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Stimulation of macrophage tumouricidal activity by 5,6-dimethyl-xanthenone-4- 
acetic acid, a potent analogue of the antitumour agent fiavone-(l-acetic acid 

(Received 2 December 1991; accepted 9 March 1992) 

Abstract-The new antitumour drug 5,6-dimethylxanthenone-4-acetic acid (5,6-MeXAA; NSC 640488) 
was 1Cfold more potent than the investigational chemotherapeutic drug flavone-l-acetic acid (NSC 
347512) in stimulating tumouricidal activity in cultures of resident murine peritoneal macrophages. The 
tumouricidal activity of thioglycollate-elicited and Bacillus Calmette-G&in-primed macrophages was 
also significantly enhanced by 5,6-MeXAA. Stimulation of macrophage tumouricidal activity by 5,6- 
MeXAA was not affected by inhibitors of superoxide and nitric oxide production, hut was reduced by 
cyclosporin A, an inhibitor of protein secretion. Inhibitors of neutral proteases had no effect. Cortisone, 
dexamethasone, indomethacin,dibutyryl~AMP,prostaglandinE~andprostacyclin, but notprostaglandin 
F2., inhibited stimulation, suggesting the involvement of tumour necrosis factor-o (TNF). However, 
antibodies to TNF did not inhibit stimulation. The results suggest that 5,6-MeXAA acts on macrophages 
in a manner similar to that of endotoxin, utilizing a pathway which includes arachidonic acid metabolism 
and requiring cell-cell contact with target cells for a tumouricidal effect. 

The new investigational antitumour drug 5,6-dimethyl- 
xanthenoned-acetic acid (5,6_MeXAA*) (NSC 640488) 
was developed in this laboratory [l] as a potent analogue 
of FAA (NSC 347512), a drug with impressive activity 
against murine solid tumours but with no significant activity 
in clinical trials [2]. A major action of FAA on tumours 
involves the induction of tumour ischaemia and necrosis 
through the reduction of tumour blood flow [3,4], probably 
as a result of the release of TNF [5]. FAA has the unusual 
property of being a low molecular mass inducer of the in 
vitro cytotoxicity of adherent resident PC in mice (61. 
Although the contribution of this property to the in vivo 
action of FAA is unknown, studies with a series of 
analogues of FAA have demonstrated it to be highly 
predictive of in vivo antitumour activity [7]. We show here 
that 5,6-MeXAA is 14-fold more potent than FAA in 
stimulating tumouricidal activity of resident murine PC, 
and have investigated the action of a number of potential 
inhibitors of macrophage cytotoxicity. 

Materials and Methods 

C,H/HeN mice were bred in the laboratory animal 
facility under constant temperature and humidity with 
sterile bedding, water and food according to institutional 
ethical guidelines, and used between 8-12 weeks of age. 
Mice were killed by cervical dislocation and PC were 
collected by washing the peritoneum with 5 mL o-minimum 
essential medium (Gibco, Grand Island, NY, U.S.A.) 
supplemented with foetal calf serum (10%) Gibco NZ Ltd), 
nenicillin (100 U/mL) and strentomvcin sulnhate (100 ue/ 
‘mL). Resident P’C were collec&d from untreated animal. 
Elicited PC were collected from mice injected i.p. 4-6 days 
previously with 0.2 ml/mouse of thioglycollate broth 
(Becton-Dickinson, Cockeysville, U.S.A.), prepared as a 
10% w/v sterile solution. BCG-primed PC were obtained 
from mice injected i.p. 14 days previously with lo8 
lyophilized BCG (Institute Armand-Frappier, Canada) 
organisms/mouse, prepared as a suspension (4.2 X lo8 
organisms/ml) in water. LLTC cells [8] were obtained 

* Abbreviations: FAA, tlavone acetic acid; 5,6-MeXAA, 
5,6-dimethyl-xanthenone-4-acetic acid; TNF, tumour 
necrosis factor-o; PGEr, prostaglandin E,; PGF,,, 
prostaglandin F2.; NDGA, nordihydroguairetic acid; 
AA861, 2-(12-hydroxy-5,10-dodecadiynyl)-3,5,6- 
trimethyl-2,5-cyclohexadiene-1,4-dione; BCG, Bacillus 
Calmette-G&in; PC, peritoneal cells; LLTC, Lewis lung 
carcinoma tissue culture line; E : T, effector to target cell. 

from Dr R. C. Jackson (Warner-Lambert Co., Ann Arbor, 
MI, U.S.A.). 

