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Abstract 

Pretreatment of murine (BALB/3T3) cells with either murine or recombinant hybrid human B/D interferon (IFN) 
blocked the release of infectious herpes simplex virus type 1 (HSV-1) from treated cells. The block in replication was 
not due to an effect on attachment of HSV-1 to the target cells or to toxic effects of IFN. lmmunoblot analyses 
showed that murine IFN significantly reduced the expression of virus-specific proteins in IFN-treated cells. In 
contrast, B/D IFN had no major effect on the expression of viral proteins in treated cells. In support of the above 
observation, electron microscopy of virus-infected cells displayed formation of nucleocapsids within the nucleus of 
IFN-treated cells. However, the expression of glycoproteins B and D was reduced in B/D IFN-treated cells. These 
results suggested that murine IFN blocked HSV-1 replication at an early stage whereas B/D IFN inhibited HSV-1 
replication at a late stage in virus morphogenesis. 
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1. Introduction 

Herpes  s implex virus (HSV) causes a b r o a d  
spec t rum o f  illness ranging  f rom a s y m p t o m a t i c  
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infect ion to l i fe - threa tening disease (e.g. neona ta l  
infect ion or  encephali t is) .  In  add i t i on  to acute  

infection,  these viruses become la tent  in sensory 

gangl ia  and  can react ivate ,  somet imes  causing 
ser ious illness. Several  an t iv i ra l  drugs,  especial ly 

nucleos ide  ana logs  and  foscarnet ,  have been 
shown to be useful in the  t r ea tmen t  o f  some o f  

these diseases; however ,  the emergence  o f  virus  
isolates  which are res is tant  to  exist ing ant iv i ra l  
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agents and the known toxicity of some of these 
drugs have prompted continued research for new 
therapies for HSV diseases. 

We and others have reported that human e and 
/~ IFNs blocked significantly the replication of 
HSV type 1 (HSV-1) in a variety of cells including 
human fibroblast and neuroblastoma cells 
(Munoz and Carrasco, 1984; Gloger and Panet, 
1984; Chatterjee et al., 1985; Mittnacht et al., 
1988; Chatterjee and Whitley, 1989; DeStasio and 
Taylor, 1990; Chatterjee and Burns, 1990; Ma- 
heshwari et al., 1994). Studies from different labo- 
ratories revealed that recombinant hybrid human 
IFNs, such as e B/D or ~ A/D, are also effective 
in preventing virus replication in heterologous 
cells such as murine fibroblast or monkey kidney 
cells (Meister et al., 1986; Horisberger and De 
Staritzky, 1987; Chatterjee and Whitley, 1989). 

The exact mechanism of action of these IFNs 
against HSV replication is unknown. Several pa- 
pers have reported conflicting results regarding 
the mechanism(s) of action of IFNs against HSV- 
1 replication. It has been reported that IFNs 
inhibited HSV replication at an early stage in the 
virus replication cycle (Gloger and Panet, 1984; 
Oberman and Panet, 1988; Mittnacht et al., 1988; 
DeStasio and Taylor, 1990). However, other stud- 
ies suggested that IFNs blocked HSV replication 
at a late stage in virus morphogenesis (Munoz 
and Carrasco, 1984; Chatterjee et al., 1985; Chat- 
terjee and Whitley, 1989; Chatterjee and Burns, 
1990; Popik and Pitha, 1991). In this report, we 
demonstrate that both murine and human :~ B/D 
IFNs inhibited the release of infectious HSV-1 
from treated murine 3T3 cells. However, murine 
and human c~ B/D IFNs affected differentially the 
expression of HSV-I proteins in 3T3 cells. Our 
results suggested that the mode of action primar- 
ily depends on the type of IFN employed to block 
the virus replication. 

2. Materials and methods 

2.1. Cell cultures and virus 

Mouse embryo fibroblast (BALB/3T3) and 
African green monkey kidney (BS-C-1) cells were 

obtained from the American Type Culture Collec- 
tion (Rockville, MD). BALB/3T3 cells were 
grown in Dulbecco's modified Eagle's medium 
supplemented with 10% heat-inactivated fetal 
bovine serum (FBS) and gentamicin (50 /lg/ml). 
BS-C-1 cells were grown in medium 199 contain- 
ing 7.5% heat-inactivated FBS and gentamicin (50 
/~g/ml). The strain E-377 of HSV-1 was used 
throughout this study. 

