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Abstract. The effect of A9-tetrahydrocannabinol (THC), the major psychoactive compo­
nent of marijuana, on macrophage intrinsic and extrinsic antiherpesvirus activities was
examined. THC had no effect on the capacity of the macrophage-like cells RAW264.7,
J774A.1, and P388D, to take up virus. In addition, replication of virus within macrophages
did not occur regardless of drug treatment, indicating that THC had no effect on
macrophage intrinsic antiviral activity. In contrast, the cannabinoid exerted a dose­
dependent inhibition of macrophage extrinsic antiviral activity. This activity describes
that macrophage function by which these cells suppress virus replication within xeno­
geneic cells in an interferon-independent manner. The inhibitory effect of THC on
extrinsic antiviral activity was greatest on RAW264.7 and J774A.1 cells, followed by
P388D, cells. These macrophage-like cells regained their extrinsic antiviral activity in a
time-related fashion following removal of the drug. These results indicate that THC
inhibits macrophage extrinsic antiherpesvirus activity, but has no effect on intrinsic
antiviral activity. However, the suppressive effect of THC on extrinsic antiviral activity is
reversible upon removal of the drug. [P.S.E.B.M. 1992, Vol 199j

D
elta-9-tetrahYdrOCannabinol (THC), the major

psychoactive component of marijuana, has
been shown to elicit a variety of immunosup­

pressive effects in vivo and in vitro. These include
dysfunction in lymphocyte response to mitogens and
particulate antigens (I, 2), a decrease in T cell rosette
formation (3, 4), inhibition of natural killer cell activity
(5, 6), suppression of leukocyte migration (7), and
perturbation of macrophage morphology, function, and
motility (8-10). THC, in addition, has been shown to
decrease host resistance to bacterial and virus infec­
tions. Morahan et al. (11) demonstrated that mice
treated with various cannabinoids experienced a dose­
related decrease in resistance to both Listeria monocy­
togenes and herpes simplex virus (HSV) type 2. We
have demonstrated that exposure of mice and guinea
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pigs to THC exacerbates primary HSV2 genital infec­
tion (12).

Macrophages playa critical role in host immunity,
especially at the primary site of infection. These cells
are actively involved in resistance to intracellular infec­
tion (13), act as accessory cells in the immune response
in their capacity as antigen-presenting cells and as
producers of immunomodulatory signals (14, 15), and
function as cytotoxic effectors against tumor cells (16)
and virus-infected cells (17). Macrophages also exert
intrinsic and extrinsic antiviral activities. Intrinsic ac­
tivity is the process by which macrophages ingest and
degrade virus, and thereby are nonpermissive for pro­
ductive virus infection (18-21). This degradation of
virus by macrophages facilitates clearance of virus from
the local site of infection. Extrinsic antiviral activity is
the process by which macrophages elicit an interferon­
independent, cell contact-dependent reduction of virus
growth in infected, virus-susceptible cells (22). Both
intrinsic and extrinsic antiviral activities play an im­
portant role in the control of localized virus infection
and in limiting the spread of virus within the infected
host.

Drug-induced alteration of macrophage antiviral
activities could have a major effect on host resistance
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to venereally transmitted pathogens, particularly at the
primary site of exposure. Thus, the objective of this
study was to define the effect of THC on macrophage
intrinsic and extrinsic antiviral activities. Results of this
investigation demonstrate that THC has no effect on
intrinsic anti-HSV2 activity, but suppresses macro­
phage extrinsic antiviral activity to HSV2.

Materials and Methods

Cell Cultures. The macrophage-like cell lines
RAW264.7 (TIB71), 1774A.l (TIB67), and P388D 1

(TIB63) were obtained from the American Type Cul­
ture Collection (Rockville, MD). Macrophages were
grown in complete RPMI 1640 medium (RPMI 1640
supplemented with 10% fetal bovine serum, 1% L­

glutamine, 1% nonessential amino acids, 1% antibiotic/
antimycotic [10,000 units/ml of penicillin, 25 JLg/ml of
amphotericin K, and 10,000 JLg/ml of streptomycin],
1.5% Hepes, 1.5% sodium bicarbonate, and 1% mini­
mal essential medium vitamins). Green monkey kidney
(Vero) cells were grown in RPMI 1640 supplemented
as described above. Cells were grown and maintained
at 3rC in a humidified 5% CO2 atmosphere.

