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Abstract. The role of host defense mechanism against murine cytomegalovirus 
(MCMV) infection in mice with severe combined immunodeficiency (SCID) was inves- 
tigated using po1yinosinic:polycytidylic acid (poly I:C) as a nonspecific stimulator of 
the immune system. When administered ip at doses of 3.7 or 15 mg/kg 18 hr prior to 
infection of SClD mice with lo3 or lo4 plaque-forming units of MCMV, poly I:C slgnif- 
icantly increased the animals’ life span. Poly I:C enhanced, in a dose-dependent man- 
ner (0.01-1 mg/kg), the peritoneal natural killer (NK)-cell activity and macrophage 
activity of SClD mice. When SClD mice were pretreated with anti-asialo GM, antibody 
(against NK cells) or anti-Mac, antibody (against macrophages), poly I:C failed to 
stimulate the activity of NK cells and macrophages. lntraperitoneal administration of 
poly I:C also induced both early (2 hr) and late (18 hr) type interferon (IFN) in the 
peritoneal fluid and blood. The IFN-inducing activity of polyl:C was not affected by 
pretreatment of the mice with anti-asialo GM, or anti-Mac, antibody. Poly I:C also 
caused a significant but less pronounced increase in the life span of MCMV-infected 
SClD mice in which the NK cells or macrophages had been depleted by treatment with 
anti-asialo GM, or anti-Mac, antibody, respectively. These results suggest that poly 
I:C-induced interferon as well as activation of NK cell and macrophages contrib- 
ute to the host defense mechanism against MCMV infection in SClD mice. 
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uman cytomegalovirus (HCMV) causes seri- 
ous infections in immunocompromised hosts H such as Acquired Immuno Deficiency Syn- 

drome (AIDS) patients, transplant recipients, and can- 
cer patients under immunosuppressive therapy (1-3). 
In these patients, the lymphocyte, macrophage, and 
natural killer (NK) cell counts decrease, resulting in a 
higher susceptibility to various infectious agents. 
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HCMV also leads to severe clinical manifestations in 
the fetus or neonate (4, 5). Congenitally athymic-nude 
mice, NK cell-defective mice, newborn mice, and ac- 
quired immunosuppressed mice (which have been 
treated with cyclophosphamide) are more susceptible 
to MCMV infection than their heterozygous litter- 
mates or nonimmunosuppressed adult mice (6-9). We 
recently developed a model for MCMV infection in 
severe combined immune deficient (SCID) mice (10). 
This model mimics CMV disease progression in the 
immunocompromised host more closely than the com- 
monly used animal models. Since SCID mice lack 
functional B- and T-cell immunity, it may be useful to 
unravel the nonspecific defense mechanisms of the 
host against MCMV infection. 

A number of immunomodulating substances that 
offer nonspecific protection against a variety of infec- 
tious agents including viruses, bacteria, and fungi have 
been described (1 1-15). One such adjuvant, the dou- 
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ble-stranded (ds) RNA po1yinosinic:polycytidylic acid 
(poly 1:C) is a potent inducer of IFN (16, 17). Modu- 
latory effects of synthetic dsRNA on both humoral and 
cellular immune response have also been reported 
(18). 

Kern et al. (19) have demonstrated that poly I:C 
and poly I:C/poly lysine complex (poly I:C/LC) elicit 
prophylactic activity against MCMV infection in adult 
Swiss Webster mice. Recently, Adams et al. (20) re- 
ported protective activity of polyadeny1ic:polyuridylic 
acid (po1yA:U) against acute MCMV infection in 
BALB/c mice. However, the mechanism by which this 
occurs has not been clarified. In general, NK cells are 
considered to play a key role in the early defense 
mechanism, and cytotoxic T cells in the late defense 
mechanism, against acute MCMV infection (21-24). 

The present study was aimed at investigating the 
early defense mechanism against MCMV infection in 
SCID (BALB/c scidkcid) mice, following treatment of 
these mice with poly1:C. 

