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Summary 

The effect of interferon on the replication of herpes simplex virus types 1 and 2 was 
studied in two murine macrophage-like cell lines which differ in their ability to 
synthesize interferon. Higher titers of herpes simplex virus type 1 occurred in PU5-1.8 
cell cultures where interferon was not produced than in J774A.I cell cultures where 
low amounts of interferon were produced. Herpes simplex virus type 2 replicated 
poorly in both types of cell cultures. Interferon synthesis was induced in J774A. 1 cell 
cultures but not in PU5-1.8 cell cultures. Exogenously added interferon was shown to 
inhibit virus replication, however the restrictiveness of these cells to HSV replication 
was not relieved by treating cell cultures with anti-interferon serum. These results show 
that factors other than induced interferon regulate the replication of herpes simplex 
viruses in these cells and suggest that induced interferon synthesis does not affect 
herpes simplex virus replication in macrophages. 

herpes simplex virus; interferon; macrophage; macrophage-like 

Introduction 

The ubiquitous nature of mononuclear phagocytes makes them possibly the first 
cells encountered by viruses invading a host. One of many possible outcomes of 
virus-mononuclear phagocyte interactions is the production of interferon (I FN) which 
may directly inhibit virus replication or indirectly control virus dissemination within 
an animal. Results of studies using IFN [2] and antiserum against IFN [4] show that 
IFN modulates the pathogenicity of herpes simplex virus (HSV) in mice. The im- 
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portance of IFN has also been shown by using the mouse model of intraperitoneal 
infections with HSV. Higher titers of IFN were produced in serum and in spleen cell 
cultures of HSV type ! (HSV-1) infected resistant mice than of susceptible mice 
suggesting a correlation of resistance with IFN production [ 18]. Similarly, the geneti- 
cally determined resistance of mice to HSV type 2 (HSV-2) may also be mediated by 
IFN production [14]. The IFN-producing cells of mice resistant to HSV-1 were 
partially identified as B lymphocytes [3], but more detailed studies indicate that they 
may be cells of macrophage lineage [8]. Studies by Brucher et al. [1] support this 
possibility because peritoneal macrophages from resistant mice produced more IFN 
and less virus than those from susceptible mice, and resistant splenic macrophages 
could be made susceptible by treating them with anti-IFN serum. In contrast, Hirsch et 
al. [5] reported that mouse peritoneal macrophages treated with exogenous HSV-in- 
duced macrophage IFN did not inhibit HSV replication in macrophages. A similar 
finding has been reported for African swine fever virus replication in porcine ma- 
crophages [I 7]. These results suggest that mouse macrophages may be refractory to the 
IFN they produce. 

To better understand the importance of IFN on HSV replication in macrophages, 
we examined the replication of HSV-I and HSV-2 in murine macrophage-like cell 
lines. In contrast to primary cell cultures of macrophages, these cell lines are not 
contaminated with other cell types that may also produce IFN or regulate IFN 
production and their functional characteristics are not dependent upon the method of 
eliciting cells from the mouse peritoneal cavity. The macrophage-like cell lines differ in 
degree of maturity and functional properties as indicated by the presence or absence of 
various surface properties, lysosomal enzymes, secretory activities, immunoregulatory 
activities, and other characteristics [I1,15]. They also differ in response to IFN 
inducers and in the amount of IFN produced [16]. In this study we used two macro- 
phage-like cell lines, onc of which is a good producer of IFN and the other a very poor 
producer of IFN to study the cffect of induced IFN synthesis on the replication of 
HSV-I and HSV-2. 

Materials and Methods 

Cells 
Murine macrophage-like cell lines PU5-1.8 and J774A. I, were obtained from the 

American Type Culture Collection (Rockville, MD). Cells were grown as monolayers 
in 16-oz prescription bottles containing Dulbecco's modified Eagle's medium (GIBCO 
Laboratories, Grand Island, NY) supplemented with 8% (v/v) fetal bovine serum 
(FBS), 100 units/ml penicillin, 100 lag/ml streptomycin, and 50 tag/ml gentamicin. Cell 
cultures were incubated at 37°C in an atmosphere of 10% CO J9 0 % air. To subculture, 
the cells were scraped from the surface with a rubber policeman into 10 ml of fresh 
growth medium and then added to culture vessels at a split ratio of 1:4 to 1 : 20, 
dependent upon needs. 

