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1. INTRODUCTION 

Infection with mouse hepatitis virus strain 3 (MHV-3) results in lethal 
hepatitis in BALB/c mice, compared to the minimal disease observed in AlJ 
mice (Levy, Leibowitz, and Edgington, 1981). The response of the 
macrophage to MHV infection is a key determinant of the outcome of MHV
induced hepatitis (Levy, Leibowitz, and Edgington, 1981; Shif and Bang, 
1969). We have previously shown that infection of AlJ macrophages with 
MHV -3 triggers apoptosis in most of the infected cells (Belyavskyi et ai., 
1998). In contrast, infection ofBALB/c macrophages results in only a small 
percentage of the cells undergoing apoptosis. In this report we have utilized 
caspase inhibitors to investigate the hypothesis that the rapid induction of 
apoptosis in macrophages derived from AlJ mice limits MHV replication 
and hepatic injury during MHV infection. 
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2. MATERIALS AND METHODS 

2.1 Virus and Cells 

Stocks of MHV-3 were grown as described (Levy, Leibowitz, and 
Edgington, 1981). Peritoneal macrophages were harvested from 8-10 week 
old mice and put into culture and infected with MHV-3 (MOI=l) as 
described (Belyavskyi et al., 1998). At various times post infection (pj.) 
cells were fixed for TUNEL staining, frozen for viral titration, or harvested 
for DNA fragmentation assays. 

2.2 TUNEL assay 

Macrophages from AlJ mice were plated on Lab-Tek Chamber Slides 
(3.3x105 cells/well), mock or MHV-3 -infected, and fixed at various times 
after infection. TUNEL assays were performed as described (Belyavskyi et 
al., 1998). 

2.3 DNA laddering 

At 12 hpj. DNA was extracted from 3.2 x106 mock-infected and MHV-3 
infected macrophages as described (Hsu et al., 1999). Samples were 
analyzed agarose gel electrophoresis and Syber Gold (Molecular Probes) 
staining. 

2.4 Caspase Inhibitors 

Caspase inhibitors were purchased from Ca1biochem and Enzyme 
Research. Stock solutions of inhibitors were prepared in 20 mM DMSO in 
PBS. 

2.5 Mice 

Strain AlJ mice were obtained from Jackson Labs and allowed to rest for 
at least 3 days following shipping. For in vivo experiments, 6 week old mice 
were injected intraperitoneally (lP) with either 333 /lg of the pan-caspase 
inhibitor Z-V AD-FMK or with vehicle alone. Fours hours later both groups 
of mice were infected with 106 PFU of MHV -3 by IP injection. Mice in the 
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Z-VAD-FMK treated group were given also given 333 Ilg Z-VAD-FMK at 
24 and 48 h p.i. Mice in the control group received 20 mM DMSO in PBS at 
these times. Groups of 3 mice were sacrificed at 1,2 and 3 days pj. and 
portions of their livers were prepared for histological examination and virus 
titration. 

3. RESULTS 

To determine if the induction of apoptosis during MHV -3 infection of 
AlJ macrophages limits virus replication and spread, we employed the 
caspase inhibitor Ac-YV AD-F AOM. This inhibitor is relatively specific for 
caspase-l, although it also inhibits caspase-4 with lesser effectiveness 
(Margolin et al., 1997). Ac-YV AD-F AOM reduced the number of TUNEL 
positive macrophages; 80%-90% inhibition of apoptosis was achieved at 200 
Ilg/ml (Figure 1). Cultures treated with the caspase inhibitor underwent 
extensive cell fusion, an event not observed in MHV -infected AlJ 
macrophages in the absence of inhibitor. A different inhibitor of caspase-l, 
Z-YV AD-FMK, also inhibited MHV induced apoptosis as did the caspase-3 
inhibitor Z-DEVD-FMK (not shown). Treatment of MHV-3 infected 
cultures with Ac-YV AD-FAOM, resulted in a 35-fold increase in viral yield 
(Table 1) and approximated levels reached during MHV-3 infection of 
BALB/c macrophages. Thus blocking the induction of apoptosis with a 
caspase inhibitor appeared to allow MHV -3 to replicate to similar levels in 
AlJ derived macrophages as that observed during infection of BALB/c 
macrophages. 

Figure 1. Effect of AC-YVAD-FAOM on MHV-3 infection. NJ macrophages were infected 
with MHV-3 and incubated with 200 I!g/ml of drug (8) or with vehicle (A) until 10 h p.i. 
when they were stained by the TUNEL method. Arrows indicate brightly fluorescent TUNEL 
positive cells. 
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Table 1. Enhancement ofMHV-3 replication by Ac-YVAD-FAOMt 

Time (p.i.) Control IOOIlg/ml Inhibitor 

8h 5.0 x 103 1.0 X 104 

IOh 2.0 x 104 1.0 X 105 

12h 1.0 x 105 2.0 X 106 

200Ilg/ml Inhibitor 

2.0 X 106 

2.2 X 105 

3.5 X 106 

tResults are shown as pfu/ml. Caspase inhibitor was added to culture following infection 
with MHV-3 and was present in the cultures for the entire infection. 