Virus. Herpes simplex virus type 2 (strain HSV­
FMC-P 180) was isolated from the cervical tissue of a
gynecological patient with carcinoma in situ at the
Medical College of Virginia, Virginia Commonwealth
University (Richmond, VA). The virus was plaque­
purified and was typed as HSV2 by partial restriction
endonuclease digestion, as described previously (23).

Virus stocks were prepared by infecting confluent
monolayers of Vero cells at a multiplicity of infection
of 0.01 and harvesting the virus when 90% of the cells
manifested typical HSV-induced cytopathic effect. Vi­
rus titer was determined by plaque assay (24) using
Vero cells grown in 24-well tissue culture plates (Corn­
ing, Inc., Corning, NY). A virus stock with a titer of 1
x 108 plaque-forming units (PFU) per milliliter was
employed in these studies.

THC Preparation. THC (FW = 316) was obtained
from the National Institute on Drug Abuse, Rockville,
MD. THC was prepared from a stock solution of 100
mg/rnl in 95% ethanol. The stock solution was appro­
priately diluted in complete RPMI 1640 medium such
that 10 JLl was added per milliliter of medium to yield
final concentrations of 10-5 M, 10-6 M, or 10-7 M
THC and 0.1% ethanol. The vehicle consisted of 10 JLl
of 9.5% ethanol per milliliter of RPM I 1640 medium
to yield a final concentration in medium of 0.1%
ethanol. Placebo cultures consisted of RPMI 1640 me­
dium inoculated with 10 JLl/ml of the same medium.

In Vitro Exposure of Macrophages to THC. For
assessment of the effect of THC on intrinsic antiviral
activity, confluent monolayers of macrophages in 24­
well cluster plates (5 x 105 cells/well) were pretreated
with THC (10-5 M, 10-6 M, or 10-7 M), vehicle (0.1%
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ethanol), or placebo (medium only) for 48 hr. Following
washing with sterile phosphate-buffered saline (PBS),
the macrophage-like cells were exposed to HSV2 and
were evaluated for intrinsic antiviral activity. For as­
sessment of the effect of THC on macrophage extrinsic
antiviral activity, macrophages in 75-cm2 culture flasks
were exposed to THC (10- 5 M, 10-6 M, or 10-7 M),
vehicle, or placebo for 48 hr. Alternatively, macro­
phages were exposed to the drug or vehicle for 48 hr
and then were maintained in THC-free medium for 48
or 120 hr. Then, cells were scraped into the medium
with a rubber policeman, assessed for viability by trypan
blue exclusion, enumerated, and added to virus-in­
fected Vero cell monolayers for assessment of extrinsic
antiviral activity.

Assay of Intrinsic Antiviral Activity. Following
exposure to THC, vehicle, or placebo, macrophage-like
cells were washed with sterile PBS, and a O.I-ml inoc­
ulum calculated to contain 50 PFU ofHSV2 was added
to each confluent macrophage monolayer in 24-well
tissue culture plates. Replicate cultures containing Vero
cell monolayers were inoculated with an equal volume
of HSV2 in order to quantitate the number of input
infectious virus on the basis of plaques elicited. Mac­
rophages were adsorbed with HSV2 for 1, 2, 3, 4, 24,
and 48 hr. At the end of each of the designated time
periods, the supernatant from each culture was re­
moved and the corresponding cell monolayer was lysed
by three rapid freeze-thaw cycles. The corresponding
supernatant and cell lysate of each macrophage culture
were quantitated for infectious virus by plaque assay.

Assay of Extrinsic Antiviral Activity. Confluent
Vero cell monolayers (5 X 105 cells) in 24-well cluster
plates were inoculated with a O.I-ml vol of HSV2 such
that each of the first two columns of wells received 500
PFU. The remaining four columns of wells received
250, 125, 60, or 30 PFU, respectively. Following incu­
bation for 1.5 hr at 3rC in a 5% CO2 environment to
allow for virus adsorption, the Vero cell monolayers
were washed three times with sterile PBS (37°C) to
remove unadsorbed virus. Then, suspensions (1 ml) of
placebo-, vehicle-, or THC-treated macrophages were
added to the Vero cell monolayers such that the four
rows of wells contained macrophage to Vero cell cocul­
tures at effector cell to target cell (E:T) ratios of 5:1,
3:1, and 1:1. Duplicate plates contained wells with
virus-infected (500 PFU to 30 PFU) Vero cells or with
uninfected Vero cells in the absence of macrophages.
Additionally, uninfected Vero cells were cocultured
with macrophages at E:T ratios of 5:1 to 1:1 to monitor
for potential macrophage-mediated cytotoxicity against
the Vero cells. Trypan blue exclusion staining demon­
strated that the macrophage lines did not effect cytolysis
of uninfected Vero cells. Following the addition of
macrophages, the culture plates were centrifuged (800
rpm, 15 min) to allow for effector cell to target cell



