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Both IL-12 and IFN-y have  been  implicated as principal inducers of type 1 immune  responses required for  the elimination of 
intracellular pathogens,  such  as  viruses. We examined  the in vivo  antiviral role of  both  cytokines  during  coronavirus-induced 
hepatitis in a mouse  hepatitis  virus (MHV) mode\.  The  absence of IFN-y function in mice with a  targeted  disruption of the 
IFN-yR a-chain gene (IFN-yR -/-) resulted in increased  susceptibility to  coronaviral  hepatitis  associated with augmented viral 
replication  and  increased  hepatocellular  injury. The mutant  mice showed a  type  1  lymphokine  response characterized by the 
normal high IFN-y and low IL-4 production. Unlike MHV-infected wild-type  mice,  however,  the  mutant IFN-yR -/- mice 
showed  no  increase in IL-12 p40 gene  expression,  similar to that in naive  animals.  11-12 treatment  failed  to restore  host 
resistance in IFN-yR -/- mice, but significantly protected  MHV-susceptible C5761/6 mice  against lethal  infection,  although 
less  than IFN-y treatment. Mice protected by IL-12 or IFN-y showed  resistance  against an otherwise lethal second MHV 
infection. Our data  demonstrate  that  despite  reduced IL-12 gene  expression  and  defective IFN-yR function,  virus-induced IFN-y 
production can  occur.  Furthermore,  they  emphasize  the  pivotal  antiviral  role  of IFN-y in protection against  acute  coronavirus- 
induced  hepatitis.  The Journal of Immunology, 1996, 157: 815-821. 

I mmunity to viruses and  other intracellular pathogens is  as- 
cribed to type 1 immune responses that  are characterized by 
IFN-y production (1). Especially early IL-12 production is 

implicated in the promotion of type 1 cytokine responses, since  it 
augments the proliferative and cytolytic activities of NK and T 
cells and their capacity to produce EN-y. TL-12 is, therefore, con- 
sidered to be a therapeutic agent against intracellular pathogens, 
including HIV and  other viruses, and is currently being tested in 
phase I trials (2),  although  little is known about its antiviral activity 
in vivo. No beneficial effect of IL-12  was  demonstrated in mice 
infected with influenza virus, encephalomyocarditis virus, or re- 
spiratory syncytial virus (3) .  During experimental LCMV’ infec- 
tion, administration of low doses of IL-12 enhanced CD8+ T cell 
activity and reduced viral replication, while high  doses  were det- 
rimental to LCMV resistance due  to reduction of CTL activity and 
high TNF-mediated toxicity (4, 5).  

A variety of viruses, including  lactate dehydrogenase-elevating 
virus, mouse adenovirus, and mouse hepatitis virus, when inocu- 
lated  into  mice induced transient in vivo IL-12 p40 gene expres- 
sion, predominantly in macrophages (6). According to the prevail- 
ing view, IL-I2 synthesis precedes IFN-y production; recently, 
however,  it  has been suggested that IFN-y is required for IL-12 
production, since macrophages of IFN-yR-deficient mice fail to 
produce 1L-12 after infection with Mycobacterium (7). 
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In the present study, we examined the in vivo antiviral activity 
and immunomodulatory function of IL-12 and IFN-y in an exper- 
imental mouse model of coronavirus-induced acute hepatitis. 
Mouse hepatitis virus strain A-59 (MHV-A59) when injected i.p. 
is mainly hepatotropic and causes lytic infections of liver cells. 
Immunity to hepatotropic MHV-A59 infection is associated with 
MHC class 11-restricted, IFN-y-producing CTLs that can confer 
protection to acutely infected mice upon adoptive transfer: as a 
result, viral titers in the liver are reduced (8). No evidence was 
found for activation of class I-restricted CTL (8). 

We demonstrate that mutant mice with blocked iFN-yR signal- 
ing due  to a targeted IFN--yR gene exhibit increased susceptibility 
to acute coronavirus-induced hepatitis associated with impaired 
IL-12 p40 gene expression. Remarkably, these mice produce a 
normal type 1 lymphokine profile. Treatment with rIL-12  fails to 
compensate  for the IFW-yR gene deletion, but significantly stim- 
ulates protective immunity in normal C57BL/6 mice. 

Materials and Methods 
Mice 

The  mutant (129/Sv/Ev) mouse strain deficient in IFN-yR a-chain 
(IFN-yR - I - ) ,  generated by gene targeting in murine embryonic stem 
cells (9>, was kindly provided by Dr. M. Aguet (Genentech, Inc., South  San 
Francisco, C,4). These  mice  develop a normal immune response, possess 
IFN-y-independent macrophage and NK cell activities, and constitutively 
express MHC Ag. However, they lack a functional IFN-)I system (10). In 
these experiments we used IFN-yR -1- mice, wild-type 129/Sv/Ev mice, 
or C57BU6 mice of both sexes (bred at the breeding facilities of  the Cen- 
tral Animal Laboratory, Utrecht). For each experiment the groups of mice 
were matched for sex and age  as much as possible. All animals were 
housed in filter-top cages. The animal experiments had been approved by 
the institutional animal welfare committee. 