The cytotoxicity of resident PC was determined by a 
standard procedure of measurement of release of chromate 
from prelabelled target cells [9]. PC were plated at different 
concentrations in v-bottomed %-well plates (Linbro, Flow 
Labs, McLean, VA, U.S.A.) and allowed to adhere for 
2 hr at 37”. Non-adherent cells were then discarded and 
the adherent cells, predominantly macrophages by 
morphology, were incubated with SICr-labelled LLTC 
carcinoma cells (5 X 10’ cells/well in a total volume of 
0.2 mL culture medium) at various E: T ratios (based on 
the number of PC added to the plates) in the presence of 
FAA (National Cancer Institute, Bethesda, MA, U.S.A.) 
or 5,6-MeXAA (synthesized in this laboratory by Drs W. 
A. Denny, G. J. Atwell and G. W. Rewcastle). Drug 
solutions were prepared fresh for each experiment by 
dissolving in a minimal amount of 5% w/v sodium 
bicarbonate and diluting to required concentrations in 
culture medium and nrotected from light to prevent 
decarboxylation [lo]. ‘LLTC cells we; labefied by 
incubation for 45 min at 37” with 200 uCi sodium Is’Crl- . 
chromate in saline and washing three times. Lysis of tumour 
targets was measured after 18 hr incubation at 37” by 
removing 0.1 mL supernatant and measuring radioactivity 
in a gamma counter (LKB Wallac 1270 Rackgamma II, 
Wallac, Finland). Percentage lysis was calculated as 
[(experimental release - spontaneous release)/total] 
X 100. All groups were in quadruphcate. 

Results and Discussion 

Three differentiation states of macrophages (resident, 
elicited and activated) are generally recognised [ll] and 
5,6-MeXAA enhanced the tumouricidal activity in culture 
of all three types (Fig. 1). 5,6-MeXAA enhanced the 
tumouricidal activity in culture of all three types (Fig. 1). 
5,dMeXAA-stimulated activity in resident PC (70% lysis 
at 200:1, E:T) and in elicited PC (100% lysis at lOO:l, 
E : T). Spontaneous tumouricidal activity in the absence of 
drug was indetectable at these E : T ratios but was detectable 
at 250: 1 in resident PC and at 200: 1 in thioglycollate- 
elicited PC. 5,6-MeXAA stimulated activity in BCG- 
primed PC at an E: T ratio as low as 25 : 1, but some 
spontaneous lysis was also observed at this ratio. The 
spontaneous cytolytic activity obtained in cultures of BCG- 
primed PC in- the absence of drug (Fig. 1) is consistent 
with the literature [ll]. The spontaneous activity observed 
at high E : T ratios in resident and thioglycollate-elicited 
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Fig. 1. Enhancement of PC tumouricidal activity by 5,6-MeXAA. PC from untreated (resident), 
thioglycollate-treated (elicited) or BCG-primed (activated) mice were plated at different E: T cell ratios 
with (A) or without (0) 5,6-MeXAA (llS@f). Cytolysis was measured after 18 hr against LLTC 

targets. Each point represents mean f SEM of quadruplicate cultures. 

PC could be due to a small subpopulation of macrophages 
which had been activated in viva by environmental 
stimulants or to stimulation by the tumour targets 
themselves during the 18-hr incubation. The concentrations 
of S,&MeXAA and FAA required to stimulate 50% lysis 
of target cells in resident PC cultures (E : T, 200 : 1) were 
50 and 700 PM, respectively, providing a 14.fold increase 
in potency for the analogue (Fig. 2). 

In order to determine which of the variety of known 
macrophage cytotoxicity mechanisms were stimulated by 
5,6-MeXAA (115 @i) appropriate inhibitors were added 
to cultures of resident (200: 1. E:T), elicited (100: 1, E:T) 
or BCG-primed PC (75 : 1, k’ : T). ‘inhibitors‘ of pathways 
involving activated oxygen (superoxide dismutase, OSO- 
150 U/culture; catalase, 12.5-150 U/mL) or nitrogen 
intermediates (~-monomethylar~~ne, 62.5-500 @f; Cal- 
biochem) were inactive. The lack of effect of inhibitors of 
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Fig. 2. Relative potencies of 5,6-MeXAA (A) and FAA 
(0) in stimulating resident PC (200: 1, E: T) to kill LLTC 
targets. Lysis was measured after 18 hr (mean -t SEM of 
quadNplicate culture). Lysis was not detected in control 
cultures of LLTC targets incubated without PC in the 

presence of the drug at all concentrations used. 

the nitric oxide pathway [ 121 is consistent with the lack of 
nroduction of nitric oxide bv resident or elicited PC 1131. 

