
sects, their exceptionally high order of 
activity encourages speculation concern- 
ing their possible role as hormonally 
based plant protectants. The sweet basil 
plant has been valued as a spice, as well 
as for its perfumery characteristics. It is 
reported to be bactericidal and to have in- 
secticidal activity against mosquitoes and 
houseflies. Two of the recognized insecti- 
cidal constituents are methyl cinnamate 
and methylchavicol (19). The structures 
and activity of the juvocimenes suggest 
that sweet basil may have developed an 
additional and far more sophisticated 
chemical defense against insect predation 
through hormonal derangement of insect 
morphogenetic development. 
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Virus-induced tumors produce consid- 
erably more prostaglandins (PG's) than 
do normal cells (1). Prostaglandin bio- 
synthesis is also substantially increased 
in Balb/c 3T3 fibroblasts transformed by 
simian virus 40 (2) and by polyoma (3). 
However, there has been little work 
evaluating the effect of prostaglandins on 
virus replication. Harbour et al. (4) dem- 
onstrated that PGE2 (10 ug/ml) and 
PGF2, (1.0 p.g/ml) both increased the 
size of herpessimplex virus (HSV) plaques 
in Vero cells. PGE2 also increased the 
yield of virus inoculated at low multiplicity 
of infection but had no effect on RNA vi- 
ruses, measles virus, or Coxsackie virus 
B1. In contrast, higher doses of PGF2a 
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(10 gg/ml) decreased virus yields. Luc- 
zak and colleagues (5) previously report- 
ed that PGE2 and PGF2, inhibited the 
multiplication of parainfluenza-3 virus in 
WISH cells and suggested that this effect 
could be induced by altering the rate of 
growth of the host cells. To evaluate the 
role of prostaglandins in viral replica- 
tion, we have tested a spectrum of pros- 
taglandins and prostaglandin-related 
compounds on the production of Sendai 
virus in an African green monkey kidney 
(AGMK) cell line (37RC) in vitro. 

Stocks of Sendai virus (6) were pre- 
pared by allantoic inoculation of 10-day- 
old embryonated eggs. After 72 hours at 
37?C, the allantoic fluid was harvested, 
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Fig. 1. Effect of different prostaglandins and prostaglandin-related compounds on Sendai virus 
production. Both HAU release (A) and HAD (B) are expressed as percentages of control. Each 
point is the mean (+ standard error) of at least four cultures (*, P < .001). All compounds were 
tested at a concentration of 4 ug/ml; ETOH, ethanol. 
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Prostaglandin A Compounds as Antiviral Agents 
Abstract. Prostaglandins of the A series strongly inhibit the production of Sendai 

virus in African green monkey kidney cells and are able to prevent the establishment 
of persistent infection ("carrier" state). This action is specific for prostaglandin A 
and is not due to alteration in the host cell metabolism or in the virus infectivity. The 
possibility that this effect is mediated by interferon is discussed. 
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clarified by centrifugation at 4000g for 10 
minutes, and stored at -80?C. These 
cells, which produce interferon upon in- 
duction with Newcastle virus (7), were 
grown either in T-25 Falcon flasks or in 
24-well Limbro plates in Eagle's minimal 
essential medium (MEM) supplemented 
with 5 percent fetal calf serum (Gibco) 
and antibiotics. They were incubated at 
37?C in a humidified atmosphere contain- 
ing 5 percent CO2 and 95 percent air. 
Confluent monolayers of cells were 
washed with phosphate-buffered saline 
(PBS) and then infected with known 
amounts of Sendai virus suspension. Af- 
ter 1 hour of incubation at 37?C, the virus 
inoculum was removed and the monolay- 
ers were washed three times with PBS 
and then incubated with MEM (1.0 ml 
for Limbro wells and 10 ml for the 
flasks). Prostaglandin treatment was ini- 
tiated after the 1-hour infection period 
and the medium was replaced daily. 
Prostaglandins and the synthetic analogs 
(8) were stored at -20?C as stock solu- 
tions in 100 percent ethanol. They were 
diluted to the appropriate concentrations 
in culture medium at the time of their 
use. Control media contained the identi- 
cal concentration of ethanol (0.04 per- 
cent). Sendai virus titrations were per- 
formed by measuring both the hemag- 
glutinating units (HAU) present in the 
medium (10.0 HAU= 107 virions) and 
hemadsorption (HAD) by infected 
monolayers of AGMK cells. For HAD 
measurements, cell monolayers were 
washed three times with PBS, then 0.5 
ml of human red blood cells (0.1 percent, 
group 0, Rh+) were added. After in- 
cubation at 4?C for 60 minutes the mono- 
layers were extensively washed with 
PBS, and, after cell lysis occurred, the 
number of erythrocytes absorbed was 
quantitated by hemoglobin determina- 
tion according to the technique of 
Crosby and Furth (9). 