Virus 

MHV (strain A-591, a virulent hepatotropic strain, was propagated on 
Sac(-)  cells  and  virus stocks were prepared as described previously (1 1). 
When the virus is injected i.p., the disease susceptibility of inbred mouse 
strains varies; preliminary experiments revealed that a dose of IO5 PFU 
causes mortality among 80% of BALB/c mice, while C57BL/6 mice are 
unaffected. A dose of lo6 PEW kills all BALEIc mice and 80 to 90% of 
C57BL/6 mice. A dose  of lo7 induces disease and mortality in only 15% 

0022-1 767/96/$02.00 



81 6 

of 129/Sv/Ev mice. Inactivated virus was prepared by  UV irradiation for 
15 min. 

Cytokines 

Murine rIL-12 (lot MRB 021893-3.2) was kindly provided by Dr. S. Wolf 
(Genetics Institute, Inc., Cambridge, MA). It was expressed from cloned 
cDNAs and had a sp. act. of  5.5 X 10‘ U/mg. Endotoxin contamination, as 
measured in the Limulus amebocyte assay, ranged from 11.4 to 22.7 en- 
dotoxin unitdmg IL-12. Rat rIFN-y (4 X IO6 U/mg), which displays ac- 
tivity in both rats and mice (12), was kindly provided by Dr. P. H .  Van der 
Meide  (ITRI-TNO, Rijswijk, The Netherlands). Either 0.1 to 1 pg (is.,  
0.55-5.5 X lo3 U) IL-12 or 0.25 to 2.5 pg (ix., 103”104 U) IFN-y/mouse 
as a dilution in 500 p1 of PBS was injected at the indicated time points. The 
choice of these cytokine doses and regimens was based on previous studies 
reporting in vivo antiviral activity of IL-12 (4) and IFN-y  (13) in other 
model systems. 

Experimental protocol 

On day 0, groups of 6 to 10 mice were infected i.p. with virulent MHV- 
A59. In susceptible mice, this infection causes a rapidly progressing acute 
hepatitis leading to illness (hypomotility, hunchback, and turned fur)  after 
4 to 5 days, followed by death of the animal generally within 7 to I O  days. 
The severity of the disease varies with the virus inoculum dose, genetic 
background, age, and immune status of the host. On day 1 or 4 postinfec- 
tion, before the onset of symptoms, the spleens were removed, and spleno- 
cyte  single cell suspensions were tested for cytokine and nitrite production, 
On days 1 and 5 postinfection, the livers of infected mice were removed 
and homogenized (lo%, w/v) in DMEM containing 10% FCS; superna- 
tants were assayed for infectious virus after low speed centrifugation. At 
designated time points after infection, the livers and spleens were removed, 
flash-frozen in liquid nitrogen or embedded in paraffin, and analyzed im- 
munohistochemically for viral Ag expression. Other groups of mice were 
monitored daily for clinical symptoms and mortality. They were bled from 
the metro-orbital plexus on day 4. Their sera were analyzed biochemically 
for determination of hepatocellular injury by examining serum aspartate 
aminotransferase (AST) or serum alanine aminotransferase (ALT) activity. 

Infectivity assay 

MHV infectivity titers in liver homogenates were determined on mono- 
layers of L cells using an end-point titration of  IO-fold diluted tissue ho- 
mogenate ( IO%,  w / ~ )  supernatants. After 24-h incubation, the cell layers 
were stained with 0.1% crystal violet in 1% formaldehyde. Titers are ex- 
pressed as PFU per gram of tissue. 

Immunohistology 

To block endogenous peroxidase activity, cryostat sections ( 5  pm) were 
fixed for 10 min in acetone containing  0.5% H,O,, while paraffin section 
were incubated in methanol containing 0.5% H,O,. Sections were exam- 
ined for the presence of viral Ag. The  slides were washed and incubated for 
2 h with polyclonal rabbit anti-MHV (K134) (14) diluted in PBS contain- 
ing 0.1% BSA. After washing, they were incubated for 1 h with secondary 
anti-rabbit peroxidase conjugate diluted in PBS containing 0.1% BSA. All 
washes were performed with PBS. Peroxidase activity was visualized by 
using 0.003% H,O, and 0.5% 3,3’-diaminobenzidine in 0.05 M Tris-HCI 
buffer, pH 8.3. All incubations were conducted at room temperature. Other 
sections were counterstained with hematoxylin-eosin. The preparations 
were rinsed in tap water and mounted in Aquamount, BDH Laboratory 
Supplies, Poole, England. 

