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Treatment of C3H/St mice with 100 ,uCi of '9Sr weakened their genetic
resistance to murine cytomegalovirus (MCMV) infection. The criteria utilized to
detect increased susceptibility were: (i) survival of mice; (ii) numbers of MCMV-
infected cells in the spleens and liver; and (iii) serum glutamic pyruvic transami-
nase levels. The natural killer (NK) cell activity of spleen cells from mice treated
with '9Sr is very low. However, the NK activities of spleen cells of both normal
and '9Sr-treated mice were greatly augmented 3 days after infection with MCMV.
These NK cells lysed a variety of tumor cells and shared several features with
conventional NK cells, but were not lysed by anti-Nk-1.2 serum (specific for NK
cells) plus complement. Splenic adherent cells did not lyse tumor cells themselves
but were necessary for the stimulation of NK cells by MCMV. The paradox of
high NK cell function and poor survival in 89Sr-treated mice infected with MCMV
was a surprise. We conclude that these augmented NK cells, of themselves,
cannot account for the genetic resistance of C3H/St mice to infection with
MCMV.

Mice injected with the bone-seeking isotope,
89Sr, lose their genetic resistance to grafts of
normal allogeneic or parental-strain marrow
cells (2) and to grafts of parental-strain lym-
phoma cells (19). Natural killer (NK) cell activ-
ity against certain, but not all, tumor cell targets
is consistently low in such mice; this low activity
cannot be boosted by interferon or interferon
inducers (10). C57BL/6 mice treated with 'sSr
lose their genetic resistance to the leukemogenic
(Fv-2'7) and the immunosuppressive (Fv-3.r)
Friend virus complex (11, 13, 14). (C57BL/6 x
DBA/2)F1 mice treated with 89Sr lose their ge-
netic resistance to infection with the facultative
intracellular bacterium, Listeria monocyto-
genes, but not to the extracellular pathogen,
Yersinia pestis EV76 strain (3), and lose their
genetic resistance to the encephalomyelitis in-
duced by herpes simplex virus type 1 (18). We
have tentatively concluded that a separate class
of lymphoid cells, operationally called marrow-
dependent cells, are critically involved in these
host defense systems (4, 12). The concept of
marrow-dependent cells, i.e., marrow as a central
lymphoid tissue, is supported by the findings of
low NK cell function and the inability to reject
incompatible marrow cell grafts in mice with
osteopetrosis induced by estradiol (26, 27).
We report here observations with murine cy-
t Present address: Department of Pathology, University of
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tomegalovirus (MCMV) which further support
the hypothesis that marrow dependent cells de-
pleted by 'sSr treatment contribute to host de-
fenses against infection. Human cytomegalovi-
rus infections are becoming more frequent with
the use of powerful immunosuppressive regi-
mens (6, 24). MCMV may be a good model to
study to understand the immunobiology of hu-
man cytomegalovirus infections, e.g., MCMV in-
fections can be reactivated by deliberate immu-
nosuppression of mice (20). During the acute
phase of infection with MCMV, the spleen and
liver appear to be important target organs. Al-
though specific cell-mediated and humoral im-
munity to MCMV are very important in host
resistance to MCMV (8, 9, 29), naturally occur-
ring defense mechanisms may also be important.
For example, augmentation of non-H-2-re-
stricted cytotoxic activity, presumably NK ac-
tivity, occurs shortly after virus infections (33),
and MCMV is no exception (1, 23). The protec-
tive effect of such NK cells has not been deter-
mined, although there was a correlation between
augmentation ofNK activity by spleen cells and
genetic resistance to MCMV (1). In contrast, we
observed an augmentation of NK activity in
'sSr-treated mice destined to die of MCMV in-
fection a few days later.

MATERIALS AND METHODS
Mice. (C57BL/6 x DBA/2) F, (B6D2F,) and

C57BL/6 mice were purchased from The Jackson
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Laboratory, Bar Harbor, Maine, and A/St and C3H/
St mice were purchased from West Seneca Laborato-
ries, West Seneca, N.Y. SIM.R mice were bred in our
mouse colony.