2.2. Reagents and radioisotopes 

Murine IFN (e +/~) was purchased from Lee 
Biomolecular Research Inc. (San Diego, CA). Hu- 
IFN-c( B/D was provided by Dr. Heinz-Kurt 
Hochkeppel (Ciba-Geigy, Basel, Switzerland). 
Reagents for polyacrylamide gel electrophoresis 
(PAGE) were obtained from Bio-Rad Laborato- 
ries (Richmond, CA). Na 125I (15.5 mCi/iLg of 
iodine) was obtained from Amersham Corp. (Ar- 
lington Heights, IL). Protein A was purchased 
from Pharmacia Laboratories (Uppsala, Sweden). 
Monoclonal antibodies against gB and gD were 
prepared in this laboratory (Koga et al., 1986). 
Human serum with HSV antibodies was obtained 
from M. Carr (California Pacific Medical Center, 
San Francisco, CA). Rabbit anti-mouse IgG was 
obtained from Organon Teknika Corp. (West 
Chester, PA). 

2.3. Polyacrylamide gel electrophoresis and 
immunoblotting 

Untreated and IFN-treated cell lysates were 
subjected to sodium dodecyl sulfate (SDS)-PAGE 
(9.5%) after infection with HSV-1 (Chatterjee et 
al., 1982). The fractionated proteins were then 
electrophoretically transferred to nitrocellulose 
paper as described previously (Towbin et al., 
1979; Johnson et al., 1984; Chatterjee et al., 1985). 
Nitrocellulose strips were incubated at room tem- 
perature either with murine monoclonal antibod- 
ies against gB and gD or human serum containing 
HSV antibodies. The strips were further incubated 
with rabbit anti-mouse IgG for 30 min when 
murine monoclonal antibodies were used. Finally, 
the strips were treated with [~25I] protein A for 1 h 
at room temperature and processed for autoradio- 
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graphy.  Protein A iodinat ion was performed as 
described by Greenwood  et al. (1963). 

2.4. Electron microscopy 

IFN- t rea ted  and untreated 3T3 cells, were pro-  
cessed for electron microscopy after HSV-1 infec- 
tion, as previously described (Chatterjee et al., 
1982). In brief, 3T3 cells grown in 60-mm dishes 
were treated with different concentra t ions  o f  IFN.  
One set o f  cells served as untreated control.  Cells 
were then infected with strain E-377 of  HSV-1 as 
before. Samples were then washed with phos- 
phate-buffered saline (PBS) 24 h postinfection 
and fixed with 1% glutaraldehyde.  Cells were then 
post-fixed with 1% osmium tetroxide and embed- 
ded in an epoxy resin mixture. Thin sections were 
stained with uranyl  acetate and lead citrate and 
were examined under  a Philips E M  301 electron 
microscope.  

3 .  R e s u l t s  

3.1. Effect  o f  mouse and H u - I F N - ~  B I D  IFNs  on 
the release o f  infectious H S V - I  f r o m  B A L B / 3 T 3  
cells 

In brief, cells were pretreated with different 
concentra t ions  o f  murine and h u m a n  c~ B/D I F N s  
for 18 h. Cells were then infected with E-377 
strain o f  HSV-1 (multiplicity o f  infection 
(m.o.i.) = 1). One set o f  cells served as untreated 
control .  Supernatant  fluids were collected 24 h 
postinfection and tested for their ability to form 
plaques on BS-C-1 cells. The results o f  this exper- 
iment demonst ra ted  that  bo th  I F N s  blocked the 
release o f  infectious HSV-1 f rom treated 3T3 cells 
(Table 1). However ,  murine I F N  was more  effec- 
tive against HSV-1 replication than h u m a n  ~ B/D 
I F N  in 3T3 cells. The 50% effective concentra t ion 
(ECso) for  murine and ~ B/D I F N s  was approxi-  
mately 25 and 85 U/ml  respectively. 