Table I. In Vitro Effect of THe on J774A.1
Macrophage Intrinsic Antiviral Activity

a J774A.1 macrophages were treated with THC, vehicle, or
placebo for 48 hr, washed, and inoculated with approximately
50 PFUof HSV2. The number of input PFU was corroborated
by counting plaques elicited on Vero cell control monolayers
following their exposure to the same inoculum. At each of the
indicated times after virus inoculation, the supernatant and
monolayer lysate from each culture were recovered and were
assessed for infectious virus by plaque assay.
b Placebo indicates medium only.
C Values denote PFU elicited by the culture supernatant. Val­
ues in parentheses denote PFU produced by the cell lysate
from the corresponding culture.

Treatment'

10-5 MTHC 10-6 MTHC 10-7 MTHC

26 (16)
24 (15)
21 (14)
20 (10)
13 (10)
11 (4)

27 (16)
20 (14)
15 (12)
13 (9)
12 (9)
8 (5)

27 (18)
17 (15)
15 (13)
15 (10)
12 (10)
12 (5)

1 28 (14)C 28(12)
2 28 (13) 24 (12)
3 27 (13) 21 (11)
4 20 (9) 20 (11)

24 14 (4) 14 (9)
48 12 (2) 10 (4)

Time b
(hr) Placebo VH

contact and 1 ml of 2% methylcellulose in complete
RPMI 1640 medium was added to each well. After 3
days of incubation at 3rC in a 5% CO2 environment,
the plates were fixed with 4% formaldehyde in PBS,
stained with 0.5% crystal violet, and enumerated for
virus plaques. Each series of experiments was per­
formed six times. The number of plaques elicited in
HSV2-infected Vero cell monolayers in the absence of
macrophages was designated as 100%. Extrinsic anti­
viral activity was measured by calculating the percent­
age of plaques elicited in macrophage to HSV2-inocu­
lated Vero cell cocultures when compared with simi­
larly HSV2-inoculated Vero cell monolayers
maintained in the absence of macrophages. The lower
the percentage of plaques noted in cocultures, the
greater the extrinsic macrophage antiviral activity.

Statistics. Virus titration data were expressed as
10glO. Means ± SE were obtained from data from the
individual cultures. Student's two-tailed t test was em­
ployed to determine statistical significance of the data
(25).

Results
Effect of THC on Intrinsic Antiviral Activity. Virus

uptake experiments were performed in order to directly
evaluate the effectofTHC on intrinsic antiviral activity.
Infectious virus in each macrophage culture superna­
tant and corresponding cell lysate were quantitated by
plaque assay. Virus plaques produced from the cell
lysates served as a measure of infectious virus taken up
by macrophages at the designated time periods. In
addition, these plaques served as a measure of virus
"survival" within the recipient macrophages. In con­
trast, virus plaques elicited by the culture supernatants
(1-4 hr postinoculation) served as a measure of input
infectious virus not taken up by the macrophages.
Plaques elicited by the 24-hr or 48-hr postinoculation
culture supernatants served as a measure of productive
virus infection within macrophages, since by that time,
log.s-fold amounts of HSV2 are released into the cul­
ture medium by virus-permissive cells. Results from a
representative experiment of the effect of THC on
intrinsic antiviral activity of 1774A.l macrophages are
listed in Table I. Plaque assay of control Vero cell
monolayers yielded 45-55 PFU following inoculation
with a O.l-ml vol of virus suspension calculated to
contain 50 PFU. At I hr after inoculation, the sum of
infectious virus in the culture supernatants and corre­
sponding cell monolayers, regardless of treatment regi­
men, ranged from 40 to 45 PFU. Thus, each culture
was inoculated with a comparable amount of infectious
virus. Lysates of vehicle-treated 1774A.l cells yielded
12 plaques following a l-hr absorption period. By 48
hr after the virus inoculation, lysates of the J774A.l
cells yielded only four plaques. A parallel decrease in
infectious virus from culture supernatants accompanied