Mouse L929 cells and Vero monkey kidney cells were purchased from Flow Labora- 
tories, Inc. (McLean, VA). The growth medium consisted of Eagle's minimum essen- 
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tial medium with Hank's salts (GIBCO Laboratories), 10% (v/v) calf serum, and 
antibiotics as listed above. To subculture, cells were washed with PBS (0.01 M 
phosphate, 0.137 M NaCI, 0.003 M KCi, 0.001 M MgCI2, pH 7.2), treated with a 
trypsin-EDTA solution, and then resuspended in growth medium to seed other culture 
vessels. 

Viruses 
Herpes simplex virus type 1, strain KOS, was provided by Robert G. Hughes, 

Roswell Park Memorial Institute, Buffalo, NY. Herpes simplex virus type 2, strain 196, 
was provided by Edward J. Young, Bayior College of Medicine, Houston, TX. Stock 
suspensions were prepared by infecting Vero cells at a multiplicity of 0.01 plaque-for- 
ming units (PFU)/celI. After advanced cytopathic effects, culture fluids were harves- 
ted and centrifuged at a low speed to remove cellular debris. The supernatant was 
filtered through a 0.2 laM Metricel membrane (Gelman Instrument Co., Ann Arbor, 
MI) and the filtrate stored in aliquots at -70°C. Thawed samples contained 1-2 )< 107 
PFU/ml.  

Stocks of vesicular stomatitis virus (VSV), strain Indiana, were prepared in L929 cell 
cultures and stocks of Newcastle disease virus (NDV), strain California 11914, were 
prepared in embryonated chicken eggs as described previously [16]. 

Interferons and antiserum 
A laboratory standard of IFN consisted ofcuhure fluid of L929 cell cultures infected 

with NDV as described previously [ 16]. A mouse reference IFN (Reagent No. G-002- 
904-511) was provided by the Research Resources Branch, National Institute of 
Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD. In our 
laboratory the titer of this reference IFN was 1.5 times greater than the expected titer. 
Virus induced J774A. 1 cell IFNs were prepared by inoculating monolayers of J774A. 1 
cells in 60-mm dishes and l-dram vials with NDV and HSV-1, respectively. After 24 h 
of incubation at 37°C the culture fluids were harvested and centrifuged. The superna- 
tants were then dialyzed for 48 h at 4°C against Sorensen's glycine I buffer (pH 2.0) to 
inactivate viruses. Following additional dialysis against Hank's balanced salt solution 
at 4°C for 24 h, these IFN preparations were stored at -70°C until needed. 

Sheep antiserum to mouse L cell I FN (Reagent No. G-024-501-568) was provided by 
the Research Resources Branch, National Institute of Allergy and Infectious Diseases, 
National Institutes of Health. The neutralization titer, reciprocal of the dilution of 
antiserum that reduces the IFN titer by a factor often as suggested by Kawade [6], was 
94 000 against NDV-induced L929 cell IFN and 55 000 against NDV-induced J774A. 1 
cell IFN [ 16]. A 1 : 1000 dilution of the anti-IFN serum in maintenance medium was 
used in experiments. 

Plaque assay 
Serial ten-fold dilutions of HSV-1 or HSV-2 suspensions were made in maintenance 

medium and assayed in 24-well plates (Falcon 3047, Becton Dickinson and Co., 
Oxnard, CA) containing monolayers of Vero cells. Each dilution was tested in quadru- 
plicate by inoculating each of four wells with 0.1 ml of the dilution. After an adsorption 
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period of 1.5 h at 37°C, 0.8 mi of maintenance medium containing 0.5% agarose type I 
(Sigma Chemical Co., St. Louis, MO) was added to each well. All cultures were then 
incubated at 37°C. After 3 days of incubation, 0.1 ml of 0.25% neutral red in PBS was 
added to each well and then plaques were counted the next day. 