In  vitro analysis of  lymphokine  and NO,- production 

For the  analysis of cytokine production, splenocytes (1.5 X lo6 cellsfml) 
were cultured in 24-well plates (Nunc, Breda, The Netherlands) and stim- 
ulated with MHV Ag (antigenic mass of 5 X lo5 PFU MHV, UV inacti- 
vated) or Con A (5 pg/ml). Supernatants of stimulated cultures were har- 
vested at  48 h and stored at  -20°C until use. IFN-y and 1L-4 were 
measured by two-site ELISA (Holland Biotechnology, Leiden, The Neth- 
erlands;  and PharMingen, San Diego, CA) using standard curves estab- 
lished with known amounts of murine rIFN-y (kindly provided by Dr. H. 
Heremans, Leuven, Belgium) and rIL-4 (Genzyme Corp., Cambridge. 
MA). NO,- was measured as previously described (15). 

Semiquantitative RT-PCR analysis of  cytokine rnRNAs 

Total  cellular  RNA was extracted from 2 X IO6 splenocytes obtained 24 h 
after infection, The mRNA was reverse transcribed with Moloney murine 
leukemia virus reverse transcriptase using oligo(dt) primers. To calibrate 
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FIGURE 1. Increased  susceptibility of IFN-yR -/- mice to MHV in- 
fection.  Ten-week-old IFN-yR -/- mice  (open  squares;  five  female 
and  six  male  animals)  and  age-matched  wild-type 129/Sv/Ev mice 
(closed  squares;  eight  female  and four male  animals)  were i.p. infected 
with 10’ PFU MHVimouse. Survival was monitored  daily. 

the input cDNA of each sample, the cDNAs were  first  amplified  by PCR with 
primers specific  for  /3-actin: sense, 5’-TGGAATCCTGTGGCATCCATGAA 
AC-3’;  and antisense, S’-TAAAACGCAGTCAGTAACAGTCCG-3’. For 
subsequent amplification  with cytokine-specific primers, we  used  the follow- 
ing primers specific for IL-12 p40 sense, 5’-TCACCTGTGACACGCCTGA 
AG-3‘; and antisense, 5’-GATGTCCCTGATGAAGAAGC-3’; for IL-12 p35: 
sense, S‘-CAGTGCCGGCTCAGCATGTG-3‘; and antisense, 5”ATGAAGA 
AGTATGCAGAGCTT-3’; for ET-1: sense, 5‘-AGCGGCTGACTGAACT 
CAGA’ITGTAG-3’; and antisense, 5‘-GTCACAGTTITCAGCTGTATAG 
GG-3’; or for L-4 sense, S‘-CGAAGAACACCACAGAGAGTGAGCT-3’; 
and antisense, 5’-GACTCA’ITCATGGTGCAGClTATCG-3’. In most cases, 
30 cycles of denaturation (95”C), annealing (60”C), and elongation (72°C) 
were performed in a thermocycler (Perkin-Elmer, Nonvalk, CT). The products 
were separated and  visualized  by electrophoresis in ethidium bromide-stained 
1.5% agarose gels. The identity  of the PCR products of appropriate length was 
confirmed by cycle sequencing using dye-labeled terminators (Amersham In- 
ternational, Buckinghamshire, U.K.). 

Analysis of hepatocellular injury 

For biochemical assessment of liver injury, the sera of infected animals 
were analyzed by  an enzymatic rate method to quantitatively determine 
AST activity (Synchron CX system, Beckman Instruments, Brea,  CA) or 
ALT activity (Sopar-Biochem, Brussels, Belgium); both are enzyme mark- 
ers for hepatocellular necrosis. 

Statistical analysis 

Evaluation of statistical differences between data obtained from mutant and 
wild-type mice and from differently treated groups of mice was performed 
using the Wilcoxon-Mann-Whitney test. 

Results 
Pathogenesis of acute MHV infection  in IFN-yR -/- mice 

To assess the importance of IFN-y function for  the susceptibility to 
acute MHV infection, wild-type and IFN-yR -I- mice were in- 
oculated i.p. with lo7 PFU. In the mutant mice, host resistance was 
strongly impaired, with only 1 of the 11 IFN-yR -1- mice sur- 
viving (Fig. 1). In contrast, wild-type 129/Sv/Ev mice were rela- 
tively resistant, exhibiting symptoms and mortality in only 2 of 12 
infected animals. 

In a subsequent experiment, four IFN-yR -J- and four 1291SviEv 
mice were infected, and after 4 days, liver and spleens were  removed 
and examined histologically. At this  point in time, one of the mutant 
animals  already exhibited clinical symptoms. Immunohistologic ex- 
amination  revealed a marked  increase in the  number  and size of foci 
of virus  Ag-positive cells in the livers of IFN-yR -1- mice (Fig. 2). 
Similarly, increased numbers of viral  Ag-positive cells were noted  in 
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FIGURE 2. Immunohistologic  evidence  for  increased MHV replica- 
tion in IFN-yR -/- mice.  Shown  are  representative  cryostat  sections of 
livers  isolated  from 11 -wk-old  IFN-yR -/- mice ( A )  and age-matched 
wild-type  mice (6) on day 4 post-MHV  infection,  stained  with MHV 
specific Ab kl34.  Sections  from  noninfected  mice  showed  no  staining 
(not  shown).  Magnification,  X235. 

the  spleens  of  the  mutant  mice  (not  shown). On day 4, virus  titers in 
the  liver  were  also  significantly  increased ( p  = 0.047). approximately 
1000-fold in the mutant mice  (Fig. 3). Biochemical  assessment  of 
liver  disease  revealed  increased  serum  AST  activities in the  mutant 
mice  (Fig.  4). 