89Sr treatment. B6D2F, or C3H/St mice 8 to 10
weeks old were injected intraperitoneally with 100 ,uCi
of 'Sr (Oak Ridge National Laboratory, Oak Ridge,
Tenn.). Ten days later, each mouse was infused with
107 syngeneic marrow cells to provide marrow-derived
but not marrow-dependent hemopoietic cells (2). At 3
to 5 weeks after marrow infusion, the mice were en-
tered into experiments.
MCMV. The Smith strain of MCMV was obtained

from the American Type Culture Collection, Rock-
vile, Md. The virus was passaged in SIM.R mice, and
salivary gland tissue was the source of several virus
passages. The virus was titrated on monolayers of
mouse embryo fibroblasts (second passage). Plaques
were counted after 5 days of incubation, and the titers
are expressed as plaque-forming units (PFU) per ml
(28). Virus titers in the spleens and livers utilized
dispersed cell suspensions and thus measured infec-
tious centers.

Histopathology. Organs were fixed in 10% form-
aldehyde, and sections were stained with hematoxylin
and eosin.

Survival. 89Sr-treated and age control C3H/St or
B6D2/F, mice were infected with various doses of
MCMV (groups of five or eight mice) and were housed
in a laminar-flow tent to minimize airborne infections.
The mice were examined daily.
Enzyme levels. Mice were bled 3 days after infec-

tion, and the serum samples were number coded and
sent to the hospital chemistry laboratory for the mea-
surement of serum glutamic pyruvic transaminase.

Statistics. Fisher's exact probability test was used
to analyze survival data, and Student's t test was used
to compare virus titers.

Pretreatments of effector cells. Spleen cells (2
x 107) were treated with distilled water briefly to lyse
erythrocytes, washed, and then incubated with a 1:80
dilution ofhyperimmune CE anti-CBA serum contain-
ing a high titer of anti-Nk-1.2 antibodies (5a), a gift
from Robert C. Burton, Transplantation Unit, Mas-
sachusetts General Hospital, Boston, Mass. After a 30-
min incubation at 37°C with the antiserum, the cells
were washed and incubated for 30 more min with a
1:8 dilution of preselected rabbit serum as a source of
complement. The viability of spleen cells after this
procedure is approximately 95%. This antiserum spe-
cifically lyses NK cells (5, 5a). A monoclonal anti-Thy-
1.2 serum (New England Nuclear Corp., Boston,
Mass.) was diluted 1:300 and incubated with 2 x 107
spleen cells for 30 min at 37°C. The cells were washed
and later incubated with a 1:10 dilution of guinea pig
serum (previously adsorbed with mouse spleen cells)
as a source of complement for 30 min. This antiserum
lyses most T cells. Filtration of spleen cells over col-
umns of nylon wool was performed exactly as previ-
ously described (14). Depletion of spleen cells with Fc
receptors was accomplished by rosetting spleen cells
with sheep erythrocytes coated with polyclonal rabbit
immunoglobulin G anti-sheep erythrocyte antiserum
(Cordis Laboratories, Miami, Fla.) diluted 1:500. Thus,
sensitized cells were incubated with spleen cells for 30
min at 370C, the mixture was washed, and the cells

were centrifuged in a density gradient (Lympholyte
M; Cedarlane Laboratories, Ltd., Toronto, Ontario,
Canada). The cells with Fc receptors were pelleted,
and the cells not pelleted were assayed for cytotoxic
cell function. Plastic adherent cells were obtained by
incubating 3 x 107 spleen cells in 60-mm-diameter
petri dishes in 3 ml of medium for 2 h. Nonadherent
cells were gently rinsed off, and adherent cells were
removed by a rubber policeman.

Pretreatment of mice. Cyclophosphamide (Mead
Johnson Laboratories, Evansville, Ind.) was injected
intraperitoneally 1 day before inoculation of MCMV
or 2 days after infection and 1 day before testing for
cytotoxic activity. The dose was 300 mg/kg of body
weight. Carrageenan (Seakem-9; Marine Colloids, Inc.,
Rockland, Maine) was dissolved in saline by heating.
Mice were inoculated intraperitoneally with 1 mg on
2 successive days, followed 1 day later by infection
with MCMV.
Assay for cytotoxic cells. The procedure for the

