Regulation of Macrophage Tumoricidal Function:

A Role for Prostaglandins of the E Series

Abstract. Exogenously added prostaglandins E, and E,, but not F,,, inhibited the
tumoricidal activity of interferon-activated macrophages of mice. A role for adeno-
sine 3',5'-monophosphate (cyclic AMP) in modulating macrophage functional activi-
ty was suggested because prostaglandins of the E series increase intracellular con-
centrations of cyclic AMP in macrophages and because treatment of interferon-acti-
vated macrophages with dibutyryl cyclic AMP consistently inhibits expression of
cytotoxicity. Since the activated macrophage releases high concentrations of prosta-
glandin E,, it is postulated that this prostaglandin could act locally in negative feed-

back inhibition to limit cell activities.

Activated macrophages have been im-
plicated as having an important surveil-
lance role in differentiating normal from
transformed cells and in selectively kill-
ing transformed cells by a nonimmu-
nologic contact-mediated event (I). A
number of agents, including synthetic
polyanionic interferon inducers (2), bac-
terial endotoxins (3), virus (¢), and prod-
ucts from antigen- and mitogen-stimulat-
ed lymphocytes (5) transform normal
resting macrophages into these cytotoxic
effector cells. Interferon has been sug-
gested to be the ultimate inducer of
macrophage activation because all of
these preparations that render macro-
phages tumoricidal either induce or con-
tain interferon, the lymphokine that acti-
vates macrophages has not been sepa-
rated from type II interferon by
physicochemical means (5), and anti-
body-purified fibroblast interferon acti-
vates macrophages directly (6). Once ac-
tivated, macrophages display a number
of other altered properties, including in-
creased phagocytosis, degradative en-
zyme activities (7), ability to destroy fac-
ultative intracellular parasites (), secre-
tion of a number of biologically active
products (7), and the ability to regulate
cell proliferation (9).

An understanding of control mecha-
nisms regulating physiologic changes in
macrophages would be desirable. We
have found that prostaglandins of the E
series can reversibly inhibit the ability of
interferon-activated macrophages to Kkill
lymphoblastic leukemia cells in vitro.
Previous reports have shown that the E

prostaglandins exert a number of other
inhibitory effects on macrophage func-
tions including decreased random loco-
motion (/0), lessened production by
macrophages of plasminogen activator
and colony-stimulating factors for mac-
rophage stem cells (//), and prevention
of lymphokine-induced inhibition of
macrophage migration (/2). Since the ac-
tivated macrophage possesses a marked
capacity for prostaglandin E, production
(I3), this released prostaglandin could
act locally in negative feedback inhibi-
tion (Fig. 1) to limit cell activities and
prevent repeated stimulation of macro-
phages.

A modification of our previous tech-
nique (6) was used to measure the ability
of agents to interfere with macrophage
activation by interferon preparations in
vitro. Male CD2F, mice were obtained
from the Mammalian Genetics and Ani-
mal Production Section of the National
Institutes of Health, Bethesda, Mary-
land. Noninduced peritoneal cells were
harvested with heparinized RPMI-1640
medium. An average yield consisted of
1.4 X 10° macrophages per mouse. Ap-
proximately 4 X 10° macrophages, as
determined by morphologic criteria,
were seeded into 16-mm wells in 1 ml of
standard growth medium consisting of
RPMI-1640 supplemented with 20 per-
cent fetal calf serum. After 2 hours of in-
cubation at 37°C in an atmosphere of §
percent CO, in air, nonadherent perito-
neal cells were removed by three cycles
of aspiration with medium. The adherent
cells (macrophages) were overlaid with 1

Table 1. Agents that decreased macrophage tumoricidal function.

Concentration of Incubation period Inhibition of
Inhibitor inhibitor after interferon cytotoxic
M) stimulus (hours) activity* (%)
Prostaglandin E, 10-° 2 72+ 8
Prostaglandin E, 10—® 2 70 £ 3
Hydrocortisone 1077 2 67 =3
Dibutyryl cyclic AMP 10-° 12 54 £ 6

*Values represent the means + standard errors obtained from three or more separate experiments. All values

were significant at P < .001 level.
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ml of growth medium. Partially purified
mouse L-cell interferon (specific activi-
ty, 2 X 107 units per milligram of pro-
tein) that had been induced with New-
castle disease virus and purified by affin-
ity chromatography on interferon anti-
body coupled to Sepharose was used (14).
It was free of endotoxin contamina-
tion, as measured by the Limulus amoe-
bocyte lysate assay. The interferon was
added to the macrophage cultures at
a final concentration of 1000 units per
milliliter of culture medium. Agents test-
ed for inhibitory activity on macrophage
function were added in 100-u1 portions to
the macrophage cultures either for the
16-hour duration of exposure to inter-
feron (induction phase) or for a 2-hour
period after interferon treatment (ex-
pression phase). After the incubation pe-
riod, macrophage cultures were washed
three times with medium to remove in-
terferon or inhibitor, or both, and the
macrophages were overlaid with 4 x 10*
MBL-2 lymphoblastic leukemia cells
contained 2 ml of standard growth med-
ium. All cultures were again incubated at
37°C in an atmosphere of 5 percent CO,
in air, and viable leukemia cells were
counted after 48 hours with a hemacyto-
meter. The ratio of macrophages to target
cells was approximately 10:1 at the be-
ginning of each experiment. The percent-
age of growth inhibition of MBL-2 cells
due to macrophage-interferon interaction
was calculated by comparison to MBL-2
cells grown in the presence of normal
resting macrophages alone.

