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Introduction. Viral infections can be in- 
hibited by treatment of animals with a vari- 
ety of immunomodulators (1-6). The mech- 
anisms of antiviral action of immunomodu- 
lators, however, have been defined in only a 
few instances. The protective effects of po- 
lyriboinosinic-cytidylic acid and of tilorone 
hydrochloride appear to be due to the sys- 
temic production of high levels of interferon 
( 5 ) .  Investigations have not been able to 
establish a similar role for interferon in the 
antiviral effects of synthetic polyanionic im- 
munomodulators such as pyran and chlorite- 
oxidized carboxyamylose (COAM), but 
have suggested that cells of the activated 
reticuloendothelial system might be in- 
volved (1, 4).  Pyran, as well as biologic 
immunomodulators such as Mycobacterium 
bovis strain BCG and the killed vaccine of 
Corynebacterium parvum, alter the reticulo- 
endothelial system, causing enhancement of 
phagocytic clearance of particles and in- 
creased microbicidal activity (7). These im- 
munomodulators also markedly enhance the 
capacity of the host to inhibit tumor growth, 
and the antitumor mechanism has been 
demonstrated to involve activated macro- 
phages (8,9). More recently, levamisole has 
been demonstrated to enhance resistance to 
viral infection, although the mechanism re- 
mains poorly defined (2). The present stud- 
ies were undertaken to compare the anti- 
viral activities of several of these diverse 
immunomodulators in two experimental 
herpes simplex virus models which were se- 
lected to provide a systemic infection (intra- 
peritoneal route) and a local infection (in- 
travaginal route) that is characterized by 
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direct nerve root spread to the central nerv- 
ous system (10). Experiments were also de- 
signed to investigate whether the immuno- 
modulators would be effective in mice with 
impaired host resistance. 

Materials and methods. Mice. Female 
Swiss mice obtained from Simonsen Labora- 
tories, Gilroy, Calif. were used for all exper- 
iments. 

Drugs. Corynebacterium acnes (ATCC 
1 1828) was grown as previously described 
( l l ) ,  the organisms were washed, sus- 
pended at 15 mg/ml wet weight, heat-killed 
at 60" for 1 hr, and stored at 4". A killed 
vaccine of C. parvum, containing 7 mg/ml 
wet weight of organisms, was received from 
Burroughs- Wellcome, Research Triangle, 
N.C. Pyran (lot XA 124-177) was pur- 
chased from Hercules, Inc., Wilmington, 
Del., suspended in phosphate-buffered sa- 
line (PBS), and brought into solution by the 
addition of NaOH to pH 7.0. A 2.5% solu- 
tion of oyster glycogen type I1 (Sigma 
Chemical Co., St. Louis, Mo.) was prepared 
in PBS and stored at 4". Levamisole 
(R12564, Janssen Research and Develop- 
ment Co., New Brunswick, N.J.), lot 
75A15/786, was obtained courtesy of Dr.  
Gerald Fisher, Tripler Army Medical Cen- 
ter, Honolulu, Hawaii, and dissolved in 
PBS. Silica No. 12, particle size between 2 
and 10 nm, was obtained courtesy of Dr.  
Benkert, Dorentruper Sand-und Thon- 
werke BmbH, Dorentrup, West Germany. 
For some experiments, silica, 325 mesh 
(Sargeant - Welch Co.) was prepared as de- 
scribed by Selgrade and Osborn (12). 

Virus and Cells. A pool of herpes simplex 
virus type 2 (HSV-2), MS strain, was pre- 
pared in primary rabbit kidney cells as pre- 
viously described (lo), and titered 5 X lo6 
plaque-forming units (PFU) on secondary 
mouse embryo fibroblasts (MEF). Studies 
of HSV-2 pathogenesis were performed as 
previously described (10). Fetal lamb kid- 
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ney cells were used for titration of HSV-2 in 
organs. All medium consisted of 10% inac- 
tivated fetal calf serum, Eagle’s minimal es- 
sential medium with Earle’s balanced salt 
solution (EMEM), 100 units/ml of penicil- 
lin, and 50 pg/ml of streptomycin. 

Antiviral studies in vivo. Swiss mice were 
prophylactically treated with the immuno- 
modulators according to the following regi- 
mens: C. acnes, 150 mg/kg ip, Day -14; C. 
parvum, 70 mg/kg ip, Day -14; pyran, 25 
mg/kg iv, Day -1 or 75 mg/kg ip, Day -1; 
and levamisole 1 mg/kg ip, Day - 1. Con- 
trols included mice inoculated ip with glyco- 
gen (0.2 ml, Day - 5 )  or PBS (0.2 ml, Day 

Mice were challenged ip with approxi- 
mately 2 x lo5 PFU of virus, or  intravagin- 
ally (i.vag.) with approximately 1 x lo5 
PFU as previously described (1 0). Experi- 
mental groups of animals usually consisted 
of at least 15 mice. Animals were checked 
daily for mortality. The mean survival time 
was calculated and compared with that in 
control groups by the Student t test. The 
mortality in drug-treated as compared with 
control groups was evaluated using the x 2  
test with Yates’ correction factor. 