cytotoxic cell assay has recently been described in
detail (10). Briefly, 2 x 104 5"Cr-labeled tumor cells
and various numbers oflymphoid cells to give effector/
target ratios of 50:1 to 1.56:1 were incubated at 37°C
in a 5% CO2 in air humidified atmosphere for 4 to 24
h (depending upon the particular target cell) in vol-
umes of 0.2 ml. The microtest plate was centrifuged
and 0.1 ml of supematant fluid was removed from
each well for the determination of 51Cr radioactivity.
The formula for percent specific cytotoxicity in counts
per minute (cpm) is: [experimental cpm - spontaneous
cpm (target cells only)]/[maximal cpm (saponin lysis)
- spontaneous cpm] x 100. The results presented
were mean values from two or three experiments, each
performed in triplicate. The standard errors of the
mean were always less than 10% of mean values and
are not presented.
Target cells. The YAC-1 lymphoma is from the A

strain, the EL-4 lymphoma is from the C57BL strain,
the L1210 lymphoma is of DBA/2 origin, FLD-3 is a
Friend virus induced erythroleukemia cell line from
BALB/c mice, C1-18 is a myeloma of C3H origin, and
WEHI-164.1 is a fibrosarcoma from the BALB/c
strain. The optimal times of incubations to detect lysis
of these cells in NK assays were used and are: 4 h for
YAC-1; 18 h for EL-4, L1210, C1-18, and WEHI 164.1;
and 24 h for FLD-3.

RESULTS
Survival. Genetically susceptible B6D2F1

mice treated with 'Sr were about 10 times more
susceptible to MCMV than were age control
mice (Fig. 1). At a dose of 106 PFU, the mean
survival times were 3.7 days for 'Sr-treated mice
and 7.5 days for the age control mice. However,
by day 15, the percent survival was equivalent
between the two groups. Genetically resistant
age control C3H/St mice survived a dose of 106
PFU (Fig. 2). However, C3H/St mice treated
with 89Sr were very susceptible to MCMV, i.e.,
their genetic resistance was lost. All of the mice
died after doses of 106 PFU, and some died even
after doses of 104 PFU.
Viral titers and serum glutamic pyruvic
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FIG. 1. Survival of 89Sr-treated B6D2i
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FIG. 2. Survival of 89Sr-treated C3H/.
fected with various doses ofMCMV (groz
mice).

transaminase levels. The values for MCMV
infectious centers in spleens and livers of age

1j105PFU control and 89Sr-treated B6D2F1 and C3H/StI1ijPFU mice 3 days after infection are presented in
:U Table 1. Splenic viral titers were significantly

higher in 89Sr-treated mice of both types. The
titers of MCMV in livers of age control B6D2F1
mice were higher than that in livers of age
control C3H/St mice. Treatment of C3H/St

106 PFU mice resulted in significantly higher liver titers,
whereas age control and 'Sr-treated B6D2F1
mice had similar liver titers of MCMV. The
serum glutamic pyruvic transaminase levels ap-
peared to reflect the growth of MCMV in the
livers and were high in age control and 89Sr-
treated B6D2F1 mice and in 89Sr-treated C3H/
St mice, but were low in age control C3H/St
mice (Table 1).

U Histopathology. The spleens of age control
C3H/St mice showed prominent signs of necro-
sis with depletion of cells both in the red pulp
and white pulp (Fig. 3A and B). The spleens of
mock-infected 89Sr-treated C3H/St mice had in-
creased hemopoiesis in the red pulp, with many
megakaryocytes, as expected (Fig. 3C). After

F, mice in- infection with MCMV, there was less evidence
)ups of five of necrosis in the spleens of mice treated with

89Sr, although there was a diminution of lym-
phocytes in the white pulp and of hemopoiesis
in the red pulp (Fig. 3D). Note the relative lack
of megakaryocytes. The livers of mock-infected
age control and 89Sr-treated mice were within
normal limits, histologically (data not shown).