These  data  indicate  that  physiologic IFN-y is essential for the 
control of  an acute MHV infection. 

MHV-infected IFN-yR -/- mice  generate  an  antiviral  type 1 
lymphokine response 

The necessity for IFN-y to  generate Thl-like responses  is  contro- 
versial. We  and others  have  recently  shown  that  IFN-yR -1- mice 
infected with pseudorabies  virus (16) or Leishmania major (17) 
produce an  Ag-specific  type I cytokine  response. We, therefore, 
determined  whether  the  exacerbated  viral  hepatitis  associated with 
defective  IFN-yR  function  had  resulted  from  alterations in lym- 
phokine  profiles.  IFN-yR -/- mice  showed  no  differences in 
IFN-y or IL-4  gene  expression in splenocytes  isolated  24 h after 
infection when examined by semiquantitative RT-PCR (not 
shown).  Similarly,  ex  vivo  cultured  splenocytes of  both  normal 
and  IFN-yR -/- mice  isolated 4 days  after  infection  and  restim- 
ulated  with  MHV  Ag or Con A produced  high  levels  of IFN-y and 
low  amounts of IL-4  (Fig. 5). These data show  that  the  increased 
susceptibility of  IFN-yR -/- mice  cannot  be  explained by  an 
altered  lymphokine  profile. 

Day 1 Day 5 

FIGURE 3. Increased  replication of MHV in IFN-yR -/- mice.  Elev- 
en-week-old  IFN-yR -/- mice  (hatched  bars;  eight  male  animals)  and 
age-matched  wild-type  129/Sv/Ev  mice  (closed  bars;  three  female and 
six  male animals)  were  i.p.  infected  with lo7 PFU MHV/mouse. 
Groups of four  animals  were  killed  on  day 1 or 4 after  infection. 
Mean  infectivity  titers of the livers are given  as PFU per gram of 
tissue 2 SEM. An asterisk indicates  significant  difference vs the con- 
trol  group ( p  = 0.04). 

Day 0 Day 5 

FIGURE 4. Increased  hepatocellular injury in MHV-infected  IFN-yR 
-/- mice.  Ten-week-old IFN-yR -/- mice  (hatched  bars;  three  fe- 
male and two male  animals) and age-matched  wild-type  129/Sv/Ev 
mice  (closed  bars; two female  and  three  male  animals)  were i.p. in- 
fected  with lo7 PFU MHV/mouse.  Groups  of  five  animals  were  bled 
from  the  retro-orbital  plexus  on day 0 and 5 after  infection, and their 
sera  were  analyzed  for AST activity.  Mean  values  are  given  as  units  per 
liter 2 SEM. 

Lack  of IL-12  production  in MHV-infected IFN-yR -/- mice 

Time-course  analyses  revealed  that  MHV-A59  induces  transient 
IL- 12 p40 gene  expression in normal  129/Sv/Ev  mice  only 18 to 
24 h after  infection,  while  p35  mRNA  levels  remain  unaltered (6). 
Remarkably,  macrophages  from  IFN-y-receptor  deficient  mice  fail 
to  produce  IL-12  after  mycobacterial  stimulation (7). We  hypoth- 
esized  that  the  increased  susceptibility  to MHV infection in the 
absence of IFN-y  function  resulted  from  the  impaired  production 
of  IL-12. To examine in  vivo  IL-12  induction  by  MHV,  we iso- 
lated  splenocytes  24 h postinfection  and  analyzed  mRNA  encoding 
the  IL-12 p40 chain by semiquantitative  RT-PCR.  Indeed,  while 
IL-12 p40 mRNA  was  readily detected in  MHV-infected  wild-type 
mice  24 h after  infection,  minimal  IL-12  gene  expression  was 
noted in splenocytes  isolated  from  infected  IFN-yR -/- mice, 
similar to  that in  uninfected  mice  (Fig. 6). This  finding  indicates 
reduced  IL-12  synthesis in MHV-infected  IFN-yR -/- mice. 