the decrease in infectious intracellular virus. By 24 hr,
culture supernatants plus cell lysates yielded a total of
23 PFU. These results indicate that within the first 4
hr, approximately 50% of the input virus was taken up
and degraded by the macrophages. By 48 hr after in­
oculation, approximately 30% of the total original input
infectious virus remained in the macrophage cultures.
Thus, the input virus was readily taken up and degraded
by the macrophages. A similar temporal reduction in
infectious virus was observed for 1774A.l cells treated
with THC (10-5_10-7

) . Even after exposure to 10-5 M
THC, macrophage intrinsic anti-HSV2 activity re­
mained unaffected. At 1hr after inoculation, celllysates
yielded 18 PFU of HSV2. By 48 hr after inoculation,
celllysates produced only 5 PFU. A temporal decrease
in extracellular virus from the culture supernatants also
was recorded (e.g., 27 PFU at 1 hr after inoculation
versus 12 PFU at 48 hr after inoculation). Similar
results were obtained when P388D1 macrophages were
employed in the intrinsic antiviral studies (data not
shown). Thus, these results indicate that THC in the
doses employed did not affect virus uptake by macro­
phages. Furthermore, the macrophages remained non­
permissive for HSV2 replication.

Effect of THC on Extrinsic Antiviral Activity. The
effect of THC on extrinsic antiviral activity of P388DI,
RAW264.7, and 1774A.l macrophage-like cells was
assessed. Macrophages were incubated with THC (10- 5

M, 10-6 M, or 10-7 M), vehicle, or placebo for 48 hr
and then were cocultured with virus-inoculated Vero
cell monolayers at effector cell to target cell ratios of
5:1, 3:1, and 1:1. Phase contrast microscopy and No­
marski optics microscopy demonstrated that THC
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Figure 1. Effect of THC on macrophage extrinsic antiviral activity.
P388D, macrophage-like cells were treated with (A) vehicle or with
(6) 10-6 M THC for 48 hr. Then, macrophages were added to HSV2­
infected Vero cell monolayers to yield effector cell to target cell (E:T)
ratios of 5:1,3:1, and 1:1. The number over each column designates
the calculated number of PFU of HSV2 added to each Vero cell
monolayer in that column. The number assigned to each row desig­
nates the macrophage to Vero cell E:T ratio for each row. (A)
Cocultures containing P388D, macrophages treated with vehicle.
There is a decrease in the number of virus plaques in direct correlation
with increasing E:T ratios. At an E:T ratio of 5:1, a minimal number
of plaques was elicited in all of the cocultures, regardless of the input
number of infectious HSV2. (6) Cocultures containing P388D, mac­
rophages pretreated (48 hr) with 10-6 M THC. Note the increase in
the number of plaques in all cocultures at all E:T ratios, indicating a
decrease in extrinsic antiviral activity.

treatment of macrophages had no effect on the attach­
ment of macrophages to the virus-infected cells. Mac­
rophage extrinsic antiviral activity was measured on
the basis of suppression of plaque formation in mac­
rophage to HSV2-infected Vero cell cocultures when
compared with plaque formation in similarly HSV2­
infected Vero cell monolayers maintained in the ab­
sence of macrophages.

Figure I illustrates the results of a typical experi­
ment for assessing the effect of THC on macrophage
extrinsic antiviral activity. Cocultures of vehicle-treated
P388D 1 macrophages and HSV2-inoculated Vero cells
at E:T ratios of 5:I yielded a minimal number of virus
plaques (Fig. IA). Even at an E:T ratio of 1:1, extrinsic
antiviral activity was exerted, since less than 50% of
the input virus elicited plaques. In contrast, decreased
extrinsic antiviral activity was evident for cocultures

contammg macrophages exposed to THC (Fig. IB).
Cocultures at the highest E:T ratio (e.g., 5:1) expressed
a much greater number of virus plaques than the com­
parable cocultures containing vehicle-treated macro­
phages. Cocultures at E:T ratios of 5:1, 3:1, and 1:I
expressed a greater than 2-fold increase in plaques when
compared with cocultures containing vehicle-treated
macrophages.