Materials and Methods 
Animals. The animals used were 5- to 6-week-old 

SCID mice (BALB/c CB-17 scid/scid inbred strain); 
males and females were used at random. The mice 
were bred at the Rega Institute under germ-free con- 
ditions and were housed under specific pathogen-free 
conditions during the experiments. 

Virus. Stocks of MCMV (ATCC VR 194) were 
prepared from 10% homogenates of salivary glands of 
NMRI mice that had been infected with a sublethal 
dose of MCMV. Virus was titrated on primary murine 
embryo fibroblast cells (MEF) and stored at -80°C 
until used. 

Agents and Antisera. Polyinosinic (poly I) and 
polycytidylic acid (poly C) were obtained from P-L 
Biochemicals Inc. (Milwaukee, WI). Polymerization 
of poly I and poly C (poly 1:C) was carried out accord- 
ing to the method described previously (25). Rabbit 
anti-asialo GM, serum and rat monoclonal anti-Mac, 
antibody were purchased from Wako Chemical Ltd. 
(Osaka, Japan) and Serotec (Oxford, UK), respec- 
tively. 

Determination of Protective Activity Against 
MCMV Infection. Protective activity against MCMV 
was assessed by scoring the survival of the mice (10). 
Poly I:C was administered ip at the doses indicated in 
the tables. Mice were infected 18 hr later with lo3 or 
lo4 plaque-forming units (PFU) of MCMV per 0.2 ml 
Eagle's Minimum Essential Medium (MEM). The 
mice were observed daily and the results are ex- 
pressed as the mean day of death (MDD) 2 standard 
deviation (SD) for five mice per group. 

Determination of NK Cell Activity. Peritoneal 
cells obtained from SCID mice which had been given 
an ip injection of poly I:C 18 hr earlier were incubated 

for 4 hr a t  37°C with [51Cr] (sodium chromate, 
3.7MBq; Amersham, England)-labeled YAC- 1 cells in 
an effector:target ratio of 25: 1 (26). Assays were run in 
triplicate. To determine spontaneous release of radio- 
activity, 100-p1 aliquots of the culture medium were 
added to cultures without effector cells. A complete 
release of the radioactivity was measured by lysing 
target cells alone with 100-p1 aliquots of 0.1% Nonidet 
P40. The radioactivity released in supernatants was 
measured by an autogamma scintillator. The specific 
release of radioactivity (specific lysis) was calculated 
according to the following formula, where cpm are 
counts per minute: specific lysis (%) = [(cpm of tested 
groups - cpm of the spontaneous release/(cpm of the 
complete release - cpm of the spontaneous release)] 
x 100. Results are expressed as mean percent lysis k 
SD of triplicate cultures. 

Determination of Macrophage Activity. Phago- 
cytic activity of macrophages was determined as de- 
scribed in a previous paper (26). Briefly, peritoneal 
cells obtained from SCID mice which had received 
poly I:C ip 18 hr earlier were incubated for 2 hr at a 
concentration of 5 x lo5 cells/well in 24-well plates. 
After washing the wells twice with MEM, nonadherent 
cells were removed and the resulting adherent cells 
were used as macrophage source. ["Crl-labeled and 
antibody-sensitized sheep erythrocytes (["Crl-labeled 
EA) suspended in RPMI-1640 medium containing 10% 
FCS were added to each well (2 x lo7 EA/0.5 ml/well). 
After incubation for 1 hr at 37"C, cells were treated 
with 0.85% ammonium chloride Tris-HCl buffer (pH 
7.6) to lyse [51Cr]-labeled EA attached on the surface 
of macrophages. The radioactivity of [51Cr]-labeled 
EA taken into macrophages was then determined. 
Phagocytic activity is expressed as mean cpm k SD of 
triplicate cultures. 

Determination of IFN-Inducing Activity. IFN- 
Inducing activity was assessed by measuring IFN ti- 
ters in peritoneal fluid and serum, expressed as recip- 
rocals of the highest dilution of peritoneal fluid and 
sera that reduced vesicular stomatitis virus-induced 
cytopathic effect in L-929 cells by 50% as described 
previously (27). Briefly, groups of three SCID mice 
were injected ip with poly I:C at doses ranging from 
0.01 to 10 mg/kg. Peritoneal fluids and blood were 
taken 2 hr and 18 hr after induction. IFN titers are 
expressed as international reference units (IU) using 
standard IFN-dP (kindly donated by Dr. H. Here- 
mans [Rega Institute, Belgium]) and the results are 
represented as the mean of two experiments carried 
out independently. 