Effect of IL-12 on MHV infection 

IL-12  is a powerful  inducer of IFN-y and  stimulates NK and T 
cells, both antiviral  effector  cells. We, therefore,  investigated  the 
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FIGURE 5. In vitro  cytokine  production  by 
wild-type (stippled  bars)  and  IFN-yR -/- 
splenocytes  (hatched  bars)  after  stimulation 
with MHV Ag (an antigenic mass of  5 X 10’ 
PFU MHV,  UV inactivated)  or Con A (5 pg/ 
ml). Splenocytes  isolated  from 10-wk-old fe- 
male naive and MHV-infected mice inocu- 
lated  4  days  previously with 10’ PFU MHV- 
A59 were cultured,  and  their  supernatants 
were harvested  at 48 h  for determination of 
IFN-y and IL-4 by  ELISA. Mean cytokine  con- 
centrations % SEM in  cultures  of two individ- 
ual mice are  shown. 
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FIGURE 6. IL-12 p40 mRNA expression in splenocytes  of individual 
MHV-infected wild-type 8-wk-old female  129/Sv/Ev mice (lanes 1 and 
2) ,  age-matched  female  IFN-yR -/- mice (lanes 3 and 4), and  non- 
infected  female 8-wk-old C57BV6 mice (lanes 5and 6). Total cellular 
RNA was  extracted  from 2 X lo6 splenocytes/mouse  isolated 24 h 
after  infection.  The  RNA  was  reverse  transcribed  and amplified by PCR 
with primers  specific  for IL-12 p40 and p-actin. Lane M, DNA m.w. 
marker (A Psd digest,  15-1 4,057 bp). Note the  presence  of  IL-12 p40 
mRNA in infected wild-type mice only (lanes 3 and 4) .  IL-12 p35 
mRNA expression  was  similar  in MHV-infected wild-type and  mutant 
mice (not  shown). 

possibility of compensating for the  reduced  IL-12  synthesis in 
IFN-yR -I- mice  by exogenous  IL-12,  eventually  resulting  in 
restoration of IFN-y-independent  antiviral  defense  functions.  First 
we examined  the in vivo  antiviral  activity  of  IL-12 in the  MHV- 
susceptible  C57BL/6  mouse  strain.  The  mice  were  treated  twice 
with 1 pg of  IL-12 1 day  and 1 h before  inoculation with IO6 PFU 
MHV. This  treatment  failed  to fully reconstitute  host  resistance 
and  did  not  prevent  mortality  (Fig.  7A).  Nonetheless,  IL-12-treated 
animals  showed an extension of survival  time;  their mean time  to 
death 2 SEM was 8.5 2 0.56 vs  6.42 2 0.29 days in the  control 
group.  This  IL-12  treatment  inhibited  liver  disease, as reflected  by 
reduced  serum  AST  and  ALT  activities,  although  the  effect  was 
not statistically  significant ( p  = 0.46 for both  parameters;  not 
shown).  Daily  treatment  with  100  ng  IL-12Imouse for 8 days  start- 
ing 1 day  before  infection,  however,  protected  five  of  nine  mice 
against  lethal MHV infection  (Fig.  7A) and  reduced  virus  titers in 
the  liver  (Table  I). These surviving  animals  initially  showed  clin- 
ical signs such as a ruffled fur and hypomotility, but recovered 
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completely.  The  IL-12-induced  protection  was  reflected by a re- 
duction of macroscopic  liver  lesions  (not  shown), by less  viral Ag 
in the  liver  (Fig. 8) and spleen  (not  shown),  and by less  hepato- 
cellular  necrosis with significantly  reduced  serum  AST  and  serum 
ALT  activities ( p  = 0.04 for both parameters;  Table  I). 

When the  surviving  animals  were  rechallenged 4 wk after  the 
first  infection,  all  survived  and  showed  no signs of illness. In  con- 
trast, a similar IL-12  regimen  failed  to  induce  protection or exten- 
sion  of survival  time in IFN-yR -/- mice  (Fig.  7B),  indicating 
that  physiologic IFN-y is  required for IL-12  to  mediate  its in vivo 
antiviral  activity. 

Effect of rlFN-y on MHV infection 

To assess  the  effect  of  exogenous IFN-y on  MHV replication, we 
first  determined  the  in  vitro  antiviral  activity of IFN-y in cultures 
of MHV-permissive L cells.  Monolayers of L cells were  incubated 
with  different  concentrations of IFN-y for 24 h before  infection 
with approximately IO3 PFU MHV  and overlayering with agar. 
Plaques  were  counted 2 days  postinfection  after  fixation  of  the 
monolayers with 1 % formaldehyde  and  staining with 0.1 % crystal 
violet.  Figure 9A shows  that  pretreatment  with IFN-y inhibits 
MHV plaque  formation in a dose-dependent  fashion. 

Due to  the low susceptibility of  wild-type  129/Sv/Ev  mice to 
MHV infection,  the in vivo  antiviral  activity of rIFN-y was deter- 
mined in the  more  susceptible C57BU6 strain.  One  dose of lo4 U 
rIFN-ylanimal  was  administered 1 day  before  infection; a second 
dose was  given 1 h before  inoculation with lo6 PFU MHV. IFN-y 
completely  protected a group of eight  animals  that  remained  with- 
out  signs  of  illness,  whereas  seven  of  nine  mice  in  the  untreated 
control  group  succumbed  (Fig. 9B). A regimen  with a 10-fold 
lower  dose of lo3 U IFN-y had a similar protective  effect. 