In parallel, the effect o f  Hu-~ B/D I F N  on the 
release o f  infectious HSV-!  f rom h u m a n  fibrob- 
last cells was also determined. The result (Table 2) 
indicated that  Hu-~ B/D I F N  was more  effective 
against HSV-1 replication in h u m a n  cells than in 
3T3 cells. 

Table 1 
Effect of IFNs on the release of infectious HSV-1 from 3T3 
cells 

IFN U/ml PFU/ml % Inhibition 

None 

Hu-~ B/D 

Murine IFN 

- 3.5 × 105 0 

25 2.8 × 105 20.0 
50 2.2 × 105 37.1 

125 1.2 × 105 65.7 
250 1.0× 105 71.4 
500 6 . 6 ×  10  4 81.1 

1000 3.1 × 10  4 91.1 

10 2.3 × 105 34.3 
25 1.7 × 105 51.4 
50 9.8 × 1 0  4 72.0 

125 5.3 × 1 0  4 84.9 
250 2.3 x 104 93.4 
500 1.2 × 104 96.6 

PFU, plaque-forming units 

The block in release o f  virus particles was not  
due to toxic effects o f  these I F N s  on the growth  
o f  3T3 cells. N o  significant changes were observed 
after I F N  t reatment  in cell number  or  in cell 
morphology .  In brief, 3T3 cells were exposed to 
different concentra t ions  o f  I F N s  and the number  
o f  viable cells counted  72 h post- t reatment .  The 
result o f  this experiment (Table 3) showed that  
the inhibitory concentra t ion (ICs0) for  cell prolif- 
eration for bo th  o f  these I F N s  was greater than 
10000 U/ml.  Thus,  the selectivity index (SI) was 
> 400 for mouse  I F N  and > 100 for  e B/D IFN.  
The selectivity index was determined by dividing 
ICs0 by ECs0. 

Table 2 
Effect of Hu-c~ B/D IFN on the release of infectious HSV-1 
from human fibroblast cells 

U/ml PFU/ml % Inhibition 

None 1.2 × 106 0 
10 6.0 × 105 50.0 
50 3.1 × 105 74.2 
100 2.1 × 105 82.5 
200 5.0 × 1 0  4 95.8 

PFU, plaque-forming units 



30 U. Wintergerst et al. / Antiviral Research 32 (1996) 27-34 

Table 3 

Effect of IFNs on the growth of 3T3 cells 

IFNs U/ml No. of cells post-treatment 

Oh  7 2 h  

None 4.4 x 105 2.4 × 10 6 

Hu-~ B/D 500 2.0 x 106 
1500 2.6 × 106 

5000 2.3 X 10 6 

10000 2 . 9 x  10 6 

Murine IFN 500 2.3 X l 0  6 

1500 2.3 × 106 
5000 2.1 x 106 

10 000 2.1 × 106 

3.2. Effect of murine and human ~ B/D IFNs on 
the adsorption of HSV-1 to 3T3 cells 

To determine whether the inhibition in replica- 
tion was due to the effect of  these IFNs  on the 
at tachment of  HSV-I  to target cells, 3T3 cells 
were pretreated with different concentrations of  
IFNs  for 3 h at 37°C. One set of  cells without any 
treatment served as an untreated control. Both 
treated and untreated cells were washed and in- 
fected with HSV-1. Supernatant fluids were col- 
lected after 90 rain adsorption at room 
temperature and tested for the presence of  unad- 
sorbed virus by a plaque assay. As shown in 
Table 4, these IFNs  had no effect on the attach- 
ment of  HSV-1 to 3T3 cells. 

Table 4 
Effect of IFNs on the adsorption of HSV-1 to 3T3 cells 

IFNs U/ml Residual infectivity (PFU/ml)  ~ 

None - 6.2 x 103 

Hu-~ B/D 500 5.0 × 103 
1000 6.1 × 103 

None - 5.8 x 103 
Murine IFN 500 6.4 x 103 

1000 6.9 x 103 

PFU, plaque-forming units 
Virus added = 5.0 x 104/ml. 