Figure 2 illustrates quantitatively the effect ofTHC
on macrophage extrinsic antiviral activity. Vera cell
control monolayers were inoculated with aliquots of
virus suspension calculated to contain 120, 60, or 30
PFU of HSV2. The respectively infected monolayers,
maintained in the absence of macrophages, were des­
ignated as producing the maximal number of virus
plaques (i.e., 100%). The percentage of virus plaques
elicited in cocultures of macrophages and virus-inocu­
lated Vero cells, then, was determined by comparison
to the 100% yield of the corresponding virus-inoculated
Vera cell monolayer. Infected Vero cells cocultured
with 1774A.1 macrophages that were treated with pla­
cebo or vehicle yielded a minimal number of plaques
when compared with HSV2-inoculated Vera cell con­
trol monolayers, indicating that the 1774A.1 cells ex­
erted extrinsic antiviral activity. Cocultures containing
vehicle-treated or placebo-treated macrophages, and
maintained at E:T ratios of 5:I and 3:1, yielded less
than 30% the number of plaques recorded for HSV2­
infected Vero cell controls. Even at the lowest E:T ratio
(l: I), macrophage extrinsic antiviral activity was ex­
erted by placebo-treated and vehicle-treated cells, since
cocultures yielded less than 58% of the plaques noted
in control HSV2-infected Vero cell cultures. In con­
trast, cocultures containing THC-treated 1774A.I mac­
rophages and HSV2-infected Vero cells yielded a dose­
related increase in viral plaques indicative of a dose­
related decrease in macrophage extrinsic anti-HSV2
activity. At E:T ratios of I: I, THC eliminated nearly
all of the macrophage extrinsic antiviral activity. In­
deed, cocultures containing macrophages treated with
10-5 M THC yielded greater than 90% the number of
plaques recorded for monolayers of control HSV2­
infected Vera cells.

Similar results were obtained when RAW264.7
macrophages were employed as effector cells. At E:T
ratios of 5:I and 3:I, a minimal number of plaques was
elicited in cocultures containing macrophages treated
with vehicle or placebo (i.e., less than 40%). In contrast,
a drug dose-related increase in plaque formation was
noted at all E:T ratios for cocultures containing mac­
rophages treated with 10-5 Mthrough 10-7 MTHC. At
E:T ratios of 3:I and I: I, cocultures containing mac­
rophages treated with 10-5 Mar 10-6 MTHC expressed
greater than 70% the number of plaques observed in
control HSV2-infected Vero cell cultures, indicating a
loss of most extrinsic macrophage antiviral activity.
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Figure 2. Effect of THC on macrophage extrinsic antiviral activity"
J774A"1, RAW264.7, and P388D, macrophage-like cells were treated
with THC (10-5-10-7 M), vehicle, or placebo for 48 hr. Vero cell
monolayers were inoculated with 60 PFU of HSV2. Macrophages,
then were added to the Vera cell monolayers to yield E:T ratios of
5:1,3:1, and 1:1. The ordinate represents the percentage of plaques
elicited in macrophage to Vero cell cocultures when compared with
the number of plaques elicited in HSV2-inoculated Vera cell mono­
layers not containing macrophages. Each bar designates the average
of six experiments. The black, hatched, and white bars represent E:T
ratios of 5:1, 3:1, and 1:1, respectively. The asterisks designate
significant (* P < 0.1 or ** P < 0.05, respectively; Student's t test)
increases in the percentage of plaques formed for each E:T ratio
when compared with the matching E:T ratio of cocultures containing
vehicle-treated macraphages. A drug dose-related increase in the
relative percentage of plaques, indicative of a decrease in extrinsic
anti-HSV2 activity, was noted for macrophages treated with THC
(10-5-10-7 M). MED, medium; VEH, vehicle; -5, -6, or -7 represent
10- 5 M, 10- 6 M, or 10- 7 M THC, respectively.
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This decrease was also noted for macrophages that were
treated with 10-7 M drug and then added to HSV2­
infected Vero cells at an E:T ratio of 1:1.