To explore the role of apoptosis in restricting MHV -3 infection in vivo, 
we administered the pan-caspase inhibitor Z-V AD-FMK to AlJ mice, and 
infected the mice with MHV-3. Mice were sacrificed at 1,2, and 3 days post 
infection. Treatment with Z-FAD-FMK lead to a 3-fold increase in virus 
present in the liver relative to control mice as early as day!, a 4.5-fold 
increase by day 2, and a 9-fold increase by day 3 (Table 2). Mice treated 
with caspase inhibitor also had more extensive pathologic changes. At day 3 
(Figure 2) livers from Z-V AD-FMK treated mice contained many easily 
identified foci of necrotic hepatocytes. Livers from mice which did not 
receive Z-V AD-FMK contained rare very small foci of necrotic hepatocytes, 
consistent with the hypothesis that rapid apoptosis may contribute to the 
resistance of AlJ mice to fulminant MHV-3 induced hepatitis. 

Figure 2. The effect of Z-V AD-FMK on MHV -3 infection. Ail mice were treated with either 
Z-V AD-FMK (8) or vehicle (A) for 3 days, sacrificed and histologic sections prepared. The 
asterisk indicates a focus of hepatocellular necrosis. 

Table 2. In vivo enhancement of MHV -3 replication by Z-V AD-FMK 
Treatment 

Vehicle Alone 
Z-VAD-FMK 

I Day P.1. 

tResults are shown as pfu/gram of liver. 

Virus Recoveredt 
2 Days P.I. 3 Days P.I. 



Julian L. Leibowitz and Elena Belyavskaya 113 

4. DISCUSSION 

Destruction of virus-infected cells by programmed cell death is an 
important mechanism for limiting viral replication and spread (Teodoro and 
Branton, 1997). However, this is not uniformly the case. Inhibition of 
apoptosis during infection with Sindbis decreased viral yields (Levine et al., 
1993). We have shown that inhibition of apoptosis during MHV-3 infection 
of AlJ macrophages increased yields and enhanced spread of the infection to 
adjacent cells by cell fusion. This contrasts with previously reported results 
in fibroblasts (An et al., 1999). In these cells MHV triggered apoptosis 
occurred late in infection, after peak viral titers had been achieved. Thus 
inhibiting apoptosis had little effect on virus yield. During MHV infection of 
AlJ macrophages apoptosis can be detected by 8 hpj. (Belyavskyi et al., 
1998), long before peak viral yields are obtained. The difference in timing 
between the onset of apoptosis and peak viral yields in these cell types likely 
accounts for the different results in these studies. 

The pathways by which MHV infection triggers apoptosis are currently 
unknown. Our data implicates capases-1 and -3. Caspase-3 is activated 
during the execution phase of apoptosis, thus it is not surprising that 
inhibitors of caspase-3 (An et al., 1999) block MHV triggered apoptosis. 
Caspase-1 takes part in apoptosis triggered via the TNFR family of receptors 
(Thome et al., 1998), suggesting that these pathways play a role in MHV 
triggered apoptosis. 

The induction of apoptosis in macrophages derived from strain AlJ mice 
contributes to resistance of this strain of mice to MHV -3 induced hepatitis. 
Although the extent of viral replication in AlJ mice was considerable, the 
titer achieved was less and the kinetics slower than in susceptible BALB/c 
mice (Dindzans et ai., 1985). Administration of Z-V AD-FMK to MHV-3 
infected AlJ mice increased hepatic viral loads to levels comparable to those 
observed in BALB/c mice and increased the number and size of lesions. 
Virus spread from infected macrophages and Kupffer cells to hepatocytes 
may be limited in AlJ mice by the failure of infected macrophages to form 
syncytia, as well as by the relatively modest amount of virus produced in 
these cells. The induction of apoptosis in macrophages may have an 
additional protective effect. BALB/c macrophages elaborate fgl2 
prothrombinase and TNF-a in response to MHV-3 infection (Pope et al., 
1995) which contribute to hepatic injury in this model. This suggests the 
possibility that in AlJ macrophages, the rapid development of apoptosis 
during MHV -3 infection prevents the expression of the fgl2 prothrombinase 
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protein which results in fibrin deposition and hepatic necrosis in BALB/c 
mice (MacPhee et al., 1985). Our data is consistent with this model, and 
thus apoptosis could represent a mechanism of eliminating cells expressing a 
host gene which is potentially harmful to the survival of the organism. 
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