106 PFU The livers of infected age control C3H/St mice
had heavy leukocytic infiltration, but only iso-
lated liver cells with giant inclusions. The liver
cells were swollen and vacuolated (Fig. 4A). The
frequency of liver cells with inclusions was far
greater in C3H/St mice previously treated with
89Sr, and there was a paucity of leukocytic infil-
tration (Fig. 4B). There were more infiltrating
leukocytes in the liver of age control B5D2F1

;r 104 PFU mice than of control C3H/St mice 3 days after
infection, confirming a previous observation
(28). However, there was less leukocytic infiltra-
tion in livers of 89Sr-treated mice of both strains,
particularly at later times after infection.
Cytotoxic activity in 89Sr-treated and in-

;r 105 PFU fant mice. MCMV stimulated the NK activity
106 PFU of spleen cells of B6D2F1 mice against YAC-110Q6 PFU targets 3 days after infection. Ultraviolet light

exposure of the virus prevented the NK boosting
effect of MCMV (Table 2, experiment 1). The
NK(YAC-1) activity of spleen cells of C3H/St
or B6D2F1 mice treated with 'Sr was low, as

St mice in- expected. However, 3 days after infection with
ups of eight 105 PFU of MCMV, NK activity was very high

in such mice (Table 2, experiments 2 and 3).
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TABLE 1. MCMV in spleens and livers and serum glutamic pyruvic transaminase (SGPT) levels of mice
treated with 'Sr

Mice Log PFU MCMV/106 cellsa SGPTb

Strain Pretreatment Spleen Liver Mock MCMV

B6D2F, Age controls 1.39 ± 1.53 4.90 ± 0.98 32 >350
B6D2F, 89Sr 4.67 ± 0.12c 5.28 ± 0.58 68 >350
C3H/St Age controls 1.75 ± 0.44 3.55 ± 0.42 43 34
C3H/St 89Sr 4.48 ± 0.49c 4.86 ± 0.70c 61 >350

a Infectious center assay performed 3 days after infection with 105 PFU of MCMV.
b Values expressed as international units per liter.
c Mean value significantly different from control, P < 0.05, by Student's t test.
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FIG. 3. A, Spleen of age control mock-infected C3H/St mouse. B, Spleen of age control C3H/St mouse

infected 3 days earlier with 105 PFU ofMCMV; note the marked depletion of cells in the red and white pulp
and the areas of necrosis. C, Spleen of mock-infected C3H/St mouse treated with 89Sr; note the increased
extramedullary hemopoiesis with numerous megakaryocytes. D, Spleen of infected C3H/St mouse previously
treated with 89Sr; there are fewer megakaryocytes, but granulopoietic cells remain in the red pulp and there
is lesser evidence of necrosis. (Hematoxylin and eosin, x100.)
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FIG. 4. A, Liver of age control C3H/St mouse in-
fected 6 days earlier with MCMV. The liver cells are

swollen and vacuolated and there is intense leuko-
cytic infiltration. However, inclusion bodies are seen

only in rare cells. B, Liver of 89Sr-treated mouse

infected with MCMV. Note the lack of leukocytic
infiltration associated with many inclusion bodies
within liver cells. (Hematoxylin and eosin, x250.)

Two-week-old mice also had low NK(YAC-1)
activity in their spleens. However, 3 days after
infection with MCMV, their spleen cells were

quite capable of lysing YAC-1 target cells (Table
3). This was true for mice of the A/St, C57BL/
6, and C3H/St strains.
Characterization of cytotoxic cells. The

NK activity in various organs of B6D2F1 mice
infected 3 days earlier with MCMV was mea-

sured by using YAC-1 target cells. Augmented
activity was detected in the peritoneum (site of
virus injection), spleen, and bone marrow, but

not in lymph nodes or in the thymus (Table 4).
The NK cells induced by MCMV in spleens of
B6D2F, mice were not sensitive to anti-Nk-1.2
plus complement or anti-Thy-1.2 plus compo-
nent, although NK cells of uninfected mice were
sensitive to anti-Nk-1.2 plus complement (Fig.
5). The frequency of NK cells did not decrease
after filtration over nylon wool columns. Fur-
thermore, the augmented NK cells did not ex-
press Fc receptors detectable by rosette forma-
tion (Fig. 5). Cells that adhered to plastic and
were recovered were not very active as cytotoxic
cells for YAC-1 targets. Incubation of uninfected
or infected spleen cells for 4 h at 37°C resulted
in a large loss of activity against YAC-1 tumor
cells (Fig. 5). Pretreatment of mice with cyclo-
phosphamide, either before or after infection
with MCMV, resulted in less NK activity. This
drug also reduced cytotoxicity by spleen cells of
uninfected mice (Fig. 5).
Stimulation of cytotoxic cells by virulent

