/95
6.0 5/96 8/96 4/95
6.5 2/96 1/96 0/96
7.0 1/96 0/96 0/96
7.5 0/96 0/96 0/96

-log TCID50 4,500 4,579 4,481
a The virus used was a salivary gland stock which

had been passaged once in MECC derived from C3H
mice. The TCID50 titers of the various strains were
not significantly different from each other by the X2
test (X2 < 1 in alcases).

an interaction being lacking with the Dd gene
product.
The effect of background genes makes the

interpretation of H-2 effects more difficult. Of
the three backgrounds studied in detail, BALB/
c was the most susceptible and C57BL was the
least susceptible. The existence of a recessive
gene(s) in the background of BALB/c mice
which increased susceptibility would explain
some of the background effects seen in the F,
hybrid studies. Thus, the C3H and BALB/c (H-
2 /d) heterozygote would not express this reces-
sive trait and would be expected to be (and
indeed was) more resistant than the BALB.K
and BALB/c (H-2 /d) F1 hybrid which was
homozygous for the proposed BALB/c back-
ground genes. Similarly, the C57BL and BALB/
c (H-2b/d) heterozygote would be predicted to be
more resistant than the BALB.B and BALB/c
(H-2b/d) F1 hybrid which, although having the
same H-2 type, was homozygous for the BALB/
c background genes; the results were in agree-
ment with this prediction. This hypothetical
gene, however, would not explain why the
C57BL x BALB/c F1 hybrid was more resistant
than the C57BL parent, and the existence of
another gene(s) in the C57BL background,
which acted in a complementary manner, is sug-
gested. The effects of a C57BL background gene
were also seen in the C3H x C57BL (H-2k/ ) F1
hybrid, which was markedly more resistant than
the C3H x BALB/c (H-2k/d) F1 hybrid or the
BALB.K x BALB.B (H-2k/d) F1 hybrid. Al-
though the susceptibility of the latter may be
due to the homozygous BALB/c background

genes, that of the C3H x BALB/c heterozygote
would not be, and because b and d haplotypes
are associated with equal susceptibility, the in-
creased resistance of the C3H x C57BL F1 hy-
brid must be attributed to C57BL background
genes. These results also suggest that such genes
must be expressed in a dominant fashion. The
increased resistance of B1O.BR compared with
other H-2k strains, such as C3H or BALB.K,
may also be due to such genes. The existence of
autosomal dominant genes in the background of
C57BL mice which increase resistance to other
viruses has been described (6, 11). It cannot be
determined from these experiments whether
these latter genes are identical to those postu-
lated here to be involved in resistance toMCMV.
Blanden found (R. V. Blanden, personal com-
munication) that these C57BL background
genes interacted with particular H-2 genes and
affected the resultant resistance to ectromelia
virus infection. This raises the possibility that
such an interaction might be occurring in the
studies presented here. Thus, the observation
noted above, that on the C57BL background the
substitution of the Dd allele withDealele in-
creased resistance, might reflect an interaction
between the Db gene product and a C57BL
background gene in a manner similar to that
seen with ectromelia virus infection. Recombi-
nants with the same H-2 map on different ge-
netic backgrounds would be needed to test the
possibility of such interactions affecting the re-
sistance to MCMV.
The dominance of the H-2-associated suscep-

tibility in F1 hybrids is not consistent with an
immune response (Ir) gene basis of resistance.
The immune response to MCMV is generally
believed to be beneficial, and this conclusion is
supported by our finding here that cortisone
treatment rendered all strains of mice more sus-
ceptible. Classically Ir genes are dominant for
high response; thus, if resistance toMCMV were
due to Ir genes, the F1 hybrid between suscep-
tible and resistant haplotypes should be resist-
ant. Furthermore, the presumptive mapping of
genes controlling resistance to MCMV to the K
and D subregions does not support the involve-
ment of Ir genes, although the possible involve-
ment of the IA locus in determining resistance
to MCMV leaves this question open.
The data presented here do indicate that nei-

ther H-2- nor non-H-2-linked genes exert con-
trol on resistance to lethal infection withMCMV
by virtue of the early appearance of neutralizing
antibody. Similarly, neither H-2- nor non-H-2-
linked genes appear to control viral replication
at the cellular level, at least as judged by the
ability to replicate in mouse embryo fibroblasts.
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We have previously suggested (3) that subtle
differences between strains in the ability of the
host to prevent viral spread may account for
their differing susceptibilities to lethal infection,
rather than inherent differences in viral repli-
cation. This conclusion is supported by the find-
ing here that newborn mice of resistant and
susceptible strains are equally susceptible to the
virus. All strains become more resistant during
the first few weeks of life and it is during this
period that the relative differences in resistance
between strains emerge, with the degree of re-
sistance becoming a characteristic of each strain
throughout its lifespan. Thus, some host func-
tion, possibly immunological (either specific or
nonspecific) in nature, which matures in this
period, is necessary for the expression of genet-
ically determined resistance.

It has recently been reported (8) that tracheal
ring organ cultures from susceptible strains pro-
duce more virus after 2 to 3 weeks of infection
than do similar cultures from resistant strains.
The authors concluded that mouse epithelial
cells (rather than fibroblasts) are infected with
MCMV in vivo and that in the tracheal ring
organ cultures resistance may be based partly
on the innate genetic susceptibility of epithelial
cells toMCMV infection. However, in the acute,
rapidly lethal infection examined in this study,
epithelial cells are not a prime cell target, and
such a basis of resistance is unlikely. Also, if
such an innate form ofresistance were operating,
this should result in differences in susceptibility
among newborn as well as adult mice. This was
not the case. Furthermore, the observations of
Nedrud et al. (8) on viral replication in the
tracheal ring organ cultures may merely reflect
differences in interferon production in organ cul-
tures from the different strains, because those
authors did not measure interferon production
in their organ cultures. We have observed strong
differences in interferon production in vivo dur-
ing the first 24 h ofMCMV infection in resistant
and susceptible strains (J. E. Chalmer and J.
Trapman, unpublished data). Viral replication
in vivo and the pathogenesis ofMCMV infection
in resistant and susceptible strains is the subject
of a second paper in this series. Other studies in
this laboratory (1) have shown that augmenta-
tion ofnatural killer cell activity early inMCMV
infection may play an important role in resist-

ance to MCMV. However, genetic analyses of
such responses to MCMV infection indicated
that natural killer cell augmentation was pri-
marily controlled by non-H-2-linked genes, and
our preliminary studies indicate that this is also
true for interferon production. The mechanism
of the H-2 gene control of resistance to MCMV
thus remains to be elucidated.
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