Interferon assay 
Serial two-fold dilutions of sample culture fluids were assayed in L929 cell cultures 

to determine the dilution necessary to inhibit 50% of the PFU o f a  VSV suspension as 
described previously [ 16]. A laboratory standard of IFN that has been compared to the 
mouse reference IFN was included in each assay to express the IFN titer as internatio- 
nal units (IU)/ml.  

HS V infection of macrophages 
Macrophage-like cells were grown in 1 ml of  growth medium in l -dram shell vials 

fitted with cork stoppers. When complete monolayers formed, cell cultures were 
washed twice with PBS and then inoculated with 0.1 ml of either HSV-I or HSV-2 at a 
specific multiplicity of infection (MOI). Cell cultures contained 2-3 × 105 cells/vial. 
After 1.5 h at 37°C for virus adsorption, the inoculum was aspirated and each culture 
was washed two times with PBS before adding 1 ml of maintenance medium for further 
incubation at 37°C. At various times post infection (PI), cultures were examined for 
cytopathic effects (CPE) and then frozen at -70°C. Thawed samples were sonicated 
and centrifuged. The supernatants were either diluted to determine the number of 
PFU/ml  or processed to determine the amount  of  IFN. Before assaying for IFN the 
supernatants were dialyzed against Sorensen's glycine I buffer (pH 2.0) at 4°C for 24 h 
and then dialyzed against Hanks '  balanced salt solution at 4°C for 24 h. 

Results 

Replication of HSV in low and high IFN-producing macrophage cell lines 
When inoculated with NDV, PU5-1.8 cells produce approximately 20 IU/106 cells of 

IFN and J774A.I cells produce approximately 10000 IU/106 cells within 24 h [ 16]. 
These low and high IFN-producing cell lines were inoculated with HSV-I or HSV-2 at 
a low and a high MOI to determine if HSV replication in macrophages is affected by 
IFN induced during HSV replication. The yields of HSV-I were greater by I -2  log~0 
PFU/ml  in PU5-1.8 cell cultures than in J774A. 1 cell cultures (Table 1). Interferon was 
not detectable in PU5-1.8 cell cultures; however, IFN was detectable in J774A. 1 cell 
cultures at 48 h inoculated at a low MOI and at 4, 24, and 48 h inoculated at a high 
MOI. 

The yield of HSV-2 in PU5-1.8 and J774A. 1 cell cultures was considerably lower 
than that of HSV-1, in spite of the similarity of CPE (Table 1). Unlike HSV-I infected 
cultures, the yield of  HSV-2 in both types of cell cultures was the same. Interferon was 
produced only in J774A. I cell cultures inoculated at a high MOI. 

A high MOI of either virus induced IFN in J774A.I cell cultures as early as 4 h PI. 
When considering the maximum amount  of  IFN produced, this is a relatively early 
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time period to detect virus-induced IFN. The possibility of the presence of a non-viral 
inducer such as bacterial endotoxin was investigated since maximum amounts of IFN 
are produced within 4 h after treating J774A. I cells with lipopolysaccharide from 
Escherichia coli [ 16]. When the virus inoculum, HSV-I or HSV-2, was heated at 60°C 
for 30 rain prior to inoculating cells, IFN was not detectable at 4 h or at 24 h PI (data 
not shown). When 50 p.g/ml of polymyxin B sulfate which binds lipids and lipopoly- 
saccharides [ 13] was added to the virus inoculum, IFN was detected sometimes at 4 h 
and consistcntly at 24 h PI. Although the detcction of IFN at 4 h with or without 
polymyxin B sulfate treatment of the virus inoculum was variable, these results suggest 
that when IFN is produced at 4 h PI it is probably due to HSV infection rather than 
possible bacterial endotoxins. 

Inhibition of HSV-I replication by IFN 
To determine if the replication of HSV-I in macrophages is sensitive to IFN, 

J774A.I cell cultures as well as L929 cell cultures to serve as a non-macrophage cell 
control were pretreated with different IFN preparations and then inoculated with 
HSV-I. The yield of HSV-I after 24 h of incubation was greatly reduced with IFNs 
from either NDV-induced L929 cells, NDV-induced J774A. 1 cells or HSV-1 induced 
J774A. 1 cells (Table 2). The replication of HSV-1 was equally sensitive to IFN in both 
J774A.1 cells and L929 cells. 