Treatment with Antibody. To deplete NK cells 
or macrophages in SCID mice, 0.2 ml of anti-asialo 
GM, (1:30) or anti-Mac, (1:30) antibody was adminis- 
tered ip to the mice (28). One day after treatment with 
antibody, poly I:C (1 mg/kg) was administered. Eigh- 
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teen hours after administration of poly I:C, peritoneal 
NK cell and macrophage activities were determined. 
Protective tests against virus infection were performed 
using mice which had been treated with antibody (48 
hr and 2 hr before infection) and poly I:C (18 hr before 
infection). 

Statistics. All results are expressed as the mean 
-t SD, and differences between control and treated 
groups were evaluated by the two-tailed Student's t 
test. 

0.01 

Results 
Protective Activity of Poly I:C Against MCMV- 

Induced Mortality in SClD Mice. When SCID mice 
were challenged ip with 1 x lo3 PFU or 1 x lo4 PFU 
of MCMV, the mice developed a wasting syndrome 
(with ruffled fur) within 10-11 days (lo3 PFU) or 4-5 
days (lo4 PFU) after infection, and died a few days 
later (mean day of death [MDD]: 16.0 t 0.6 [lo3 PFU] 
and 9.4 k 1.8 [lo4 PFU]) (Table I). The life span of 
MCMV-infected mice was significantly increased 
when they had been treated ip with poly I:C at 3.7 or 
15 mg/kg at 18 hr before virus challenge. No adverse 
effects due to the poly I:C treatment were noted the 
first 10-12 days postinfection. Thereafter the animals 
became sick, however, due to progression of the 
MCMV disease. 

Activation of NK Cell by Poly I:C in SClD Mice. 
NK cells are considered to play a key role in the early 
defense against MCMV infection (22, 24, 29). We in- 
vestigated whether poly I:C enhances the NK cell ac- 
tivity of peritoneal cells in SCID mice. As shown in 
Figure 1 ,  administration of poly I:C (0.01, 0.1, or 1 
mg/kg) significantly increased the NK cell activity. 
Furthermore, when the NK cell pool was depleted by 
in vivo treatment with anti-asialo GM, antibody, poly 
I:C failed to restore NK activity (Fig. 2). However, 
when SCID mice were pretreated with anti-Mac, an- 
tibody (a specific monoclonal antibody to macro- 

* 

Table I. Protective Activity of Poly I:C Against 
MCMV Infection in SClD Mice 

0.1 

Dose Mean day of deathb 
(mg/kg) (MDD ~f: SD) Agenta 

* 

Experiment 1 
Virus control (1 x lo4 PFU) 
P0lyl:C 3.7 17.6 * 3.4' 

15 20.4 2 05' 

9.4 * 1.8 

Experiment 2 
Virus control (1 x lo3 PFU) 
P0lyl:C 15 21.8 2 0.4d 

16.0 * 0.6 
* Poly I:C was administered ip at the indicated doses 18 hr be- 
fore ip infection with 1 x lo3 or 1 x lo4 PFU of MCMV. 
*The results are expressed as the mean day of death (MDD) 2 
standard deviation (SD) for five mice per group. 

P < 0.01, as compared with virus control group (two-tailed 
Student's t test). 

P < 0.001. 

Specific lysis (Mean & SD, %) 

pOIYI:c 0 20 40 60 80 100 

( mg'kg 0 

1 I* I 
Figure 1. Activation of NK-cell activity of SClD mice by poly 1:C. 
Peritoneal NK cells were obtained from SClD mice which had 
been treated ip with the indicated doses of poly 1:C 18 hr before 
the assay (three mice/group). Cytolytic activity of the NK cells 
was assessed based on the radioactivity released from target 
[51Cr]-labeled YAC-1 cells. Results are expressed as mean lysis 
(%) -I SD of triplicate cultures. * P  < 0.001, as compared with the 
peritoneal NK cells from untreated mice (two-tailed Student's t 
test). 

