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Abstract 5,6 - Dimethylxanthenone -4 -acetic  acid
{(DMXAA), a low-molecular-weight biological response
modifier scheduled for clinical evaluation, induced syn-
thesis of tumour necrosis factor-o« (TNF-«) in serum of
mice, with maximal activity being observed at 2-3 h
after administration. At a dose of 27.5 mg/kg, DMXAA
induced similar TNF-a concentrations as did flavone-
8-acetic acid given at its maximum tolerated dose
(MTD; 330 mg/kg), whereas 8-methylxanthenone-4-
acetic acid, which has no antitumour activity, did not
induce serum TNF-x at its MTD (440 mg/kg). The
dependence of schedule on TNF-a induction was
studied by giving DMXAA to mice in two doses of
27.5 mg/kg each separated by different intervals. An
interval of 0 (ie. 55 mg/kg given in a single dose)
produced a TNF-a concentration 9-fold that produced
by a single dose of 27.5 mg/kg. This dose, although
higher than the MTD of 30 mg/kg, did not affect the
health of mice at the time of assay (3 h). An interval of
1 day produced very low levels of serum TNF-« after
the second injection. An interval of 3 days produced
high levels of serum TNF-u« after the second injection
(9-fold that detected in mice receiving 27.5 mg/kg in
a single dose) but no long-term toxicity, whereas an
interval of 7 days produced an intermediate response.
Thus, the first dose can either potentiate or suppress
the TNF-« response to a second dose. Mice with ad-
vanced subcutaneous colon 38 tumours were treated
either with a single dose of DMXAA (27.5 mg/kg) or
with a divided dose (two doses of 27.5 mg/kg given
3 days apart). Both the cure rate and the tumour-
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growth delay were enhanced by the divided-dose sched-
ule. The results are relevant to the design of clinical
administration schedules of DMXAA and emphasise
the importance of TNF-a induction in the antitumour
response.
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Introduction

The investigational antitumour agent 5,6-dimethylxan-
thenone-4-acetic acid (DMXAA), developed in this la-
boratory [29], is scheduled for clinical evaluation as
a more active and dose-potent analogue of flavone
acetic acid (FAA), synthesised by Atassi et al. [2]. Both
FAA and DMXAA show excellent activity against

“arange of murine transplantable tumours [ 25, 29], and

a striking feature of these compounds is their ability
to induce haemorrhagic necrosis of subcutaneous
tumours [29, 31]. This effect is attributable to vascular
collapse [11, 35]. FAA induces production of tumour
necrosis factor-o (TNF-a) [19], and antibodies to
TNF-2 inhibit FAA-induced tumour vascular collapse
1201 and partially inhibit its antitumour activity
[26]. DMXAA also induces TNF-a production [10],
suggesting that the ability of drugs of this type
to induce TNF-x contributes to the antitumour
activity.

Other biological effects of FAA and DMXAA in
mice include the elevation of natural killer (NK) cells
[3, 34] through the production of interferons [19],
activation of macrophage tumouricidal activity [4],
and the production of nitric oxide [32]. DMXAA
stimulates higher levels of macrophage tumouricidal
activity [8] and nitric oxide production [32] than does
FAA. In mice it is 12-fold more dose-potent than FAA
and induces a greater number of cures [29].
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FAA has failed to exhibit clinical activity as a single
agent [18]. Analysis of peripheral blood samples col-
lected from patients undergoing FAA therapy showed
that FAA did not have the same degree of im-
munomodulatory activity in humans as it did in mice
[13, 15]. It was suggested that FAA exhibited species
specificity and that the lack of clinical activity was due
to its lower efficiency in stimulating human host-
cytotoxic mechanisms. The observation that FAA
induces TNF-¢ in mouse but not human cells [13],
together with the finding that DMXAA is much more
active than FAA in stimulating human HL-60 cells in
vitro to produce TNF-a mRNA [9], suggests that
DMXAA may have greater potential as a clinical anti-
tumour agent than does FAA.

We examined details of the induction of TNF-« by
single- and repeated-dose schedules of DMXAA in the
present study. We also examined the relationship be-
tween the antitumour activity of and TNF-« produc-
tion by DMXAA. The results may be relevant to the
forthcoming clinical trial of DMXAA.

Materials and methods

Materials

FAA was obtained through the courtesy of the National Cancer
Institute (USA). DMXAA and 8-methylxanthenone-4-acetic acid
(8-MeXAA) were synthesised in this laboratory [27, 29]. Solutions of
FAA and DMXAA were prepared fresh for each experiment by
dissolving the drugs in 5% sodium bicarbonate and were protected
from light [28]. Rabbit anti-mouse TNF-« antibody (lot 101009) was
purchased from Endogen Inc. (Boston, Mass, USA).