Replication of HSV in the presence of anti-lFN serum 
To determine if IFN produced during HSV replication affects the yield of HSV, 

J774A. 1 cell cultures were treated during virus replication with anti-IFN serum. There 
was a slight increase in yield of HSV-I and HSV-2 at 48 h but not at 24 h (Table 3). Cell 

T A B L E  2 

Effect o f  1FN p r e t r e a t m e n t  o f  .1774A.1 a n d  mot ,  se 1.929 cells on  H S V - I  repl icat ion: '  

IFN sou rce  C o n c e n t r a t i o n  Cell type % Inh ib i t ion  

( I U / m l )  

N D V - L 9 2 9  50 ± 10 J 7 7 4 A .  I 99 -t- 0 

1.929 95 ± 4 

120 ± 20 .1774A.1 > 9 9  

L929 99 :t: 0 

N D V - J 7 7 4 A . I  40 ± 10 J774A.1  98 -'t- 4 

1.929 99 ± 2 

140 zt:: 40 J774A.  I 2>99 

L929 > 99 

H S V - I  .1774A.1 20 ~. 5 J 7 7 4 A .  I 95 -t- 5 

30 ::t: 10 99 -t- 1 

" Cu l tu re s  o f  e i ther  J 7 7 4 A .  1 o r  L929 cells were t r ea ted  with o r  w i thou t  I FN for  18-20  h at 37°C,  i nocu la t ed  
with H S V -  I at  a n  M O I  o f  0.1,  a n d  then  i n c u b a t e d  for  24 h at  37°C.  Resul ts  are  expressed  as the ave rage  ± 

S .D.  o f  2 - 3  assays .  
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TABLE 3 

Effect of ant i - lFN serum on the replication of HSV-I and HSV-2 in J774A. 1 cells inoculated at an MOI of 
0.1 

Virus Antiserum treatment PFU/mP at 

4 h 24 h 48 h 

HSV-I 

HSV-2 

None 8.0 × 101 8.0 X 10 ~ I.I X 10 ~ 
Pretreatment NT b 7.2 X 10 ~ 9.8 X 104 

During NT 2.4 × 103 6.2 X 10 ~ 

Pretreatment and during NT 6.5 X 10 ~ 5.0 X 10 ~ 

None 2.6 X 10 ~ 1.3 X 102 8.8 X 10 ~ 
Pretreatment NT 8.0 X 102 9.5 X 101 

During NT 1.2 X 102 5.5 × 102 
Pretreatment and during NT 1.4 X 103 2.5 X 102 

a Average titer of two experiments. S.D. ranged from 4% to 27% of the average titers. 
b Not tested. 

cultures were also pretreated with anti-IFN serum for 18-20 h to ascertain if non-de- 
tectable amounts of possible endogenous IFN regulated the permissiveness of these 
cells to HSV replication. The yield of HSV-I was not affected but there was a slightly 
increased yield of HSV-2 at 24 h by those cultures pretreated with anti-IFN serum. At 
48 h the yields of HSV-2 were essentially identical whether the cultures were pretreated 
with antiserum, treated during virus replication or subjected to treatment both before 
and during replication. 

Discussion 

In this study two macrophage-like cell lines were used, one a poor producer of IFN 
and the other a good producer of I FN, to determine the effect of IFN on the replication 
of HSV-I and HSV-2 in macrophages.  We have shown that the yield of  HSV-I is 
greater by 1-2 logt0 PFU/ml  in PU5-1.8 cells than in J774A. 1 cells. Since IFN was not 
detectable at 48 h in PU5-1.8 cell cultures inoculated with a low MOI but was detected 
in J774A.I cell cultures under the same conditions, the decreased yield of virus in 
J774A.1 cell cultures may be a result of this induced IFN. In support of this are the 
results showing that the replication of HSV-1 is inhibited by IFN (Table 2). This is the 
first report showing that exogenously added IFN, including HSV-1 induced IFN, 
inhibits the replication of HSV-1 in macrophages. Hirsch et al. [5] reported previously 
that HSV-induced mouse peritoneal macrophage IFN protected mouse embryo fibro- 
blasts against virus infection but did not protect macrophages against HSV. Further- 
more, we found that the sensitivity of HSV replication in J774A.1 cells to IFN was 
almost equal to that of VSV, a virus considered very sensitive to the antiviral effects of 
IFN (data not shown). 