Specific lysis (Mean i SD, %) 

0 20 40 60 80 100 Antibodv Polv I:C I 
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1 1  

- + [ I @ * l  
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Anti-asialo GM, + q J " s  
Anti - Mac, - 

Figure 2. Effect of monoclonal antibodies on activation of NK 
cells by poly I:C in SCID mice. SClD mice were treated ip with 0.2 
ml of anti-asialo GMl (1 :30) or anti-Macl (1 :30) antibody 1 day 
before ip administration of poly 1:C (1 mg/kg) (three mice/group). 
Eighteen hours after administration of poly I:C, peritoneal NK 
cell activity was determined. *P < 0.001 ; ns, not significant, as 
compared with poly I:C-untreated groups (two-tailed Student's 
t-test). 

phages), poly I:C induced stimulation of NK cell ac- 
tivity to a similar extent as in the control. 

Activation of Macrophages by Poly I:C in SClD 
Mice. In addition to NK cells, macrophages play an 
important role in the early defense mechanisms against 
viral infections (26,30,31). Therefore, we investigated 
the activation of macrophages by poly I:C in SCID 
mice. Macrophage activity was assessed by determin- 
ing phagocytic activity of peritoneal macrophages ob- 
tained from SCID mice that had received poly I:C 18 
hr earlier. As shown in Figure 3, poly1:C markedly 
enhanced the phagocytic activity of macrophages in a 
dose-dependent manner (0.01-1 mg/kg). The phago- 
cytic activity of resident macrophages was reduced by 
in vivo treatment with anti-Mac, antibody (Fig. 4). 
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Poly I:C 
( mg/kg 1 

0 

0 .01  

0 . 1  

1 

Phagocytic activity ( Mean 2 SD, ~ IO-~cprn)  Table II. IFN Induction by Poly I:C in SClD Mice 

0 2 4 6 8 
I I 1 I I I 1 I 1 

I* 

1 I 1 I I I I I 1 
Figure 3. Activation of macrophages by poly I:C in SClD mice. 
Peritoneal macrophages were obtained from SClD mice which 
had been treated ip with the indicated doses of poly I:C 18 hr 
before the assay (three mice/group). The macrophages were cul- 
tured for l hr with [51Cr]labeled antibody-sensitized erythrocytes 
(EA). Phagocytic activity is expressed as mean counts/min (cpm) 
2 SD of triplicate cultures. * P  < 0.05; **P < 0.01 ; ***P < 0.001, as 
compared with the macrophages from untreated mice (two- 
tailed Student's t test). 

Phagocytic activity ( Mean f SD. xlO%pm) 
Antibody Poly I:C ,, I\ 

- u  L 4 6 
1 I I I I I '  - - 

- + - - - , I  ** 
,I* Anti-asialo GM, - 

Anti-asialo GM, + 
Anti - Mac, - 
Anti - Mac, + , I n s  

I I I I I 1 1 

Figure 4. Effect of monoclonal antibodies on activation of mac- 
rophages by poly I:C. Peritoneal macrophages were obtained 
from mice that had been treated with monoclonal antibodies 24 
hr before administration of poly I:C (1 mg/kg), and their phago- 
cytic activity was determined 18 hr after administration of poly 
I:C (three mice/group). *P < 0.01 ; **P < 0.001 ; ns, not significant, 
as compared with poly I:C-untreated groups (two-tailed Stu- 
dent's t test). 

Furthermore, treatment of SCID mice with anti-Macl 
antibody abrogated the stimulatory effect of poly I:C 
on the phagocytic activity of macrophages, but did not 
do so after treatment with anti-asialo GM, antibody. 