Results. Comparison of imrnunomodula- 
tors against ip and i.vag. HSV-2 infection in 
adult mice. Prophylactic systemic treatment 
(iv) of mice with pyran or treatment with 
corynebacteria or  pyran at  the site of virus 
inoculation (ip) significant 1 y protected mice 
against lethal systemic infection with HSV-2 
(Table I). In contrast, treatment by the 
same regimens did not significantly alter 
mortality of a local genital HSV-2 infection 

-14). 

of mice, in which the virus spreads by direct 
nerve root extension to the central nervous 
system (10). The mean survival time of in- 
travaginally infected mice was significantly 
increased, however, by systemic treatment 
with pyran. The results are similar to pre- 
vious findings (13, 14) which have demon- 
strated that iv treatment of young adult 
BALB/c mice with pyran can significantly 
decrease the mortality of mice infected in- 
travenously or intravaginally , but that the 
activity against the vaginal infection was less 
effective than against the systemic infection. 
Treatment with levamisole or glycogen was 
ineffective against either infection. In an- 
other experiment levamisole was adminis- 
tered twice, on the day prior tG and the day 
of ip HSV-2 infection; this regimen was also 
ineffective (data not shown). 

Treatment of suckling rats with levami- 
sole has been reported to increase resistance 
to HSV-2 infection (2), and experiments 
were thus designed to determine the effec- 
tiveness of immunomodulators in young 
mice. Suckling mice averaging 8 days of age 
were treated ip with pyran or levamisole and 
infected ip with HSV-2 24 hr later. Levami- 
sole had no protective effect on the course 
of the disease, as measured either by a re- 
duction in mortality or prolongation of sur- 
vival time. Treatment with pyran produced 
a slight reduction in mortality from 100% in 
controls to 75% (P < 0.05), and prolonged 
the survival time of mice from 6.0 k 0.2 
days in the control group to 9.8 * 0.6 days 
in the pyran-treated group ( P  < 0.01). An 
attempt was also made to determine 
whether levamisole, in conjunction with C .  

TABLE I .  COMPARISON OF IMMUNOMODULATOR-INDUCED RESISTANCE AGAINST HSV-2 INPECTION IN 
ADULT M I C E . ~  

Treatment 

PBS 
C .  acnes 
C .  parvum 
Pyran ip 
Pyran iv 
Levamisole 
Glycogen 

Infection ip Infection i .  vag. 

Mean survival time ? 
Dead/Total Percent Dead/Total Percent SE 

15/15 100 9/15 60 7.7 2 0.2 
3/15* 20 13/16 81 8.5 ? 0.4 
4/14* 29 14/15 93 8.8 & 0.3 
7/15* 47 12/15 80 10.9 ? 0.9 
8/15* 53 8/14 57 10.6 ? 0.6* 

1 1 / 1 5  73 12/15 80 9.2 4 0.4 
11/15 73 9/15 60 8.2 ? 0.3 

Mice were treated with the immunomodulators as indicated in Materials and methods, inoculated ip or i .  vag. 
with HSV-2, and the mortality and mean survival time of the mice that died were calculated. 

* P < 0.05. 
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acnes treatment, could protect young mice 
against HSV-2 infection. Treatment of suck- 
ling mice with C .  acnes alone was ineffective 
(16), and it was possible that levamisole 
treatment could enhance immunologic mat- 
uration processes. Treatment of 8-day-old 
mice with levamisole, C .  acnes alone, or the 
combination of the two immunomodulators, 
however, had no protective effect on the 
course of disease in mice infected 14 days 
later (3 weeks old) with HSV-2. Prophylac- 
tic treatment of the 3-week old mice with 
pyran (75 mg/kg ip, -24 hr) was similar to 
treatment of suckling mice, causing a slight 
reduction in mortality and an increased 
mean survival time from 8.2 * 0.4 to 12.2 
* 1.7 days ( P  < 0.05). 

Effect of silica treatment on HSV-2 infec- 
tion and immunomodulator-induced protec- 
tion. If the antiviral action of the corynebac- 
teria or pyran were mediated through mac- 
rophages, less protection might be evident 
in mice depleted of macrophages. Silica 
treatment, which alters a number of immu- 
nologic responses, is toxic for macrophages 
and transiently depletes the macrophage 
population (1 5 ?  20, 21). When differential 
counts were performed on peritoneal cells 
obtained 2-24 hr after ip silica treatment, it 
was apparent that the monocyte/macro- 
phage and lymphocyte populations were de- 
creased while the polymorphonuclear cell 
population was dramatically increased from 
1-5% to approximately 50% of the popu- 
lation. Although there is considerable varia- 
tion with the use of silica, treatment with 
either of two different preparations of silica 
prior to ip inoculation of HSV-2 consistently 
enhanced mortality to the disease at least 
10-fold as compared to control animals (Ta- 
ble 11). 