3.3. Expression of viral polypeptides and assembly 
of nucleocapsids in IFN-treated cells 

In brief, 3T3 cells were pretreated with murine 
and human e B/D IFNs  and then infected with 
HSV-1 as described before. Cell lysates were col- 
lected 24 h postinfection and processed for P A G E  
and immunoblotting. The resulting nitrocellulose 
blots were incubated with human anti-HSV-1 an- 
tibodies. The expression of HSV-1 proteins was 
significantly inhibited in murine IFN-treated 3T3 
cells (Fig. 1A). However, no major  effect on the 
expression of HSV-I proteins was observed in 
B/D IFN-treated 3T3 cells (Fig. 1B). Thus, a 
separate but identical blot resulting from c~ B/D 
IFN-treated cell lysate was incubated with mono- 
clonal antibodies to gB and gD to examine 
whether the block in production of infectious 
particles was due to a defect in the expression of 
viral glycoproteins. It has been found that ~ B/D 
I F N  significantly inhibited the expression of gB 
and gD in treated 3T3 cells (Fig. 1C). As ex- 
pected, the expression of gB and gD was also 
inhibited in mouse IFN-treated 3T3 cells (data 
not shown). We also assessed the amounts  of  
glycoproteins released from the infected cells 
treated with e B/D IFN.  In brief, 3T3 cells were 
pretreated and infected with HSV-1 as before. 
Supernatant fluids were collected and the virus 
was pelleted by ultracentrifugation at 35 000 rpm 
for 1 h at 4°C in a SorvaU TH 641 rotor. The 
virus pellets were lysed and subjected to PAGE 
and subsequent immunoblotting. The nitrocellu- 
lose blot was reacted with monoclonal antibodies 
to gB and gD. The result of  this experiment 
showed that ~ B/D IFN-treated cells released 
reduced amounts of  gB and gD (Fig. 1D). 

Consistent with the above finding, electron mi- 
croscopy indicated the presence of nucleocapsids 
inside the nuclei of  both untreated and ~ B/D 
IFN-treated cells (Fig. 2). Furthermore,  several 
extracellular virus particles could also be observed 
in ~ B/D IFN-treated 3T3 cells (Fig. 2B). In 
contrast, few nucelocapsids were observed inside 
the nuclei of  mouse IFN-treated cells (data not 
shown). 
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Fig. 1. Expression of viral proteins in IFN-treated 3T3 cells. (A) mouse IFN-treated cells; lane 1, no IFN; lane 2, 250 U/ml of 1FN; 
lane 3, 500 U/ml; lane 4, 750 U/ml; lane 5, 1000 U/ml. (B) B/D IFN-treated cells; lane 1, no IFN; lane 2, 250 U/ml; lane 3, 500 
U/ml; lane 4, 1000 U/ml; lane 5, uninfected control. (C) B/D IFN-treated cells; lane l, no IFN; lane 2, 250 U/ml; lane 3, 500 U/ml; 
lane 4, 1000 U/ml; (D) expression of extracellular viral glycoproteins; lane 1, no IFN; lane 2, 250 U/ml; lane 3, 500 U/ml; lane 4, 
1000 U/ml. (A) and (B), nitrocellulose blots were incubated with human HSV antibody-positive serum; (C) and (D), nitrocellulose 
blot was reacted with monoclonal  antibodies to gB and gD. 

4. Discussion 

In this report, we demonstrated that both 
murine and Hu-e B/D IFNs inhibited the release 
of infectious HSV-1 from IFN-treated 3T3 cells. 
The block in replication was neither due to the 
effect of IFNs on the attachment of HSV-1 to the 
target cells nor due to toxic effect(s) of IFNs on 
these cells. 