Also, THC was shown to diminish the extrinsic
antiviral activity of the P388D, macrophage-like cells.
Cocultures of placebo-treated or vehicle-treated P388D,
macrophages and HSV2-infected Vero cells at E:T ra­
tios of 5:1 and 3:1 produced less than 20% the number
of PFU produced by HSV2-infected Vero cell mono­
layers. Even at an E:T ratio of 1:1, less than 50% the
number of plaques recorded for virus-infected Vero cell
cultures was noted for cocultures containing P388D,
cells treated with placebo or vehicle. THC exerted a
dose-related increase in the percentage of virus plaques
formed in cocultures with E:T ratios of 3:1 and 1:1
when compared with HSV2-infected Vero cell mono­
layers maintained in the absence of macrophages, in­
dicating a decrease in macrophage extrinsic anti-HSV2
activity. Macrophages treated with 10-5 M or 10-6 M
THC, and cocultured with HSV2-infected Vero cells at
E:T ratios of 3:1 or 1:1, expressed greater than 70% the
number of PFU expressed in HSV2-infected Vero cell
cultures alone. However, at an E:T ratio of 5:1 THC
exerted no major effect on macrophage extrinsic anti­
viral activity. For these latter cocultures, less than 10%
the number of plaques noted for Vero cell monolayers
was recorded.

Temporal Effect of THe Exposure on Macro­
phage Extrinsic Antiviral Activity. To assess whether
macrophages treated in vitro with THC could recover
their extrinsic antiviral activity following removal of
the drug, an additional set of experiments was per­
formed in which macrophages were maintained in
THC-free medium for 48 hr or 120 hr following the 48­
hr drug exposure period. The macrophages, then, were
added to HSV2-infected Vero cell monolayers and were
assessed for extrinsic antiviral activity. A time-depend­
ent recovery of extrinsic anti-HSV2 activity by the
macrophage-like cells was recorded. Results of the effect
of drug removal on the recovery of extrinsic antiviral
activity of J774A.l macrophages at an E:T ratio of 3:1
are shown in Fig. 3. As expected, cocultures containing
macrophages treated with vehicle elicited a minimal
number of plaques at all time periods. These observa­
tions indicate that the J774A.l cells exerted extrinsic
antiviral activity throughout the experimental period.
In agreement with previous experiments, cocultures
containing macrophages treated with THC for 48 hr
exhibited a dose-related increase in the percentage of
plaques formed, indicating a dose-related decrease in
extrinsic macrophage antiviral activity. Cocultures con­
taining J774A.l macrophages, regardless of the dose of
drug exposure, maintained in drug-free medium for 48
hr yielded less than 40% the number of plaques that
was recorded for HSV2-infected Vero cell monolayers
cultured in the absence of macrophages. Cocultures
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virus interactions attributable to primary macrophages.
For example, J774A.l cells characteristically produce
lysozyme and superoxide radicals, which are important
components of the intrinsic antiviral process (32).
P388D 1 cells express Fe receptors and support growth
ofInfluenza A NWS (HINl) Strain (33) and West Nile
virus (34) consequent to virus-antibody complex inter­
action with these receptors. Both J774A.l and P388D j

cells have been shown to produce acid-stable interferon
when inoculated with Newcastle disease virus (35).

In the present investigation, THC was shown to
have no effect on macrophage intrinsic antiviral activ­
ity. An overall reduction in infectious virus in both
culture supernatants and cell lysates was recorded for
macrophages pretreated with doses of THC as high as
10-5 M. In addition, there was no significant difference
in virus uptake by macrophages treated with THC, as
compared with macrophages treated with vehicle or
placebo. These results indicate that THC causes neither
a quantitative nor a temporal effect on HSV2 uptake
by macrophages. Furthermore, the J774A.l cells did
not support productive virus infection, regardless of the
drug treatment regimen. Thus, THC exposure did not
alter or inhibit those cellular compartments that effect
macrophage non permissiveness for virus replication.
Sarmiento (30) has shown that macrophage intrinsic
resistance to HSV I infection is due to restriction of
viral macromolecular synthesis. HSV replication was
found to be inhibited in macrophages at multiple points
in the virus growth cycle before the onset of virus DNA
synthesis. The results of this study indicate that THC
does not target those macrophage factors that are in­
volved in restriction ofHSV macromolecular synthesis.
Similar results were obtained when P388D 1 cells were
employed in the HSV2 uptake experiments, indicating
that the failure of THC to alter intrinsic macrophage
antiviral activity was not limited to the J774A.l cells.