The IFN-y-induced  protection  was  reflected by  reduced liver 
disease, as revealed by obvious  reductions of macroscopic  liver 
lesions  (not  shown), by less  viral  Ag  in  the  liver (Fig. 8) and  spleen 
(not shown),  and by significant  reductions in serum  AST  and  ALT 
activities when  measured 4 days  after  infection ( p  = 0.014-0.028, 
respectively; Table I).  Also,  the  IFN-y-treated  mice  had  reduced 
infectivity  titers in the  liver (Table I). 

Mice  protected by IFN-y  were  challenged 4 wk after  the  first 
infection with the  same  lethal  dose of virus.  They  all  showed  re- 
sistance  to  the  second  challenge,  whereas  only one of eight  animals 
survived  in  the  age-matched  control  group  (not  shown). 

These data  indicate  that  rIFN-y exerts direct  antiviral  activity 
against MHV in vitro,  and  that in mice,  exogenous IFN-y can 
prevent  the  virus-induced  pathology  and  mortality,  leading  to  im- 
munity  against a second  challenge  infection. 
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FIGURE 7. In vivo antiviral activity of IL-12 against MHV infection in C57BV6  mice ( A )  and IFN-yR -/- mice (6). A, Groups of 6-wk-old  male 
C57BV6  mice  were  infected  with lo6 PFU MHV/mouse. IL-12 (0.1  pglmouse,  i.e.,  0.55 X lo3 U) was  given  on 8 consecutive  days  starting 1 day 
before  infection  (squares; n = 9). Another  group of mice  (triangles; n = 8) received an injection of 1 pg of IL-12 (i.e.,  5.5 X lo3 U)  as a dilution 
in 500 pl of PBS on  days -1 and 0. PBS-treated  mice (circles) served  as  controls. 6, Two  groups of  six  female  12-wk-old  IFN-yR -/- mice  were 
infected  with lo7 PFU MHV/mouse. One group  received  0.1 pg of IL-l2/mouse (i.e.,  0.55 X lo3  U)  on 8 consecutive  days  starting 1 day  before 
infection  (open  symbols).  Another  group  received  no  IL-12  (closed  symbols). 

Table 1. Effect of IL-12 and IFN-y  on  hepatocellular  injury and 
hepatic virus load" 

A S T ~  ALT  Log  Virus  Titer in Liver 
Treatment (UA 2 SEM) (UA 2 SEM) (PFUlg 2 SEM) 

None  2150 ? 274 2585 2 85 10.9 2 0.22 
IL-12 71 3 2 90* 1047 t- 67* 9.8 ? 0.16; 
IFN-y 802 ? 325* 997 ? 483' 9.2 2 0.14* 

IL-12 (0.1 pg = 0.55 X 10' U/animal daily  starting  on  day -1 until  day 6 after 
.' Male 6-wk-old C57BV6 mice (n  = 3-5) were  either  untreated,  treated with 

infection),  or  injected twice with IFN-y (0.25 pg = 1 O3 U/animal at 24 and 1 h 
before  infection). All animals  were  infected with 10' PFU MHV per  mouse  on 
day 0. 

The  animals  were  bled  from  the  reto-orbital  plexus  at  day 4 after  infection, 

treated with IL-12 only  had  mean  AST  and  ALT  values  of 56 2 5 and 42 f 9, 
and  their  sera  were  analyzed  for AST  and  ALT activity.  Uninfected  animals 

respectively, which was  similar  to  preserum  values. 
'A  significant  difference ( p  < 0.05) when  compared with the  mean  value 

obtained  from  untreated MHV-infected mice. 

Discussion 
IL-12  and IFN-y are currently  viewed as the  principal  inducers  of 
Th I-like immune  responses  necessary for the  elimination of intra- 
cellular  pathogens. In the  present  study we examined  the in vivo 
antiviral  activity  and  immunoregulatory  function of  both cytokines 
during  coronavirus  MHV-induced acute hepatitis in mice. 

IL-12  is  regarded as the  cytokine  initiating  cell-mediated im- 
mune  responses ( 1  8), and its synthesis is therefore  considered  to 
precede IFN-y production (18). IFN-y, on the other hand,  has been 
shown  to  stimulate  IL-12  synthesis in cultured  macrophages  (19, 
20). suggesting a positive  feedback. In line with data from  Flesh 
and co-workers (7), we observed an impaired  IL-12  induction in 
IFN-yR -/- mice,  suggesting  that  endogenous IFN-y is  required 
for  its  normal  synthesis.  The  discrepancies  between  different 
model  systems  concerning  the IFN-y dependence of IL-  12  synthe- 
sis may be explained by the cellular tropism of the  particular 
pathogen  and  its  intrinsic  capacity  to  stimulate  IL-12  production in 
AF'C.  It  would  be  of interest to determine  the cellular source of 
both  cytokines  during MHV infection  and  whether  IL-I  2-deficient 
or -depleted  129/Sv/Ev  mice are able to  produce  IFN-y. 