Using the system described above, we
found that resident macrophages from
untreated mice did not influence MBL-2
proliferation. However, when macro-
phages were exposed to partially purified
interferon for 16 hours and washed prior
to addition to MBL-2 target cells, the
macrophages suppressed the leukemia
cell growth at 48 hours by 67.1 *+ 3.4
percent (mean * standard error ob-
tained from eight separate experiments).
Macrophage tumoricidal capacity was
accompanied by increased spreading of
macrophages on plastic and increased
adherence of tumor cells on macrophage
membranes. The cytotoxicity of inter-
feron-activated macrophages was char-
acterized previously as requiring cell-to-
cell contact between macrophage and.
target cell, because conditioned media
from treated macrophages were without
effect on MBL-2 cell growth (6).

When prostaglandin E, or E, was add-
ed simultaneously with interferon to
resting macrophages, the interferon in-
duction of tumoricidal macrophages was
inhibited—although the macrophages
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were observed to be activated as de-
fined by morphological criteria—and re-
mained fully viable. Both prostaglandins
of the E series showed similar kinetics of
inhibiting cytotoxic function (Fig. 2),
with suppression of macrophage func-
tion requiring a concentration of more
than 107°M. In contrast, prostaglandin
F,, was ineffective at all concentrations
tested. The prostaglandins or the prosta-
glandin synthetase inhibitor, indometha-
cin, were without effect on the tumori-
cidal function of resting macrophages in
the absence of interferon.

To determine whether prostaglandin E:
could inhibit expression of tumoricidal
function after the macrophages had
reached their cytotoxic potential, we in-
cubated macrophages for 2 hours with
prostaglandin E, or E, after the 16-hour
interferon treatment. Their tumoricidal
function was markedly diminished (Ta-
ble 1), indicating that the modulation
observed probably involved events al-
ready initiated by the interferon stimu-
lus. Since the E prostaglandins have
been demonstrated to activate mem-
brane adenylate cyclase and to increase
intracellular concentrations of adenosine
3',5'-monophosphate (cyclic AMP)
macrophages (/5), dibutyryl cyclic AMP
was tested in a similar manner to the E
prostaglandins found to reproduce the
effect of these prostaglandins on de-
creasing macrophage cytotoxicity (Table
1). Hydrocortisone was similarly active,
and it has been suggested to diminish
macrophage-mediated cytotoxicity by
virtue of its membrane-stabilizing ability
(16). Subsequent treatment of interferon-
treated macrophages with a number of
other agents, including dibutyryl guano-
sine 3’,5’-monophosphate (cyclic GMP),
prostaglandin F,,, indomethacin, and
colchicine did not significantly influence
macrophage tumoricidal function.

Both prostaglandins and interferons
appear to act as local mediators at their
site of synthesis or in nearby tissues,
since both are characterized by a high
catabolic rate and short biologic half-life
in serum (/7). The dualistic regulation of
macrophage function by interferons and
prostaglandin E may be envisioned to
occur through a balance in cyclic AMP-
and cyclic GMP-associated signals,
since such is characteristic of the modu-
lation of both the proliferation and secre-
tory functions of a number of cells of the
hemopoietic system (/8). However, di-
rect evidence for this conclusion awaits
corroboration of levels of cyclic nucle-
otides in the macrophages with the ob-
served effects of the agents utilized in
this study.

20 OCTOBER 1978

The ability of prostaglandin E to act as
a biologic ‘‘resistor’’ that controls the
expression of activated macrophage tu-
mor killing may have considerable im-
portance in understanding why certain
tumors progress that contain a high
macrophage content (/9). It is of interest
that cells transformed by chemical car-
cinogens or virus produce severalfold
more prostaglandins than their untrans-
formed counterparts (20). These released
prostaglandins could subvert macro-
phage function at a critical time when the
tumor burden is low. That such inhib-
itors exist has been suggested by obser-
vations that macrophages from animals
implanted with syngeneic tumors devel-
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Fig. 1. Pathway for reversible inhibition of
nonspecifically activated macrophages by
prostaglandins of the E series. Since activated
macrophages release prostaglandin E,, such
prostaglandin could allow for negative feed-
back inhibition of the activated state.
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Fig. 2. Effects of prostaglandins on tumoricid-
al function of interferon-activated macro-
phages. Prostaglandins E, (@), E; (O), and F,,
(A) were added simultaneously with inter-
feron (1000 units per milliliter) to mono-
layers of resting macrophages for 16 hours at
37°C. The cultures were then washed and
MBL-2 leukemia target cells were added.
Cytotoxicity was determined after 48 hours of
incubation with target cells at 37°C. Each
point represents the mean obtained from
triplicate determinations.

op depressed migratory ability in vivo
and chemotactic responsiveness in vitro
(21), and that surgical removal of tumors
results in a rapid enhancement of mono-
cyte chemotaxis (22).

A more comprehensive knowledge of
the stimuli and conditions under which
the tumoricidal activity of macrophages
occurs should clarify their role in tumor
resistance.
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