Mice and tumours

(C,,Bl/6xDBA/2)F, hybrid (BDF)) mice, bred in the laboratory
animal facilities, were used at ages ranging between 8 and 12 weeks.
For serum TNF-« determinations, mice under anaesthesia were bled
and the blood allowed to coagulate before centrifugation and collec-
tion of serum. Antitumour activity was measured using colon 38
adenocarcinoma, which was passaged in BDF, mice and implanted
subcutaneously (1-mm® fragments) in the flanks of anaesthetised
(sodium pentobarbital, 90 mg/kg) mice. Growth-delay determina-
tions were initiated on day 10 after implantation, when the tumours
were approximately 5 mm in size. Tumour-bearing mice were injec-
ted intraperitoneally with drug (0.1 ml/10 g body weight) and tu-
mours were measured using calipers three times weekly thereafter.
Tumour volumes were calculated as 0.52 x a? x b, where a and
b are the minor and major axes of the tumour. The arithmetic means
were calculated for each time point (counting non-palpable tumours
as zero volume) and the growth delay was determined as the number
of days required for the treated tumours to reach a volume of 250
mm?>.

TNF-« bioassay

Serum TNF-o levels were measured in a standard cytotoxicity assay
using actinomycin D-treated 1929 cells [17]. 1929 celis (3 x 10*
cells/well) were cultured overnight in flat-bottomed microwells

(Nunc, Kamstrup, Roskilde, Denmark). Actinomycin D (Merck,
Sharpe and Dohme, Rahway, N.J., USA) was added to a final
concentration of 8 ug/ml, serum samples to be assayed were added
(100 ul/well) in triplicate or quadruplicate to the first row of cells in
a total volume of 300 pl, and sequential 3-fold dilutions of the serum
were then performed over the length of the microwell plates. In some
experiments, anti-TNF-o antibody was added before incubation.
The cultures were incubated for 24 h at 37°C in a humidified
atmosphere of 5% CO, in air. Cell killing was assessed using
a colorimetric assay using 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT; Serva, Heidelberg, Ger-
many) as previously described [12]. MTT (500 pg/ml) was added to
the cultures, which were incubated for another hour to allow dark
blue crystals to appear. Culture supernatant was then removed and
100 pl dimethyl sulphoxide (Prolabo, Paris, France) was added to
solubilise the crystals. Absorbance at 570 nm was measured using an
automatic enzyme-linked immunosorbent assay (ELISA) reader
(MR 600, Dynatech, Alexandria, Va, USA). Dose-response curves
were constructed and the points above and below the dilution
causing a 50% reduction in staining intensity were determined.
A regression through this line was used to calculate both the TNF-«
concentration and its standard error, whereby 1 unit of TNF-o was
defined as the amount required to reduce specific staining by 50%.

Results
Serum TNF-o production in response to DMXAA

In initial experiments, we examined the TNF-o activity
in serum collected at 30 min to 6 h after the injection of
DMXAA at a dose (27.5 mg/kg) that has previously
been shown to cause maximal immunostimulation. Ac-
tivity, as detected by killing of 1929 cells, was detected
in sera collected at 2 and 3 h after drug treatment, with
the 3-h sample giving twice the amount of TNF-«
yiclded by the sample collected after 2 h. No activity
was detected at 30 min, 1 h or 4 h (Fig. 1). A dose-
response curve was then determined using a 3-h blood
collection time. TNF-a activity increased with dose up
to the maximum tolerated dose (MTD) of 30 mg/kg
DMXAA (Fig. 2). Doses above the MTD caused no
sign of animal distress at the time the mice were killed
for serum collection (3 h), except at the maximal dose
tested (400 mg/kg), where slight diarrhoea, ruffled fur
and apparent hypothermia were observed. Maximal
levels of TNF-a were obtained at a DMXAA dose of
55 mg/kg, with lower production being observed at
doses of up to 400 mg/kg (Fig. 2).

To confirm that DMXAA was producing TNF-a
rather than another cytokine, L929 TNF-o assays were
conducted in the presence of 1, 5 or 10 pg rabbit
antibody specific against murine. TNF-a. The response
of the 1.929 cells was 47%, 62% and 83%, respectively,
of that of cultures receiving no antibody.