The  observed  lack  of  endogenous  IL-12 in MHV-infected 
IFN-yR -/- mice  surprisingly  resulted  in a normal  type 1 lym- 
phokine  response,  characterized by  high IFN-y and low IL-4  lev- 
els. This is  unexpected,  since both  IL-12  and IFN-y are considered 

. -  . . 

FIGURE 8. Immunohistologic  evidence  for  suppressed MHV repli- 
cation in IL-12- and  IFN-y-treated  6-wk-old  male  C57BV6  mice. 
Shown are representative  paraffin  sections of livers  isolated  from  un- 
treated (A) ,  IL-12-treated (B), and  IFN-ytreated (0 mice  on  day 4 
post-MHV  infection,  stained  with  MHV-specific  Ab  k134.  Sections 
from  noninfected  mice  showed  no  viral Ag staining  (not  shown).  The 
animals  were  treated  as  described in Table I.  Magnification,  X148. 

to be principal  inducers of type 1 characteristic  IFN-y  production. 
Previously, we demonstrated  that  IFN-yR  ablation  does  not  affect 
antiviral Thl characteristic  cytokine  production  during  pseudora- 
bies  virus  infection  (16).  Similarly, L. major-infected  IFN-yR -/- 
mice  exhibited a Thl cytokine  profile  despite  increased  suscepti- 
bility (17). In contrast, other in vivo  studies  reported  that  anti- 
IFN-y Abs  promote Th2 and  impair Thl activities  (21,  22).  Also, 
mice  with a disruption in the IFN-y gene  show  increased  influenza 
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FIGURE 9. Antiviral  activity of  IFN-y 
against MHV in vitro ( A )  and in vivo ( 6 ) .  A, 
Monolayers of L cells  were  cultured in dif- 
ferent concentrations of IFN-y for 24 h, sub- 
sequently  infected with ?IO3 PFU per well, 
and  overlayered  with agar. After a 48-h in- 
cubation, the cell  layers  were  fixed  and 
stained with 0.1% crystal  violet  with 1% 
formaldehyde. The  mean PFU per well are 
shown from one of three experiments that 
gave  similar  results. 6, Groups of 6-wk-old 
male C57BL/6 mice ( n  = 9) were injected 
twice with IFN-y at 24 and 1 h before in- 
fection with 1 O6 PFU MHVimouse.  Either 
0.25 ,ug (i,e., l o J  U) of IFN-y (squares) or 
lo4 U of  IFN-y (triangles) per mouse as a 
dilution in 500 bl of PBS was injected. PBS- 
treated  mice (circles) served  as controls. 

IFN-y(U/ml) 

virus and L. major Ag-specific IL-4 and IL-5 production (23, 24). 
The  discrepancies with our  data may be explained by genetic back- 
ground differences. There  is no evidence  for  a compensation of the 
IFN-yR function by other (cytokine) receptors. Moreover, treat- 
ment with IFN-y-neutralizing Ab did not alter the Thl character- 
istic cytokine responses in IFN-yR -/- and IFN-yR +/+ mice 
after L. major infection (17). In agreement with our data is the 
observation of Flynn and co-workers that splenocytes of Myco- 
bacterium tuberculosis-infected mice lacking the IFN-y gene do 
not produce increased amounts of IL-4 after antigenic stimulation 
(25).  Seder  et al. showed that anti-IFN-y  Ab did not reduce IL- 
12-induced priming for IFN-y production in an accessory cell- 
dependent system (26). Also, IL-12-induced Thl development in 
C57BL/6 mice is not prevented by IFN-y-neutralizing Ab treat- 
ment (27). We recently reported that co-injection of IL-12 during 
immunization strongly increases Ag-specific IFN-y production in 
IFN-yR -/- mice, as it does in normal mice (28). 

Our observations indicate that other cytokines or host factors 
can apparently replace or dominate IFN-y and IL-12 to induce 
Thl-type responses. It is possible that the maintenance of IFN-y 
production in IFN-yR -1- mice results from a lack of endogenous 
IL-4 induction, as previously suggested in other antigenic systems 
(17,  26). Indeed, we could confirm that Con A-stimulated spleno- 
cytes of 129/Sv/Ev mice, in contrast to those of BALB/c mice, 
failed to produce IL-4 even when precultured in the presence of 
rIL-4 (16). Yet another possibility includes the production of the 
recently identified cytokine IFN-y-inducing factor, which strongly 
induces IFN-y production independently of IL- 12 (29). 