Figure 1 summarizes the effect of dif- 
ferent prostaglandins and related com- 
pounds on virus production. The addi- 
tion of ethanol to the medium did not 
produce any change. The prostaglandin 
precursor, arachidonic acid, did not alter 
either HAU or HAD, nor did PGE2, 
PGF2a, prostacyclin (PGI2), thrombox- 
ane B2 (TxB2), or 6-keto-PGF,,. Al- 
though 16,16-dimethyl-PGE2-methyl es- 
ter (di-M-PGE2) slightly inhibited HAU 
release, it did not alter HAD. In con- 
trast, prostaglandins of the A series 
(PGA,, PGA2, and di-M-PGA2) were all 

Table 1. Inhibitory effect of PGA on Sendai virus production. Each number is the mean (? stan- 
dard error) of at least four different experiments. The time points represent the time after infec- 
tion with Sendai virus. 

Virus production (HAU per 2 x 105 cells) at 
Treatment 

24 hours 48 hours 72 hours 

Control 32.0 ? 0.0 96.0 ? 0.0 48.0 ? 0.0 
PGA1 (4 tg/ml) 10.0 ? 2.0 16.0 ? 0.0 4.0 ? 0.0 

Percentage inhibition* 68.8 83.3 91.7 

*Compared to control. 

the virus. At the dose used (4 ulg/ml), 
PGA1 was not toxic to the cells as mea- 
sured both by trypan blue exclusion and 
by electron microscopic examination; 
furthermore, PGA1 did not produce any 
alteration in the metabolism of control or 
virus-infected cells as measured by rate 
of cell replication and RNA and protein 
synthesis (10). Treatment of either the 
virus (15 minutes at 37?C) or the cells (24 
or 48 hours at 37?C) before infection had 
no significant effect on virus infectivity 
or replication, respectively. 

Figure 2A shows the effect of PGAi (4 
,tg/ml) added at different times after vi- 
rus infection. No difference was ob- 
served when the treatment was initiated 
0, 3, or 6 hours after infection, demon- 
strating that PGA, did not act on an early 
event of viral replication. Moreover, 
PGA1 added as late as 24 or 48 hours af- 
ter infection caused comparable amounts 
of inhibition, indicating that the treat- 
ment was effective even on the late 
stages of infection. Figure 2B shows the 
effect of the length of treatment with 
PGA,. Treatment in all cell cultures was 

started after the 1-hour incubation period 
and was stopped at different times by 
washing the cell monolayers three times 
with PBS and replacing with fresh me- 
dia. Treatment for 3 hours had no signifi- 
cant effect on virus production; treat- 
ment for 6 hours inhibited virus produc- 
tion in the first 24 hours, after which time 
the inhibitory effect disappeared. Treat- 
ment with PGAi for 24 hours produced 
maximum inhibition at this time point, 
after which the inhibitory effect de- 
creased. Finally, treatment for 48 and 72 
hours resulted in a continuous maximum 
inhibition. These experiments demon- 
strated that short-term (3 to 24 hours) 
treatment with PGA1 can readily be re- 
versed, and its presence in the medium 
is necessary for the whole period of viral 
infection for the maximum effect. 

Under control conditions, virus repli- 
cation tended to decrease after the 48- 
hour peak (see Table 1). Cells that sur- 
vived this first infection with egg-grown 
Sendai virus (about 40 percent at day 4) 
slowly regained normal morphology and 
growth potential and at 12 to 14 days af- 

PGA1 added at 

A 

Fig. 2. Time dependence of 
PGA, treatment. (A) PGAi (4 
,/g/ml) was added at differ- 
ent times after infection. (B) 
PGA,-treatment was sus- 
pended at different times after 
infection. Each point repre- 
sents the mean of at least two 
samples. Hemagglutinin titers 
were identical for each pair of 
samples at each point (stan- 
dard error of the mean is zero). 
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potent inhibitors of virus production. 
The inhibitory effect of PGA (Table 1) 
was dose dependent and was not depen- 
dent on the multiplicity of infection of 
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ter infection, no HAU could be detected 
in the medium. However, a peak of virus 

production was detected 48 to 72 hours 
after trypsinization of the cells. This in- 
dicates that the cells had become per- 
sistently infected (carriers) and were re- 
sistant to a reinfection (no increase in 
HAU or cell damage) by the parental 
egg-grown Sendai virus (7). As shown in 