Serum TNF-o production in response to FAA
and 8-MeXAA

Maximal TNF-« production in response to FAA was
detected at a dose of 330 mg/kg, which is also the MTD
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Fig. 1 Time course of TNF-o activity induced by DMXAA. Sera
prepared from control mice (O) and from mice at 30 min ((1), L h
(A), 2 b (V), 3 h (O) or 4 h (hexagons) after injection with DMXAA
(27.5 mg/kg) were assayed at the indicated dilutions for TNF-«
activity using actinomycin D-sensitised L929 cells (note that in this
experiment, cells were sensitised with only 1 pg actinomycin D/ml
rather than with the optimal sensitising concentration of 8 pg/ml).
Points represent mean absorbance (from triplicate wells) and vertical
bars represent standard errors. For clarity, error bars are displayed
only for the 2- and 3-h time points
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Fig. 2 Dose response of TNF-a induction by DMXAA, FAA and
8-MeXAA. Mice were treated with varying doses of each of the
agents and the sera prepared 3 h later were assayed for TNF-o
activity. Units of TNF-o were determined from the reciprocal of
serum dilution that gave 50% Xkilling of 1.929 cells. Vertical bars
represent standard errors of determinations
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for its antitumour activity (Fig. 2). The activity of TNF-
ainduced by FAA at 330 mg/kg was less than a quarter
of that induced by DMXAA at 55 mg/kg. Mice receiv-
ing more than the MTD became lethargic, exhibiting
diarrhoea and apparent hypothermia, and produced
lower amounts of TNF-o. TNF-a production by 8-
MeXAA, an analogue of DMXAA with no antitumour
activity [27], was extremely low at all doses tested
(Fig. 2). However, the same type of toxicity was mani-
fest as observed for the active TNF-o inducers. All mice
receiving 220 and 330 mg/kg 8-MeXAA exhibited diar-
rhoea and lethargy, and one of the three mice receiving
440 mg/kg 8-MeXAA died within 3h.

Effect of using split doses of DMXAA on TNF-x
production

It was not feasible to measure the antitumour response
to DMXAA at the dose required for maximal TNF-«
production (55 mg/kg) since earlier work had indicated
that this dose was lethal, with deaths occurring at
12-24 h after administration. We therefore examined
the effect of giving DMXAA in two doses of 27.5 mg/kg
spaced 1, 3 or 7 days apart. TNF-¢ levels were found to
vary significantly depending on the interval between
the two injections (Fig. 3). When the interval was 1 day,
TNF-o was suppressed as compared with the group
receiving one injection of 27.5 mg/kg. When the inter-
val was 3 days, TNF-o activity was comparable with
that observed following a single dose of 55 mg/kg and
significantly higher (P < 0.01) than that seen following
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Fig. 3 TNF-« activity in response to two doses of DMXAA. Mice
were given DMXAA either as a single dose (27.5 mg/kg; unshaded
bars) or as a split dose (27.5 mg/kg each, separated by 1, 3 or 7 days;
shaded bars). Sera were prepared 3 h after the final injection and
assayed for TNF-a. Vertical bars represent standard errors of deter-
minations
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Fig. 4 Tumour growth following treatment with DMXAA. Two
independent experiments were performed, the first using groups of
10 mice (solid symbols) and the second, groups of 5 mice (open
symbols). Mice implanted 10 days earlier with colon 38 tumours
received either no drug (circles), DMXAA as a single dose of
27.5 mg/kg (squares) or DMXAA as two doses of 27.5 mg/kg given
3 days apart (triangles). The symbols indicate mean tumour volumes
and the vertical bars represent the standard errors of determinations,
which were calculated for all mice in each group (including those
with cures, accounting for the large bars at late time points after
treatment)

a single dose of 27.5 mg/kg. When the interval was
7 days, TNF-a activity was reduced but nonetheless
significantly higher than that noted following a single
dose of 27.5 mg/kg. Moreover, mice receiving two in-
jections of 27.5 mg/kg spaced 3 days apart survived
over a long term, showing no deleterious effect despite
the high level of TNF-a produced.

Effect of split doses of DMXAA on antitumour activity

We next tested the antitumour activity of DMXAA
given in two doses of 27.5 mg/kg spaced 3 days apart.
A single dose of DMXAA at 27.5 mg/kg gave 4/10
cures and a growth delay of 10 days (Fig. 4). Adminis-
tration of a second dose 3 days later gave 8/10 cures
and extended the growth delay to 24 days, with no drug
toxicity being observed. A second independent experi-
ment provided 2/5 cures and a growth delay of 20 days
on the single-dose schedule and 4/5 cures and a growth
delay of 40 days on the double-dose schedule (Fig. 4).