IFN-Inducing Activity of Poly I:C in SClD Mice. 
IFN plays a role in activating NK cells and macro- 
phages (32, 33). We investigated whether poly I:C in- 
duces IFN in the peritoneal cavity or blood of SCID 
mice. Poly I:C, when administered ip, induced in a 
dose-dependent manner "early-type" IFN (2 hr after 
induction) in peritoneal fluid and serum (Table 11). 
Moreover, poly I:C administered at doses of 1 or 10 
mg/kg induced "late-type" IFN (at 18 hr after admin- 
istration). IFN titers induced by poly I:C were higher 
in peritoneal fluids than in sera. Since both NK cells 

Dose" IFN titer (IUlml)b 

(mg/kg) Peritoneal fluid Serum 

2 hr 18 hr 2 hr 18 hr 

0 <43 <25 <43 <25 
0.01 300 - <43 - 
0.1 330 <25 160 38 
1 660 300 190 70 
10 800 300 800 70 

a Poly I:C was injected ip and peritoneal fluid and serum were 
taken at 2 hr and 18 hr after induction. 
* IFN titers of samples were assayed in L-929 cells with vesicular 
stomatitis virus as the challenge virus. The results represent the 
mean for two independent experiments (three mice per group). 

and macrophages can produce IFN, we next investi- 
gated whether poly I:C is able to induce IFN in SCID 
mice in which either NK cells or macrophages had 
been depleted by antibody treatment. Poly I:C was 
found to induce both peritoneal and serum IFN, at 2 hr 
after administration, in either NK cell- or macrophage- 
depleted SCID mice (Table 111). 

Protective Activity of Poly I:C Against MCMV- 
Induced Mortality in NK Cell- and Macrophage- 
Depleted SClD Mice. We next investigated whether 
administration of poly I:C could increase the life span 
of MCMV-infected SCID mice in which NK cells or 
macrophages had been depleted by treatment with an- 
tibodies to these cells (Table IV). Poly I:C significantly 
delayed MCMV-induced mortality in either NK cell- 
or macrophage-depleted SCID mice. However, pro- 
tective effect was less pronounced in anti-asialo GM, 
antibody-treated (NK-defective) SCID mice (34% in- 
crease in life span) or anti-Mac, antibody-treated 
(macrophage-defective) SCID mice (73% increase in 
life span), as compared with mice that had not been 
pretreated with antibodies (92%), suggesting that NK 
cells may be somewhat more important than macro- 
phages in the early defense mechanisms induced by 
poly I:C against MCMV infection in SCID mice. 

Table 111. IFN Induction by Poly I:C in SClD Mice 
Treated with Anti-Asialo GM, or 

Anti-MAC, Antibody 

Poly I:Cb IFN titer (IUlml)" 

(l mglkg) Peritoneal fluid Serum 
Anti body" 

- + 800 400 
Anti-asialo GM, + 800 800 
Anti-Mac, + 800 800 
a Anti-asialo GM, (1 :30) or anti-Mac, (1 :30) antibody (0.2 ml) 
were injected ip. 
* Poly I:C (1 mg/kg) was injected ip 1 day after administration of 
the antibody. 

IFN titers in peritoneal fluid and serum were determined at 2 hr 
after injection of poly I:C. 
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Table IV. Protective Activity of Poly I:C Against 
MCMV in SClD Mice Treated with Anti-Asialo GM, 

or Anti-Mac, Antibody 

Mean day Increase in 
Anti body” ‘ I C b  of deathC life spand 

(%I ( lo mg’kg) (MDD k SD) 

- - 10.0 k 1.8 - 
+ 19.2 5 1.5* 92 - 

Anti-asialo GM, - 9.4 k 0.5 - 
Anti-asialo GM, + 12.6 5 1.2‘ 34 
Anti-Mac, - 9.0 k 0.9 - 
Anti-Mac, + 15.6 k 1 .g9 73 
a SClD mice were treated ip with 0.2 ml of anti-asialo GM1 (1 :30) 
or anti-Macl (1 :30) antibody at 48 and 2 hr before ip challenge 
with 103.5 PFU of MCMV. 

Poly I:C (10 mg/kg) was administered ip at 18 hr before infec- 
tion. 