The exact mechanism of IFN action on HSV 
replication is poorly understood. Several papers 
reporting contradictory results have been pub- 
lished to describe the mode of action of IFNs 
against HSV replication. Reports from some labo- 
ratories indicated that human IFNs blocked HSV 
replication at an early stage prior to the expres- 
sion of immediate-early (IE) genes (Gloger and 
Panet, 1984; Oberman and Panet, 1988; Mittnacht 
et al., 1988; DeStasio and Taylor, 1990). How- 
ever, other laboratories suggested that IFNs did 
not block the early events in the HSV replication 
cycle (Munoz and Carrasco, 1984; Chatterjee et 
al., 1985; Chatterjee and Whitley, 1989; Chatterjee 
and Burns, 1990; Popik and Pitha, 1991). Munoz 
and Carrasco (1984) even demonstrated forma- 
tion of extracellular herpesvirus particles (al- 
though non-infectious) in cells treated with 
human IFNs. Furthermore, it has recently been 

reported by Torigoe et al. (1993) that human 
IFNs inhibited the replication of cytomegalovirus, 
another member of the herpesvirus family at 
stages beyond the production of late proteins 
which supports our earlier observation (Chatterjee 
et al., 1985). The observed differences in the mode 
of action of human IFNs against herpesviruses 
was attributed to the use of different preparations 
and/or concentrations of IFNs, or use of different 
cell lines or different virus strains. Until now, 
however, experiments to resolve these possibilities 
have not been carried out. In this study, employ- 
ing the same virus strain, the same cell line and 
the same concentrations of IFN, we demonstrated 
that the mode of action (i.e. inhibition at early or 
late stage of replication) predominantly depends 
on the type of IFNs used in the experiment. In 
3T3 cells, murine IFN significantly reduced the 
expression of virus-specific proteins. In contrast, c~ 
B/D IFN had no major effect on the expression of 
nucleocapsid proteins in treated cells even at the 
highest concentration tested. In support of this 
observation, electron microscopy of virus-infected 
cells showed formation of distinct nucleocapsids 
within the nucleus of IFN-treated cells. However, 
the expression of gB and gD was significantly 
reduced in c~ B/D IFN-treated 3T3 cells. This 
differential effect of human IFN was also noticed 
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Fig. 2. Electron micrographs of HSV-l-infected and B/D iFN-treated, HSV-l~infected 3T3 cells. (A) untreated, HSV-l-infected celt. 
Note the distinct nucleocapsids inside the nucleus (arrowheads; 37 nucleocapsids per nucleus, mean) and extracellular virus particles 
(arrows). (B) IFN-treated, HSV-l-infected cell. Distinct nucleocapsids (arrowheads; 34 nucleocapsids per nucleus, mean) and 
extracellular virus particles (arrows) can be observed. Magnification: (A), (B), x 12 100. 

when h u m a n  c~ IFN or h u m a n  recombinan t  
A / D  I F N  was used to block HSV-1 replicat ion in 
h u m a n  neurob las toma  or monkey  kidney cells 

(Chatterjee and Whitley, 1989; Chatterjee and  
Burns,  1990). In  addit ion,  the synthesis of vesicu- 

lar s tomati t is  virus G protein was also inhibi ted in 
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transfected COS cells treated with I F N  (Sahni and  
Samuel,  1986). Al though  the exact mode  of act ion 
of I F N s  on the expression of  HSV-1 glycoprotein 
is u n k n o w n ,  it is apparent ly  different from that  
observed after t rea tment  of  target cells with tu- 
n icamycin  or brefeldin A (Chatterjee et al., 1990; 
Chatterjee and  Sarkar,  1992). 

At  present,  the exact mode of  act ion of mur ine  
I F N  on HSV replicat ion is no t  clear. It is possible 
that  mur ine  I F N  affects a un ique  step in the 
complicated t ranscr ip t ion- t rans la t ion  cascade that  
controls  HSV-1 gene expression. Thus,  future 
studies with mur ine  I F N  should help us to deter- 
mine  its exact mechanism of act ion against  HSV 
replicat ion in 3T3 cells. 

Recent  studies from this l abora tory  revealed 
that  h u m a n  I F N s  induced prote in  kinase C (PKC) 
in IFN- t rea ted  h u m a n  neu rob la s toma  cells (Chat-  
terjee et al., 1995). It will be of  interest to deter- 
mine  in the future whether  mur ine  and  H u - e  B/D 
I F N s  activate any P K C  in BALB/3T3 cells. Fu-  
ture experiments  aimed at addressing this possibil- 
ity and  the possibility of involvement  of other  
enzyme systems should facilitate in unde r s t and ing  
a detailed mode  of  act ion of these I F N s  against  
HSV replication in mouse  3T3 cells. 
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