Discussion

The results described herein demonstrate the dose and
schedule dependence of induction of TNF-« by

DMXAA, a drug that is scheduled for clinical evalu-
ation against human malignancies. DMXAA, more
dose-potent and curative than FAA against the murine
colon 38 tumour [29], induces higher amounts of TNF-
o activity than does FAA, whereas 8-MeXAA, which
has no antitumour activity, does not induce TNF-a.
Experiments with anti-TNF-« antibody confirmed that
the assay was measuring TNF-¢. Correlations between
antitumour activity, elevation of NK cell activity [ 5],
induction of nitric oxide production [32], and stimu-
lation of macrophage tumouricidal activity [7] have
previously been demonstrated for derivatives of xan-
thenone-4-acetic acid, suggesting that all are part of the
same pleiotropic response. The role of each of these
immune functions, including that of TNF-«, in the
overall antitumour response is not clear.

The acute toxicity of DMXAA and FAA does not
appear to be related to the degree of induced TNF-«
activity. Lethargy, ruffled fur and hypothermia are
observed within 1 or 2 h of drug treatment, before
maximal TNF-o activity is obtained. Furthermore,
8-MeXAA, which is not a TNF-¢ inducer (Fig. 2),
produces similar toxicity, and the dose that induces
toxicity within 3 h are similar for DMXAA, FAA and
8-MeXAA. Antitumour activity was obtained with
DMXAA at a dose 20-fold lower than that at which
such acute toxicity become apparent. In this respect,
DMXAA would appear to have a much improved
therapeutic index over FAA, but this is masked by
DMXAA-induced delayed toxicity which previous data
have shown to result in deaths at between 12 and 24 h.

The haematological effects induced by DMXAA [6]
are similar to those described for TNF-a or IL-1 [6, 22]
and contrast with those induced by conventional direct
cytotoxic agents [30]. Mice receiving purified TNF-«
develop many of the symptoms of lipopolysaccharide-
induced toxic shock syndrome, and it has been sugges-
ted that TNF-« singly can mediate this multitude of
symptoms [33]. Later studies have suggested a more
complex situation involving a cascade of cytokines,
since agonists to I1-1 [23] or interferon-gamma (IFN-
¥} [16] have also been shown to protect against en-
dotoxic shock.

Mice given 55 mg/kg DMXAA in two divided doses
spaced 3 days apart produce as much TNF-« after the
second dose as do mice given 55 mg/kg in a single
injection. Whereas a single dose of 55 mg/kg is known
to be toxic within 24 h, mice treated on a divided-dose
schedule do not suffer any apparent side effect despite
having similar serum TNF-x activity. However, the
timing between doses may be critical, since injections
given 1 day apart result in suppression of TNF-« activ-
ity. A possible explanation for the decrease in activity
observed when the second dose is given after only
1 day is that following activation, macrophages enter
a refractory period during which they will not respond
to a subsequent stimulus because of the induction
of mitochondrial superoxide dismutase [1, 24]. The



mechanism for the enhanced activity observed when
the doses are spaced 3 days apart is not clear but may
reflect the stimulation by DMXAA of the synthesis of
several other cytokines, including IFN-y [14] and
granulocyte/macrophage colony-stimulating factor
(GM-CSF; Ching, unpublished data). IFN-y can prime
macrophages to give a heightened response to a sub-
sequent stimulus, whereas GM-CSF can hasten the
maturation and production of macrophages from their
carly stem-cell precursors [21]. We have previously
demonstrated a 3-fold increase in the bone marrow
haemopoietic precursor stem cells at 2 days following
administration of DMXAA, consistent with the release
of GM-CSF [6]. The enhanced response may thus
result from increased numbers of macrophages, as well
as from increased priming, as a result of cytokine re-
lease. The enhancement would be expected to be rela-
tively short-lived, consistent with a reduced effect ob-
served after 7 days (Fig. 3).

In summary, the present study shows DMXAA to be
a good inducer of TNF-« in vivo. TNF-o production
appears to correlate with antitumour activity, sugges-
ting that TNF-« could be a useful indicator of biolo-
gical response in individual patients during clinical
trials. The double-dose administration schedule pro-
vides a higher cure rate and longer growth delays for
colon 38 tumours than can be obtained using a single
dose of DMXAA at the MTD (Fig. 4), strongly sugges-
ting that the therapeutic index of DMXAA might be
improved by using multiple-dose schedules.
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