Cyclosporin A, an inhibitor of secretion [14], inhibited 
cytotoxicity by36% at SO PM and 73% at200 pM, suggesting 
that protein secretion was involved in macrophage activity, 
Since activated macrophages can mediate cytolysis by 
secreting neutral proteases [15], a number of inhibitors of 
neutral proteases (Sigma Chemical Co., St Louis, MO, 
U.S.A.) were tested. Aprotinin (0.0125-0.2 Trypsin 
Inhibitor units/ml), chymostatin (0.62>1Opg/mL), pep 
statin (1O-s-1O-4 M, phenylmethylsulphonyl fluoride (lo- - 
10-j M), leupeptin (1O-s-1O-3 M), antipain (1O-s-1O-3 M) 
and soybean trypsin inhibitor (0.24-2 rn~~) all showed 
no inhibition, Since TNF has both cytostatic and cytolytic 
activity against a range of neoplastic cells [16], and because 
both FAA [f7] and 5,6-MeXAA (Dr R. H. Wiltrout, 
personal communication) induce TNF in vivo, polyclonal 
antibodies to murine TNF (lo*-10’ neutralizing units/ml: 
kindly provided by Dr G: R. Adolf, Bend& and’ Co.; 
GmbH, Vienna. Austria. and also ourchased from 
Endogen, Boston, MA, U.S.A.) were tesied. No effect on 
toxicitywasobserved,consistentwithapreviousobservation 
that FAA-stimulated PC lyse TNF-insensitive P815 tumour 
cells [6]. 

Despite the evidence against the involvement of TNF, 
studies with a number of inhibitors suggested that regulation 
of the pathway for release of the cytotoxic species was 
similar to that for stimulation of TNF secretion. Cortisone 
(2.5 x 10e3 M) completely inhibited t~o~cid~ activity 
of resident or BCG-primed PC induced by 5,6-MeXAA, 
while dexamethasone ( 1O-5-1O-8 M) reduced 5,6-MeXAA- 
induced activity by 80%, consistent with the strong 
inhibition of TNF synthesis by corticosteroids [16J. 
Indomethacin, a cycle-oxygenase inhibitor, inhibited 
cytotoxicity by 50% at 10v6 M (Fig. 3), consistent with its 
effect on TNF synthesis [18]. hthibition was also found 
following addition of either PGEz or the stable synthetic 
prostacyclin, Iloprost (kindly provided by Schering (NZ) 
Ltd), whereas PGF, was not inhibitory (Fig. 4). 
Moreover, dibutyryl-cAMPinhibited5,6_MeXAA_induced 
tumouricidal activity by 43% at 100 PM. AA861, a strong 
lipoxygenase inhibitor [19], had no effect while NDGA, 
which can inhibit both cycle-oxygenase and lipoxygenase 
activity [ZO], ~hibited by 50% at 10-‘M and had little 
effect at lower ~ncentrations (Fig. 3). These results 
compare with the partiaf inhibition of TNF activity obtained 
with both PGEt and dibutyryl-CAMP, which act on a 
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Fig. 3. Effect of inhibitors of arachidonate metabolism on 
tumouricidal activity. Indomethacin (a), AA861 (c1) or 
NDGA (0) was added to cultures of thioglycollate-elicited 
PC (125 : 1 E : T) in the presence of 5,6-MeXAA (115 PM) 
and lysis of LLTC targets measured after 18 hr. The means 
of triplicate cultures were expressed as per cent of 
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Fig. 4. Effect of prostaglandins on tumouricidal activity. 
PGEr (A), iloprost (0) or PGF, (0) was added to cultures 
of resident PC (200: 1, E:T) with 5,6-MeXAA (115 PM) 
and lysis of LLTC targets measured after 18 hr. The means 
of triplicate cultures were expressed as per cent of 

cytotoxicity measured in control cultures. 
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negative feed-back loop, but not with PGFz,, which is 
inactive in this loop [16,18]. 

A possible explanation for the results is that 5,6-MeXAA 
induces the expression of an endosome-localized cytotoxin 
which is released on to the tumour cell surface on@ during 
cell-cell contact 1211. Alternativelv, 5.6-MeXAA mav 
induce release of TNFonly during cefi<eh contact [22,23]. 
This model is consistent with the failure of previous 
experiments to isolate an active cytolytic agent in culture 
supernatants of resident PC incubated with FAA and 
tumour cells [6], or to demonstrate killing in double 
chamber experiments where PC are separated from the 
tumour targets by a porous membrane (unpublished). The 
stimulation of the cytocidal action of mouse macrophages 
by 5,6-MeXAA is consistent with the production of a non- 
secretable factor which is active during cell-cell contact. 
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