See footnotes to Table I. 
The percent increase of life span was determined for each poly 

I:C-treated group in comparison with the corresponding un- 
treated group (no antibody, anti-asialo GMl, or anti-Mac,, re- 
spec t i ve I y ). 
* P < 0.001 (two-tailed Student’s t test). ‘ P < 0.05. 
9 P < 0.01. 

Discussion 

A variety of cell types and mechanisms (i.e., NK 
cells, macrophages , antibody-dependent cell-mediated 
cytotoxicity (ADCC), cytotoxic T cells and antibodies) 
probably cooperate in the host defense to acute 
MCMV infections (22). NK cells are considered to 
play a key role in the early defense mechanisms 
against acute MCMV infection, and cytotoxic T cells 
in the late defense mechanisms (22). Our aim was to 
elucidate the early defense mechanism against MCMV 
infection in mice that do not have B- and T-cell re- 
sponses (i.e., SCID mice). We assumed that through 
the specific suppression of NK cell or macrophage ac- 
tivity in these T and B cell-deficient mice, together 
with the enhancement of the immune response by 
means of poly I:C, we would be able to further dissect 
the early host-cell response against MCMV infection. 
We demonstrated that poly I:C enhances both NK cell 
activity and macrophage activity in SCID mice. Mono- 
clonal antibodies against NK cells or macrophages 
abolished this stimulatory effect, since poly I:C was 
unable to boost NK cell or macrophage activity in 
SCID mice in which these cells had been depleted by 
antibody treatment. 

IFN is recognized as an important factor in the 
host defense mechanisms, and is also well-known to 
play a role in the activation of NK cells and macro- 
phages (33). Poly I:C induces both “early-type” and 
“late-type” IFN in the peritoneal cavity and blood of 
SCID mice (Table 11). “Early-type” IFN is usually 
produced by macrophages and fibroblasts (some 2 hr 
after treatment with the inducer), whereas B cells and 

other leukocytes release a “late-type” IFN (some 16 
and 18 hr later) (27, 36). In NK cells of immunocom- 
petent mice poly I:C induces IFN-y, and in macro- 
phages it induces IFN-a and IFN-P (37-39). We found 
that poly I:C is still able to induce IFN in NK cell- or 
macrophage-depleted SCID mice. 

Since the stimulation of “early-type” IFN by poly 
I:C is much more prominent than that of the “late- 
type”, it is assumed that the “early-type” IFN effi- 
ciently activates NK cells and macrophages to become 
functional in the early defense of the viral infection. 
Kern et al. (19) reported that poly I:C and poly I:C/LC 
protect 6-week-old Swiss Webster mice against a le- 
thal MCMV infection when administered 6 to 18 hr 
before virus challenge. We demonstrate here that 
poly1:C at doses of 3.7 or 15 mg/kg causes a significant 
increase in the life span of MCMV-infected SCID mice 
when administered ip at 18 hr before virus challenge. 
If, however, the administration of poly I:C was de- 
layed until 5 days after infection, it was no longer able 
to increase the animals’ life span (data not shown). 

We recently reported that a synthetic lipid A ana- 
logue GLA-60 completely protects NK cell-defective 
beige mice against MCMV-induced mortality, whereas 
it increases the life span of nude and SCID mice with- 
out protecting them from MCMV-induced lethality 
(3 1). We suggested that macrophages, together with 
functional B and T cells, are essential in the host de- 
fense induced by GLA-60 against MCMV infection. 
Lipid A analogues differ from poly I:C in that (i) lipid 
A analogues have stronger macrophage-stimulating ef- 
fect than poly I:C, and (ii) poly I:C is superior to lipid 
A analogues as IFN inducer and NK-cell stimulator 
(26, 27, 30, 31). 

In conclusion, poly I:C was found to induce IFN 
in the peritoneal cavity and blood of SCID mice, and 
poly 1:C-induced IFN enhanced both NK-cell and 
macrophage activities, thus resulting in a significant 
increase in the life span of MCMV-infected SCID 
mice. Both NK cells and macrophages appear to con- 
tribute to the nonspecific defense of SCID mice 
against MCMV infection. 
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