In terms of  in vivo antiviral protection, exogenous IL-12 could 
not compensate for the reduced endogenous IL-12 synthesis ob- 
served in IFN-yR-deficient mice. Endogenous IFN-y is obviously 
necessary for the antiviral effect of exogenous IL-12, as has re- 
cently been demonstrated in several models (30-34). 

In vivo augmentation of antiviral resistance by exogenous IL-12 
has been demonstrated in experimental LCMV and murine CMV 
infections using daily doses of < I O 3  ng/animal (4,  35). However, 
doses of 1 pg IL- 12/day impaired antiviral defense against LCMV 
infection (5).  No beneficial effect of IL-12 was demonstrated in 
mice infected with influenza virus, encephalomyocarditis virus, or 
respiratory syncytial virus (3). We demonstrated that the  in vivo 
anti-MHV activity of exogenous 1L-12 is less pronounced com- 
pared with that of IFN-y.  Since two injections of only IO3 U IFN-y 
are fully protective, the IL-12 regimens tested may have induced 
insuficient  amounts of endogenous IFN-y.  However,  as suggested 
by two recent studies, the exogenous IL-12 may have induced 

0 
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additional factors  such  as TNF-a that, depending on the endoge- 
nous cytokine environment, can be harmful to the host (5 ,  33). 

We demonstrated that mice lacking the ligand-binding chain of 
the IFN-yR  are less able to control the cytolytic virus infection. 
Several mechanisms can be proposed by which physiologic IFN-y 
contributes to defense against acute MHV infection. One possibil- 
ity includes the activation of innate and/or specific immune reac- 
tions. Indeed, enhancement of MHV infection has been observed 
in mice treated with anti-asialo-GM,  (34), although not reproduc- 
ibly (36). During MHV-induced hepatitis, MHC class 11-restricted 
CD4+ CTL encounter the liver (8). These CD4+ T cells secrete 
IFN-y, but not IL-4, upon recognition of the immunodominant 
MHV S-glycoprotein peptide (37), and when adoptively trans- 
ferred, they confer protection against lethal MHV infection and 
reduce infectivity titers in the liver (8). No functional or immuno- 
histochemical evidence was found for activation of classical CD8+ 
class I-restricted CTL. We demonstrated that  MHV-infected  IFN-yR 
-/- mice generate a normal type 1 lymphokine profile,  with  high 
IFN-y and low IL-4 levels. Their proliferative splenocyte responses 
were even increased  (not  shown), as in other IFN-y-deficient  model 
systems (16, 38, 39). This suggests that  the generation of antiviral T 
cell functions in  the  mutant  mice  is  not impaired and  that endogenous 
IFN-y has antiproliferative activity (38). 

Another or additional scenario explaining the in vivo IFN-y 
function includes the induction of an antiviral state in cells adja- 
cent to foci of infected cells, thereby preventing virus spread. The 
pronounced in vitro and in vivo antiviral activities of exogenous 
IFN-y  indicate that this assumption is feasible. The exact cellular 
source of IFN-y still needs to be identified, as well as whether its 
in vivo antiviral activity is based on immune-mediated or direct 
mechanisms. This could be revealed in immunodeficient or selec- 
tively immunodepleted mice (13). 

Even at high doses, IFN-aP cannot fully replace IFN-y in stim- 
ulating the generation of  NO,- by macrophages (9); therefore, 
IFN-y-dependent nitric oxide production may also contribute to 
antiviral resistance. IFN-yR -I- mice inoculated with Plasmo- 
dium sporozoites produce minimal amounts of inducible nitric ox- 
ide synthetase mRNA in the liver (40). Also, in vitro-stimulated 
IFN-yR -I- macrophages failed to release nitrites (9, 10). Indeed, 
we observed in preliminary experiments that Con A-stimulated 
IFN-yR -/- splenocyte cultures of MHV-infected mice produced 
low amounts of NO,-,  in contrast to cultures of MHV-infected 
wild-type mice (not shown). Interestingly, mice protected by 
IFN-y  or IL-12 were also immune to a second challenge infection, 
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indicating that viral epitopes are recognized by specific immune 
cells during inhibition of viral replication. 

In conclusion, MHV infection of mice with an inactivated 
IFN-yR showed that 1 )  physiologic IFN-y is important in the de- 
fense against coronavirus-induced acute hepatitis; 2) IFN-y is not 
essential for the development of a type 1 lymphokine profile in a 
virus infection; 3) IFN-y contributes to virus-induced in vivo 
IL-12 synthesis; and 4) in vivo antiviral protection incited by 
exogenous IL-12 depends upon IFN-y.  Furthermore, this  study 
demonstrates that in vivo protection  against  acute viral hepatitis 
mediated by rIFN-y is superior  to that  of rIL-12 and  leads to 
protective  immunity  against a second  challenge.  The  data sug- 
gest that during  particular  virus  infections,  immunotherapy us- 
ing rIFN-y treatment  would be more promising than interven- 
tions with rIL-12. 
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