MCMV. During the course ofthese experiments,
we observed that the late-passaged virus prepa-
rations were quite virulent, such that 105 PFU
would kill a small fraction of C3H/St mice. Such
virus preparations also seemed less able to aug-
ment NK cell activity 3 days after infection. We
therefore passaged a virulent preparation, SG7,
in tissue culture, utilizing mouse embryo fibro-
blasts and infecting at a 1.5 multiplicity of infec-
tion. Five days after infection of the monolayer,
when 75% ofthe cells showed a cytopathic effect,
the supernatant fluid was harvested. Age control
and 'Sr-treated B6D2Fj and C3H/St mice were
infected with 105 PFU of SG7 or TC1 or were
mock infected with salivary gland tissue homog-
enate. The TC1 preparation of MCMV was
much better able than the SG7 preparation to
stimulate NK cells active against YAC-1 lym-
phoma cells 3 days after infection of age control
or 89Sr-treated B6D2F1 mice (Table 5). Age con-
trol C3H/St mice responded equally well to the
two virus preparations, but C3H/St mice previ-
ously treated with 89Sr responded better to TC1.
Roughly parallel findings were obtained by sim-
ply determining the numbers of nucleated cells
per spleen (Table 5). SG7 decreased splenic cel-
lularity, particularly in B6D2F1 mice.
Spectrum of tumor cells lysed by cyto-

toxic cells. B6D2Fj mice were used as donors
of spleen cells to test for the range of tumor cells
against which the augmented cytotoxic cells
were active. The cytotoxicity against all of the
tumor targets tested was augmented, although
that against FLD-3 was least stimulated (Table
6). This has been a consistent finding. Even
L1210 cells, which are resistant to lysis by NK
cells of uninfected mice, were susceptible to lysis
by these augmented cytotoxic cells.

INFECT. IMMUN.
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TABLE 2. Lysis of YAC-1 lymphoma cells by spleen cells of 89Sr-treated mice infected with MCMV

Mice Mean + specific cytotoxicityb
Expt Virus inoculationa

Strain Pretreatment 50:1 25:1 12.5:1

1 B6D2F, None Mock 48.4 36.2 18.1
MCMV 77.4 66.9 48.2c
MCMV-UVL 47.3 34.7 20.2

2 B6D2F, Age controls Mock 26.3 15.9 7.6
MCMV 74.1 63.7 45.7c

'Sr Mock 2.7 1.2 0.5
MCMV 75.2 65.2 46.7c

3 C3H/St Age controls Mock 24.2 12.9 6.3
MCMV 66.5 49.2 31.2c

89Sr Mock 7.9 4.8 2.8
MCMV 83.5 69.5 50.1C

a Salivary gland homogenate from uninfected (mock) or infected SIM.R donors diluted to give 105 PFU of
MCMV per inoculum intraperitoneally 3 days before the assay. Exposure of the virus preparation to ultraviolet
light (UVL) inhibited subsequent viral replication.

b Incubation time was 4 h. Numerical ratios indicate effector/target cell ratios.
c See footnote c of Table 1.

TABLE 3. Lysis of YAC-1 lymphoma cells by spleen
cells of2-week-old mice infected with MCMV

Mean % specific
Virus inocula- cytotoxicitybMouse strain tiona

50:1 25:1 12.5:1

A/St Mock 1.4 0.8 0.1
MCMV 47.0 31.6 19.2c

C57BL/6 Mock 15.1 12.4 6.3
MCMV 54.2 38.5 34.6c

C3H/St Mock 7.9 5.7 2.5
MCMV 25.0 20.5 11.2c

a, b, c See footnotes a, b, and c, respectively, of Table
2.

TABLE 4. Lysis of YAC-1 lymphoma cells by cells
from various tissues ofB6D2Fi mice infected with

MCMV
Mean % specific

Tissue cytotoxicity'
Mock MCMVb

Spleen 27.6 70.4c
Bone marrow 7.1 18.8S
Peritoneal cavity 1.5 32.8c
Lymph nodes 5.4 6.0
Thymus 0.4 0.3

a, b, c See footnotes b, a, and c, respectively, of Table
2. The effector/target cell ratio was 50:1; similar results
obtained with ratios of 25:1 and 12.5:1.