This increase in mortality was reflected in 
a change in the viral pathogenesis. When 
mice were inoculated ip with 2 X lo3 PFU 
of HSV, 20% mortality occurred in the un- 
treated control and 100% in the silica- 
treated group. Organs of groups of three 
mice from each group were obtained and 
pooled for assay at intervals during the 
course of the disease. In silica-treated mice, 
virus was present in all of the visceral organs 
2 days after infection, with the highest titers 
in the spleen, kidney, and blood (Fig. 1).  

TABLE 11. EFFECT OF SILICA TREATMENT ON 

SYSTEMIC HSV-2  INFECTION.^ 

Silica- 
Normal treated 

Experiments mice mice 

Experiment 1 
Sargeant-Welch silica 2 .7  3.7 
Dorentruper silica 2 .7  3.7 

Dorentruper silica 2 . 4  3 .7  
Experiment 2 

~~ ~ 

a Adult mice were treated ip with PBS, Sargeant- 
Welch silica (50 mg/kg), or Dorentruper silica (40 mg/ 
kg) 2 hr prior to ip challenge with 10-fold dilutions of 
HSV-2, mortality was observed, and the LDS0 doses 
per 0.2 ml of inoculum were calculated. 

Virus persisted systemically until at least 
Day 4,  at which time HSV-2 was present in 
both the spinal cord and brain stem. Pro- 
gressive growth occurred in the central nerv- 
ous system, with HSV-2 appearing in the 
cerebrum on Day 6.  In the control group, 
low levels of virus were found sporadically 
in visceral organs, and virus did not appear 
in the central nervous system until Day 6.  In 
untreated adult animals infected ip with a 
lethal dose (1 x lo5  PFU) of HSV-2, virus 
also appears in the visceral organs late in the 
course of infection (Day 7) and primarily is 
in the spleen, lung, and kidney (Kern, un- 
published observations). 

The pathogenesis results indicated that it 
would not be appropriate to determine the 
protective effects of an immunomodulator 
in normal and silica-treated animals infected 
with the same dose of HSV-2, since the 
effective challenge in silica-treated mice 
would be greater than that in normal mice. 
Thus, mice were treated with the immuno- 
modulators, then with PBS or silica, and 
challenged with 10-fold dilutions of HSV-2 
in order to determine the effective LDS0 in 
each group. Although silica treatment en- 
hanced the LD50 of mice more than 100- 
fold, the immunomodulators were as effec- 
tive in silica-treated mice as in normal mice 
(Table 111). In fact, the LD5o of HSV-2 in C. 
acnes- or  pyran-treated mice was almost the 
same in normal and macrophage-depleted 
mice. 

Discussion. In this comparative study, 
adult mice were markedly protected from 
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FIG. 1 .  The effect of silica treatment on the pathogenesis of herpes simplex virus (HVH) type 2 infection of 
mice. Virus titers in organs from silica-treated mice (0)  or  PBS-treated mice (0). 

TABLE 111. LACK OF EFFECT OF SILICA ON 

Infectiona 
ACTIVITY OF C. ACNES OR PYRAN AGAINST HSV-2 

PBS Silica 

Immuno- Protec- Protec- 
modulator log,, tion log,, tion 
treatment LD,, (log,,) LD,, (log,,) 

PB S 2.3 4.7 
C. acnes 0.9 1.4 1 .o 3.7 
Pyran iv 1.4 0.9 1.7 3 .O 

a Groups of 15 mice each were treated ip with PBS 
or  C. acnes (150 mglkg) 14 days prior to, or with pyran 
(25 mg/kg iv) 1 day prior to virus challenge. Mice were 
treated with silica (40 mg/mouse ip) or  PBS 2 hr prior 
to  ip challenge with tenfold dilutions of HSV-2 ranging 
from 10-0.' to 10-5.7 

intraperitoneal infection with HSV-2 by ad- 
ministration of pyran or killed corynebac- 
teria, similar to data reported separately for 
C. acnes and pyran (13, 16). While both 
agents were effective against ip HSV-2 in- 
fection , only pyran significantly increased 
the survival time of mice infected intrava- 
ginally. It is of interest that prophylaxis with 
another immunomodulator , Mycobacterium 
bovis strain BCG, had no effect on mortality 
of mice from intravaginal HSV-2 infection 
(17). The results suggested that the antiviral 
effect of corynebacteria against HSV-2 
might be exerted locally rather than systemi- 

cally. Local administration of C. parvum 
appears to be more effective than does sys- 
temic administration against tumor growth 
(8), while the antitumor and antimicrobial 
action of pyran is expressed both locally and 
systemically (9). The differences between 
the two immunomodulators may be related 
to the induction by C. parvum of local gran- 
ulomas with activated macrophages (a), 
while granuloma formation is not prominent 
after pyran administration (1 8). 