In contrast to HSV-I replication, the yields of HSV-2 in PU5-1.8 and J774A. I cell 
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cultures inoculated at a low MOI were lower by 2-4 log~0 PFU/ml,  IFN was not 
detectable, and there was no difference in the amount of virus produced betwecn the 
two cell types. In addition the yield of HSV-2 at 48 h was not greater than that at 24 h 
even though CPE increased with time of incubation. It is possible low levels of IFN 
that could not be detected preventcd further replication of HSV-2, however we feel 
that this is rather unlikely for reasons discussed bclow. 

Macrophage-like cell cultures were also inoculated at a high MOI to characterize the 
single-cycle replication of HSV-1 and HSV-2 in macrophages. Higher titers were 
obtained at 24 h than at 48 h. Some of the decrease was probably due to thermal 
inactivation because we have found an inactivation rate of about 1 logt0 PFU/ml  per 
24 h for both viruses in cell-free maintenance media at 37°C (data not shown). The 
difference in titers of HSV-1 in PU5-1.8 and 3774A. 1 cell cultures was the same as that 
in cultures inoculated at a low MOI. For HSV-2 the titer was five times greater in 
PU5-1.8 than in J774A. 1 cell cultures. Both viruses induced IFN in J774A. I cells as 
early as 4 h PI, but not in PU5-1.8 cells. Interferon was also detected early in 
HSV-infected mouse peritoneal macrophages [1] and human monocytes [10]. Al- 
though HSV titers were lower in J774A. ! than in PU5-1.8 cell cultures, this reduction is 
probably not due to the IFN produced because cell cultures were infected with an MOI 
permitting only one cycle of replication. Since these virus titers were similar to those of 
cell cultures infected with a virus dose 100 times lower, requiring several cycles of virus 
replication, IFN does not appear to influence the replication of HSV in PU5-1.8 and 
J774A. 1 cells. 

Results with anti-IFN serum support our conclusion that HSV-induced IFN does 
not affect the replication of either HSV-I or HSV-2 in macrophage-like cells since 
treatments with anti-IFN serum did not significantly increase virus yields. The antise- 
rum used in our studies effectively neutralizes acid stable NDV-induced IFN in 
PU5-1.8 and 3774A. 1 cells [ 16] and contains antiglobulins to both alpha and beta I FN 
[7]. Cultures of J774A.1 cells were treated with antiserum before virus infection, 
during replication, and in combination. At 48 h PI there was a slightly higher titer of 
HSV-I infected cultures treated with antiserum during virus replication, however the 
titer was considerably lower than that in PU5-1.8 cell cultures. At 24 h PI there were 
also slightly higher titers of HSV-2 infected cultures pretreated with antiserum than in 
non-treated cultures. This difference was less at 48 h PI. These differences are much 
lower than those reported by Brucher et al. [1] who showed that the titer of HSV-I 
increased from 103 to 10 6 PFU/culture when splenic macrophages from resistant 
DBA/2 mice were treated with anti-IFN serum during HSV-I infection. In contrast to 
this and similar to our results, the yield of HSV did not increase when human WISH 
cells or Chang human conjunctival cells were treated with anti-IFN serum [9]. 

Factors other than IFN appear to cause restrictiveness to HSV-1 replication in 
J774A. 1 cells in comparison with PU5-1.8 cells. The genetic origin of these cells is not a 
factor because both cell types were derived from BALB/c mice. The restrictiveness of 
both cell types to HSV-2 replication in comparison to HSV-I replication is also not 
caused by IFN. Further investigations as to the cause of the restrictiveness of these cell 
lines are warranted to better understand the relationship of virulence with the ability of 
some strains of HSV to replicate in macrophages as reported by others (reviewed in 
Ref. 12). 
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