MEAN % SPECIFIC
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FIG. 5. Characterization of spleen cells capable of
lysis of YAC-1 lymphoma cells in spleens of B6D2F,
mice infected with MCMV 3 days earlier. See text for
details. CY-1, cyclophosphamide injected 1 day before
infection and 4 days before assay; CY-2, cyclophos-
phamide injected 2 days after infection and 1 day
before assay. The mean values were significantly less
than control values (P < 0.05 by Student's t test) in
the following groups: plastic adherent, CY-1, CY-2,
37°C, 4 h for both mock-infected and MCMV-infected
mice and anti-Nk-1.2 for mock-infected mice only.

Stimulation of cytotoxic cells in mice
treated with carrageenan. To study the influ-
ence ofmacrophages on the boosting ofcytotoxic
cell function by MCMV, B6D2F1 mice were in-

jected on successive days with carrageenan be-
fore infection. On the day of infection, groups of
mice received intravenous inocula of 6 x 106
plastic-adherent spleen cells (one spleen equiv-
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TABLE 5. Lysis of YAC-1 lymphoma cells by spleen cells of 'Sr-treated mice infected with virulent (SG7)
and tissue culture-passaged (TCJ) MCMVpreparations

Mice Mean % specific CytotoxiCityb No. of
Virus inoculation' spleen cells

Strain Pretreatment 50:1 25:1 12.5:1 (106)

B6D2F, Age controls Mock 25.4 14.9 8.8 116
TCl-MCMV 86.6 75.3j 69.4c 72
SG7-MCMV 33.3 22.4 10.6c 40

B6D2F, 89Sr Mock 1.2 0.3 0.4 66
TCl-MCMV 66.8 56.8 34.9c 123
SG7-MCMV 5.1 4.3 3.4c 14

C3H/St Age controls Mock 12.5 7.7 4.3 121
TCl-MCMV 43.4 30.4 19.0c 129
SG7-MCMV 44.1 28.5 17.8c 102

C3H/St 89Sr Mock 0.5 0.5 0.2 88
TCl-MCMV 35.2 25.1 14.5c 82
SG7-MCMV 20.1 13.3 8.2c 45

a, b, c See footnotes a, b, and c of Table 2.

TABLE 6. Lysis of various tumor cell types by spleen cells of B6D2F1 mice infected with MCMV

Assaytime ~~~~~~~~Mean% specific cytotoxicity
Targetcessay tim Virus inoculation'Targetcell(h) ~~~~~~~~~50:125:1 12.5:1 6.25:1 1.56:1

YAC-1 4 Mock 26.3 15.9 7.6
MCMV 74.1 63.7 45.7b

EL-4 18 Mock 10.3 4.2 3.2
MCMV 53.0 39.0 223"b

L1210 18 Mock 3.1 3.9 3.5
MCMV 25.3 15.0 107"b

Cl-18 18 Mock 17.4 11.7 5.1
MCMV 52.2 42.1 32.0"

WEHI 164.1 18 Mock 16.7 16.2 12.6
MCMV 44.3 34.2 14.6"b

FLD-3 24 Mock 25.9 17.4 9.6
MCMV 32.6 30.8 20.4"b

a,bSee footnotes a and c, respectively, of Table 2.

alent) or 10 x 106 nonadherent spleen cells.

Carrageenan prevented the boosting of NK ac-

tivity by MCMV (Fig. 6). The infusion of adher-

ent, but not nonadherent, spleen cells from syn-

geneic donor mice restored the boosting by

MCMV.