Fig. 3, treatment with PGA1 was able to 
prevent the establishment of a persistent 
infection in 37RC cells. In this experi- 
ment, PGA1 treatment (4 ,ug/ml) was 
started soon after infection of confluent 
monolayers by egg-grown Sendai virus 
at a multiplicity of infection of 1 x 103 
HAU per 106 cells. HAU titers were de- 
termined and medium was replaced dai- 
ly. Four days after infection, the release 
of HAU into the medium stopped in 
PGAi-treated cells, whereas control cells 
continued to release viruses even after 
12 days. Cell morphology was similar in 
control and PGA1-treated cells. After 10 
days of treatment, inclusion of PGAi in 
the medium was discontinued, since 
cells started to detach from the plastic 
surface at a higher rate than was ob- 
served in control cultures. At day 17, cell 
cultures (control and PGA,-treated) had 

regained normal morphology and were 
again grown to confluency. Cells were 
then trypsinized (0.1 percent trypsin plus 
0.04 percent EDTA) for 3 minutes at 
37?C and subcultured. After trypsin 
treatment, control cells released the usu- 
al number of HAU in the medium, while 
PGA1-treated cells did not release virus- 
es. At day 27 after the first infection, 
both control and PGA1-treated cultures 
were exposed to a second infection by 
egg-grown Sendai virus (7 x 102 per 106 
cells). Control cells did not show any 
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Fig. 3. Effect of long- 
term treatment with 
PGA1 (4 gg/ml). Treat- 
ment was started after 
infection and contin- 
ued for 10 days. 

change in either cell morphology or 
HAU release into the medium (carrier), 
whereas PGAi-treated cells responded to 
the second infection as they had to the 
first infection, clearly proving that PGAi 
treatment prevented the establishment of 
the carrier state in these cells. Moreover, 
treatment of these cells 48 hours after the 
second infection was again effective in 
inhibiting virus production (data not 
shown). 

This antiviral activity of PGAi is phar- 
macological, since the dose necessary 
for activity (10-5M) is supraphysiologi- 
cal, cells cultured in vitro synthesize 
little if any PGA, and because two inhib- 
itors of prostaglandin synthesis, indo- 
methacin and hydrocortisone, had no ef- 
fect on virus production. This action is 
not modulated by the production of 
adenosine 3',5'-monophosphate (cyclic 
AMP), since addition to the medium of 
different doses of dibutyryl cyclic AMP 
did not produce any change in either 
HAU release or HAD (10). Since PGA 
did not alter cell metabolism and we 
found no alteration in viral RNA and 
protein synthesis, one possible mech- 
anism is a posttranslational modifica- 
tion of the viral proteins by PGAi 
binding (11). Another possibility is that 
the antiviral effect is mediated by inter- 
feron. Prostaglandins and interferon 
have identical effects on cell replication, 
antibody activity, and macrophage func- 
tion. Both PGA (12) and interferon (13) 
induce differentiation of Friend erythro- 
leukemia cells. In addition, a relation be- 
tween prostaglandins and interferon has 
already been established. Yaron and his 

colleagues (14) first demonstrated that 
inducers of interferon stimulated the 

synthesis of prostaglandins. Stringfellow 

(15) demonstrated the addition of PGE2, 
PGF2,, and PGA2 resulted in restoration 
of the interferon response after infected 
cells had lost their ability to respond to 
interferon. In a recent abstract, Chan- 
drabose et al. (16) reported that aspirin 
and indomethacin, both potent inhibitors 
of prostaglandin synthesis, prevented 
the establishment of the antiviral state 
when interferon was added to mouse L 
cells in the presence of vesicular stom- 
atitis virus. Although the mechanism is 
not fully understood, this antiviral prop- 
erty of PGA compounds may have im- 
portant implications. The ability of these 
prostaglandins to cure the carrier state is 
made more relevant by the observation 
that Sendai virus has been implicated in 
the pathogenesis of multiple sclerosis 
(17). 
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