Treatment of either adult or suckling mice 
with the immunomodulator levamisole was 
ineffective. These results are in contrast to 
those reported by Fisher et al .  (2), who 
demonstrated marked protection of suckling 
10-day-old rats from HSV-2 infection. Starr 
et al. (6) have also recently reported the 
ineffectiveness of levamisole, typhoid vac- 
cine, brucella vaccine, or staphage lysate 
against HSV-2 infection in suckling mice. 
Only prophylactic BCG treatment was able 
to modify the survival rate of young mice. 
The mechanism of antiviral action of BCG 
and pyran in young mice remains to be de- 
fined. 

Experiments were performed in an effort 
to determine whether activated macro- 
phages were involved in the antiviral resist- 
ance produced by pyran and the corynebac- 
teria. Zisman et al. (19) and DuBuy (20) 
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have demonstrated that adult mice can be 
made more susceptible to HSV infection if 
the mice are treated with silica, which is 
selectively toxic for macrophages (21). The 
present experiments with silica established 
the degree of enhanced susceptibility; the 
LD5,, in silica-treated mice was consistently 
increased 10-fold or more over that in con- 
trols. Our results confirm and extend the 
observations of Zisman et al. (1 9) on patho- 
genesis of the infection. In silica-treated 
mice, virus replication in the visceral organs 
was significantly enhanced. The infection 
was associated with a viremia, earlier seed- 
ing of the central nervous system, and a 
shorter survival time than in untreated mice. 
Although silica treatment profoundly al- 
tered the course of the disease, animals re- 
ceiving the immunomodulators pyran or C .  
acnes were protected as effectively as nor- 
mal mice. These data would suggest that 
macrophages or other possible immunologic 
components affected by silica (15, 21) are 
not the critical determinant in the protective 
effects of the immunomodulators. How- 
ever, the immunomodulator treatments 
cause an influx of macrophages into the per- 
itoneal cavity and an hepatosplenamegaly 
associated with increased reticuloendothe- 
lial capacity (7, 8), which could decrease the 
effectiveness of silica. Immunomodulators 
such as C .  parvum have also been demon- 
strated to increase macrophage colony for- 
mation from stem cells in the bone marrow 
(22). If the immunomodulators can amplify 
the residual reserves of cells, it may be im- 
possible to deplete mice sufficiently of mac- 
rophages. 

Results of pathogenesis studies have sug- 
gested that the antiviral effects of these im- 
munomodulators are exerted during the first 
phases of the viral infection and do not in- 
volve enhancement of specific immunologic 
responses, but rather involve nonspecific re- 
sistance factors (1 4, 16). Previous results 
with pyran have demonstrated that the drug 
was as effective in immunosuppressed mice 
deficient in T-cell function as it was in nor- 
mal mice (23). The current results indicate 
that the pyran and Corynebacterium immu- 
nomodulators were also effective in mice 
markedly deficient in host resistance func- 
tions due to silica treatment. Further studies 

on the mechanism of action of these sub- 
stances are currently underway. It is clear 
that certain immunomodulators have the 
potential for ameliorating virus infections 
that are exacerbated as a result of immuno- 
suppression. 

Summary. Adult mice were protected 
from mortality after intraperitoneal infec- 
tion with herpes simplex virus type 2 by 
prophylactic treatment with the immunomo- 
dulators, Corynebacterium parvum, Coryne- 
bacterium acnes, or pyran. Treatment with 
pyran, but not with the corynebacteria, also 
increased the survival time of mice after 
local genital (intravaginal) infection with the 
virus. Treatment with levamisole or glyco- 
gen was ineffective against either virus in- 
fection. Levamisole and C .  acnes were also 
ineffective against herpes simplex virus in- 
fection in suckling and weanling mice, while 
pyran was slightly effective. Silica treat- 
ment, to suppress macrophage function in 
v ivo ,  increased the susceptibility of mice to 
herpes simplex infection by 10- to 100-fold. 
The increased susceptibility induced by sil- 
ica was associated with early, sustained viral 
replication in the visceral organs. Although 
silica treatment markedly suppressed host 
resistance to herpes virus, this treatment did 
not inhibit the antiviral activity of pyran or 
C .  acnes . 

The authors appreciate the excellent technical as- 
sistance of James T .  Richards. 
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