In contrast, THC affected the capacity of macro­
phages to exert extrinsic antiviral activity. The mecha­
nism by which macrophages exert this activity remains
unresolved, although some aspects have been defined.
Morahan et al. (31) indicated that the extrinsic antiviral
mechanism does not involve direct virus inactivation
by extrinsic factors. Neither macrophage supernatants
nor lysates alone inactivated virus infection, suggesting
an effector cell to target cell contact-dependent mech­
anism. Furthermore, the extrinsic antiviral activity was
unlike interferon-mediated inhibition, since it was ex­
erted against virus-infected xenogeneic cells (36). Fur­
thermore, Vero cells, which were used as targets in these
experiments, have been shown not to produce inter­
feron (37). Thus, the macrophage extrinsic antiviral
activity was not species specific, in that the macro­
phages serving as effectors were of murine origin, while
the virus-infected target cells (i.e., Vero cells) were of
primate origin. Other secretory products of macro-
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containing macrophages maintained in drug-free me­
dium for 120 hr exhibited less than 15% the number of
plaques recorded for virus-infected Vero cell mono­
layers. These observations indicate a nearly total recov­
ery of extrinsic antiviral activity by the THC-pretreated
macrophages at all E:T ratios.

HRS POST-THe EXPOSURE

Discussion
Macrophages exert two important antiviral func­

tions, intrinsic antiviral activity and extrinsic antiviral
activity, in addition to their ability to bring about
effector cell to target cell contact-dependent lysis of
virus-infected cells (26-29). In intrinsic antiviral activ­
ity, macrophages engulf and degrade virus and thereby
remain nonpermissive for virus replication (18-21, 30).
In extrinsic antiviral activity, macrophages inhibit virus
replication within infected target cells in a cell contact­
dependent, interferon-independent manner (22, 31).

Macrophage cell lines were employed in this study,
since they are free of contaminating other cell types
and can be cultivated to relatively high numbers. These
cell lines differ in degree of macrophage maturity and
functional properties. The J774A.l, P338Dj, and
RAW264.7 cells represent relatively "mature" macro­
phage-like cells and exhibit many of the macrophage-

Figure 3. Recovery of extrinsic anti-HSV2 activity by murine J774A.1
macrophage-like cells. Macrophages were treated with THC (10- 5­

10-7 M), vehicle, or placebo for 48 hr. The macrophages, then, were
incubated in THC-free medium for either 48 hr or 120 hr. Approxi­
mately 60 PFU of HSV2 were added to each target Vero cell mono­
layer. The ordinate designates the percentage of plaques elicited by
macrophage to Vero cell cocultures (E:T ratio, 3:1) when compared
with plaques elicited in Vero cell monolayers not containing macro­
phages and inoculated with 60 PFU. A time-related decrease in plaque
formation, indicative of a recovery of extrinsic anti-HSV2 activity, was
observed for macrophages pretreated with 10-5_10-7 M THC. The
bars are representative of the following: _, vehicle; ~, 10-5 M THC;
D, 10- 6 M THC; ~, 10-7 M THC.
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phages, such as interleukin 1 (38-41) and tumor necro­
sis factor (42-45), have been shown to possess antiviral
properties. However, the action of these molecules is
neither dependent on effector cell to target cell conju­
gation nor on cell contact, as demonstrated for extrinsic
antiviral activity (36). Thus, it seems unlikely that
interferon, interleukin 1, or tumor necrosis factor ac­
counts for the majority, if any, of the extrinsic antiviral
activities attributed to macrophages. Nevertheless,
other secretory products, such as neutral proteases and
prostaglandins, could be responsible for nonspecific
antiviral effects of macrophages on virus or virus-in­
fected cells.