DISCUSSION

The abrogation of genetic resistance to lethal

infection by MCMV in C3H/St mice by prior

treatment with '"Sr (Fig. 2, Table 1) confirms

and extends previous observations with other

infectious agents (3, 13, 18). Genetically suscep-

tible B6D2F, mice were somewhat more sensi-

tive to MCMV after '"Sr treatment (Fig. 1). The

majority of experimnents reported here were
aimed at testing the hypothesis that depletion
of marrow-dependent cells by "9Sr abrogated
genetic resistance to MCMV by affecting NK
cells which are activated or boosted early during
virus infections (33). This hypothesis seemed
reasonable for two reasons: (i) NK activity
against YAC-1 lymphoma cells was low and
could not be boosted by interferon inducers or
by interferon preparations themselves in mice
treated with 59Sr (10, 19) and (ii) there was a
positive correlation between the degree of boost-
ing ofNK activity of spleen cells by MCMV and
genetic resistance to MCMV (1).
However, there was an unexpected augmen-
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FIG. 6. Prevention of MCMV-induced boosting of
cytotoxicity by spleen cells for YAC-1 lymphoma tar-
get cells by carrageenan. Effects of infusions of
splenic adherent and nonadherent cells. See text for
details. Carrageenan was injected on 2 successive
days before intraperitoneal infection with MCMV.
Inocula of 6 x 106 adherent or 10 x 106 nonadherent
spleen cells were infused at the time of infection.
Symbols: 0, mock infection; 0, MCMV infection. The
mean values were significantly less than control val-
ues (P < 0.05 by Student's t test) in the following
groups: carrageenan, carrageenan + nonadherent
spleen cells for MCMV-infected mice only.

tation of NK activity against YAC-1 cells in
genetically susceptible B6D2F1 or resistant
C3H/St mice previously treated with 89Sr (Table
2). Similar observations were made in geneti-
cally susceptible and resistant infant mice, all of
which have low NK(YAC-1) activity at that age
and which are susceptible to the lethal effects of
MCMV (28). These surprising observations cer-

tainly demand an explanation, and some of the
experiments performed did provide some in-
sight.

First of all, characterization of the cytotoxic
cells (Table 4, Fig. 5) indicates that they belong
to the broad category of natural killer cells of
lymphocyte origin and are probably not macro-

phages. For example, plastic-adherent cells from
spleens of MCMV infected mice were not active
as effector cells, and the effectors did not adhere
to nylon wool (Fig. 5). Also, activated macro-

phages (25) and promonocytes (17) require more
than 4 h to kill YAC-1 target cells. NK cells
reactive against YAC-1 targets are susceptible
to suppression by cyclophosphamide and lose

activity after incubation at 37°C for 4 or more h;
the augmented cytotoxic cells were similarly af-
fected. The resistance of the effectors to anti-
Thy-1.2 plus complement suggests that they are
not T cells, but the resistance of the effectors to
anti-Nk-1.2 plus complement suggests that they
are also not conventional splenic NK(YAC-1)
cells (Fig. 5). Certain alloantisera plus comple-
ment did partially inactivate these NK cells at
concentrations which lysed most of the spleen
cells (data not shown), suggesting that the NK
cells had not become totally resistant to comple-
ment-mediated lysis.
NK cells appear to be heterogeneous (5, 10,

15, 19, 19a) and we tested the cytotoxicity of
MCMV-induced effectors against a panel of tu-
mor cells which are used to detect the different
NK cell types (Table 6). For example, in unin-
fected mice, the NK cells which lyse YAC-1 or
C1-18 cells express the Nk-1.2 antigen and are
depleted in spleens of 89Sr-treated mice, whereas
the opposite is true ofNK cells which lyse WEHI
164.1 or FLD-3 cells (19a). MCMV stimulated
effectors capable of enhanced lysis of all of these
targets. The effectors could even lyse L1210
cells, which resist lysis by NK cells of normal
mice (Table 6). These effectors do not easily fit
into the Nk-1.2 antigen-negative, marrow-inde-
pendent category ofNK cells, because such NK
cells are not susceptible to inhibition by incu-
bation at 37°C for 4 h, and NK(WEHI 164.1)
cells are not suppressed by cyclophosphamide
treatment.
Based upon the data presented, how did