THC did not prevent any of the macrophage cell
types from attaching to the virus-infected xenogeneic
Vero cells. These results are in agreement with our
previous studies, which demonstrated that THC, in­
jected intraperitoneally into mice that were adminis­
tered Propionibacterium acnes, did not prevent perito­
neal macrophages from attaching to virus-infected cells
or to tumor cells (46). Similarly, macrophages treated
in vitro with 10- 5 M to 10-7 M THC remained unaf­
fected in their ability to attach to target cells (46). Thus,
these observations indicate that THC affects macro­
phage extrinsic antiviral activity at a step other than
effector cell to target cell attachment. The mechanism
by which THC effects this inhibition, however, remains
unresolved. THC has been shown to affect macromo­
lecular synthesis in a variety of cellular systems (46­
50). We have shown that the cannabinoid inhibits
differential expression of macrophage proteins in re­
sponse to external stimuli, such as bacterial lipopoly­
saccharide and P. acnes(10). These observations suggest
that THC may alter extrinsic antiviral activity by sup­
pressing macromolecular synthesis or expression by
macrophages. Alternatively, THC may bring about a
morphological disruption of cellular membranes (51,
52) or of cytoskeletal elements (53). Perturbations of
cellular membranes could alter cellular compartments
of protein synthesis or posttranslational events and
thereby suppress the synthesis of these macrophage
factors, which block virus replication at the level of
expression of the early to delayed-early virus genes. It
has been proposed that an intact cytoskeletal system is
requisite for natural killer cell and for cytotoxic T
lymphocyte cell contact-dependent killing of target
cells. Following conjugation of the effector cell to the
target cell, a rapid reorientation of the microtubular
organizing center and Golgi apparatus complex occurs
within the target cell. This orientation is effected toward
the target cell and results in the direction of secretory
vesicles containing cytolytic components along the cy­
toskeletal tracts to the target cell (54, 55). Thus, THC,
in addition to suppressing protein synthesis, could bring
about a disruption of cytoskeletal elements within the
effector cell with the consequent failure in transport of

effector molecules to the virus-infected cell. We have
shown that THC administered in vitroelicits membrane
perturbation of cell surface and cytoplasmic mem­
branes in rat neuroblastoma cells (53).

The THC-induced inhibition of macrophage ex­
trinsic antiviral activity was shown to be reversible.
J774A.1 and P388D 1 macrophages treated with THC
for 48 hr, and then incubated in drug-free medium for
48 or 120 hr, regained extrinsic antiviral activity in a
time-dependent fashion. These observations are indic­
ative of an ongoing "repair" process by which macro­
phages gradually regain their functional competence
against virally infected cells following removal of THC
from the environment. The results showing the revers­
ible effects of THC on macrophage extrinsic antiviral
activity may be attributed to macrophage regeneration
and the "sloughing off' of putatively drug-damaged cell
membranes. A similar process has been shown to occur
in rat neuroblastoma cells (53). Ejection of membra­
nous structures was most evident when cells were
treated in vitro with 10- 5 M and 10-6 M THe. The rat
B103 neuroblastoma cells were shown to express sur­
face blebs following exposure to drug. Scanning electron
microscopy revealed extracellular globular membra­
nous bodies surrounding the drug-exposed cells. In
addition, transmission electron microscopy demon­
strated cytoplasmic membranous inclusions seemingly
in the process of extrusion from the drug-treated cells.
Similar extruded globular structures and surface blebs
were observed by Nomarski optics microscopy for mac­
rophages treated in vitro with THC, especially at higher
drug doses (i.e., 10- 5 M). While these effects elicited by
10-5 M THC could represent the outcome of exposure
to a relatively high drug concentration, they neverthe­
less may depict the upper limit of a continuum ofTHC­
induced effects that bring about repair ofdrug-damaged
macrophage membranes. The elimination of damaged
membranes following removal of the drug from the
extracellular environment may allow for cells to regen­
erate cellular membranes with a consequent temporal­
dependent reestablishment of extrinsic antiviral activ­
ity.

The THC doses that were employed in this in vitro
study are achievable in humans. Agurell et at. (56) have
shown that serum THC peaks at concentrations as high
as 500 ng/rnl within 30 min of smoking marijuana.
This peak period is followed by an equilibrium phase,
during which concentrations of THC may range from
0.5 ng/rnl to 0.25 ng/ml in 1-2 days. Wall et at. (57)
measured baseline levels of THC of approximately 1
ng/ml in regular marijuana users. The rapid early de­
cline of THC in plasma is a consequence of extensive
metabolism of the drug (58) and of uptake by tissues
due to its highly lipophilic nature (59). For example,
relatively high concentrations of THC could be antici-
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pated in lung alveolar macrophages as a consequence
of direct exposure to marijuana smoke.
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