MCMV augment NK activity in 89Sr-treated
mice? (i) MCMV may have stimulated a unique
NK cell type which is marrow independent and
Nk-1.2 antigen negative but which is sensitive to
cyclophosphamide and to short-term incubation
at 37°C. It follows that this cell does not function
in uninfected mice. This augmentation was cer-
tainly unexpected, because we have observed
that the near-normal levels ofmarrow-independ-
ent NK cell function against EL-4 lymphoma
cells in 'Sr-treated mice is actively suppressed
after challenge with interferon inducers or El-4
cells themselves (19). A similar suppression of
NK(FLD-3) activity occurs in 'Sr-treated mice
infected with Friend virus (unpublished obser-
vation by J. A. Lust, V. Kumar, and M. Bennett).
(ii) MCMV could have stimulated many types
of NK cells, both marrow dependent and mar-
row independent. The failure to detect Nk-1.2
antigens on the augmented NK cell could have
been due to a diminution of antigen expression
or resistance to complement-mediated lysis.
MCMV may have bypassed the requirement for
an intact marrow microenvironment by stimu-
lating mononuclear phagocytic cells to function
as an ectopic source of the stimulus needed to
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cause differentiation of NK(YAC-1) cells in "9Sr-
treated mice. The studies with carrageenan and
adherent spleen cells (Fig. 6) do suggest that
macrophages are required for the stimulation of
NK cells by MCMV. A similar observation was
made in studies of activation of NK cells by
BCG (31). There is a precedent for this concept
in the erythropoietin field. Liver and spleen mac-
rophages are the main source of erythropoietin
in anephric animals (7, 21, 22).
We did observe that a virulent preparation of

MCMV was capable of distinguishing genetically
susceptible mice from genetically resistant mice
and age control mice from "9Sr-treated mice
(Table 5) with respect to NK boosting. The
study relating augmentation of the NK cell func-
tion with genetic resistance to MCMV also em-
ployed a virulent preparation of MCMV (1).
Therefore, such cytotoxic cells may indeed have
important functions in host defense against
MCMV, particularly virulent forms of the virus.

In summary, the NK activity observed after
MCMV infection appears to be a marrow-inde-
pendent function. As in beige mice infected with
lymphocytic choriomeningitis virus (32), the cy-
totoxic cells generated apparently do not play a
significant role in curtailing viral synthesis (Ta-
ble 1). Depending upon the virulence of the virus
preparation, these NK cells do not appear to
protect mice against lethal effects of MCMV. It
would have been desirable to analyze NK cells
reactive against MCMV-infected target cells.
However, we have not been able to develop a
reliable assay for such cells.

Since lack ofNK cell function, by itself, cannot
easily explain the loss of genetic resistance of
C3H mice to MCMV after 89Sr treatment, ab-
normalities in other host defense functions may
have been involved. Two possibilities we con-
sider are (i) increased suppressor cell function
and (ii) defective production of, or response to,
lymphokines. '9Sr-treated mice infected with low
doses of MCMV are later immune to otherwise
lethal doses (unpublished observations), indicat-
ing that they can mount specific immunity to
the virus if they survive the acute infection.
However, macrophages infected with MCMV
have immunosuppressive effects upon T lym-
phocytes (16). Since marrow-dependent cells
seem to regulate suppressor cells in the Friend
leukemia virus system (11, 14), it is conceivable
that marrow-dependent cells regulate the im-
munosuppression by macrophages. The suppres-
sive effect upon T lymphocytes might inhibit
production of lymphokines, generation of cyto-
toxic T cells, or production of antibodies.
The histological features of "9Sr-treated mice

infected with MCMV suggest that there is a
lesser degree ofleukocytic infiltration in the liver

and of necrosis in the spleen (Fig. 3 and 4).
These defects could be due to a lack of produc-
tion of lymphokines, e.g., chemotactic factors. In
the herpesvirus model, '9Sr-treated mice died of
encephalomyelitis, but histology of the brain
and spinal cord showed minimal infiltration of
leukocytes (18). It is also conceivable that '9Sr-
treated mice do not secrete normal amounts of
interferon in response to MCMV infection. In-
deed, spleen cells of '9Sr-treated mice do secrete
low amounts ofmacrophage activating factor (A.
Masuda and M. Bennett, Eur. J. Immunol., in
press), and preliminary experiments indicate
that interferon responses to MCMV in vivo and
to concanavalin A in vitro are defective. Another
explanation for the lack of leukocytic infiltration
in livers of infected "9Sr-treated mice is a relative
lack of hemopoiesis in these animals which is
further diminished after virus infection. There
was no hemopoiesis in the bones of '9Sr-treated
mice, and MCMV inhibited splenic hemopoiesis
(Fig. 3). In age control mice splenic hemopoiesis
was also inhibited (Fig. 3), but the bone marrow
cavities showed active hemopoiesis histologi-
cally (data not shown). Although we have cer-
tainly not determined the mechanisms by which
'9Sr weakens genetic resistance to MCMV, fur-
ther analysis of this model may elucidate host
defense functions against this interesting virus.
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