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Abstract

The study was conducted to investigate the effects of a novel therapeutic approach, i.e. the combination of chemotherapy and
immunotherapy, against a human prostate carcinoma xenograft. A topoisomerase I inhibitor, topotecan, and CpG-containing

oligodeoxynucleotides (CpG-ODN) were combined. Athymic mice bearing the PC-3 human prostate carcinoma were treated with
the maximum tolerated dose (MTD) of topotecan (3 weekly treatments) and with repeated treatments of CpG-ODN (40 and 20 mg/
mouse); tumour growth and lethal toxicity were monitored. Topotecan effect on CpG-ODN-induced production of interleukin (IL)

12, interferon (IFN)-g and tumour necrosis factor-a was also assessed. Since topotecan pretreatment differentially influenced CpG-
ODN-induced production of IL-12 and IFN-g, the antitumour effects of the two therapies were investigated in a sequential (full
topotecan regimen followed by CpG-ODN) or in an alternating sequence (starting with CpG-ODN). Topotecan inhibited PC-3

tumour growth, inducing 95% tumour volume inhibition. All combined treatments resulted in a significant delay in tumour growth,
compared to the effects in topotecan-treated mice (P<0.01, by analysis of tumour growth curves). The combination regimens were
well tolerated, except for the alternating sequence of 40 mg CpG-ODN and topotecan, which resulted in three out of eight toxic

deaths. This alternating sequence was highly toxic even when another cytotoxic drug (doxorubicin) was used in healthy mice. In
conclusion, the combination of topotecan and CpG-ODN increased antitumour effects over chemotherapy alone in the growth of
a human prostate carcinoma xenograft. Administration sequence was critical to the combination toxicity: the complete regimen
of the cytotoxic drug followed by repeated administrations of the immunomodulator seemed the most promising for further

investigations.
# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Many clinical trials in cancer patients have demon-
strated the superior efficacy of the combination of different
therapies as compared to the use of any single particular
modality. However, few studies of combined immuno-
therapy and chemotherapy have been conducted, mainly
because it is widely assumed that the immunosuppressive
aspect of chemotherapy negates the benefits of immu-
notherapy.
Recently, cells of the innate immune system were
found to express a set of pattern-recognition receptors
that can detect certain molecular structures present in
pathogens, but not in eukaryotic cells [1]. Bacterial
DNA, for example, activates cells of the innate immune
system due to the relative abundance of unmethylated
CpGmotifs in its DNA. These CpGmotifs are suppressed
and methylated in vertebrate DNA [2]. Synthetic oligo-
deoxynucleotides (ODN) with immunostimulatory CpG
motifs mimic the effects of bacterial DNA [2]. Among
pattern recognition receptors, the Toll-like receptors
(TLRs) play a pivotal role [3]. Such a receptor, TLR-9,
is essential for the activation of innate immune cells by
CpG motifs [4]. The observation that ODN-containing
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CpG dinucleotides (CpG-ODN) exhibit several immu-
nological effects has led to their use even in the field of
oncology. In preclinical systems CpG-ODN have been
found to be promising tools as adjuvants for tumour
vaccines and as tumour immunotherapeutics, either
alone or in combination with antitumour antibodies [5–
10]. Like most immunotherapies, CpG-ODN treatment
in animal models is most effective if administered when
the tumour burden is small, or in the presence of mini-
mal residual disease, as is the case following surgery or
effective chemotherapy. The reported ability of CpG-
ODN to protect B cells from apoptosis, induced by
agents such as ultraviolet irradiation, vinca alkaloids
and doxorubicin [11], might represent an advantage
over other immunostimulators for combination with
chemotherapy. Indeed, CpG-ODN acting only on hae-
matological cells expressing TLR-9 would reduce the
immunosuppressive effect without blocking the activity
of chemotherapeutic drugs on solid tumours.
Camptothecins are well-established cytotoxic drugs

that target DNA topoisomerase I, a critical enzyme for
many DNA functions [12]. Topotecan is a water-soluble
camptothecin that in experimental studies exhibits
impressive antitumour activity against a large panel of
human tumour xenografts [13], including hormone-
refractory human prostate carcinoma xenografts [14].
The drug is currently in clinical use for lung and ovarian
carcinomas, and its dose-limiting toxicity is neutropenia
with or without thrombocytopenia [15].
In the present study, we investigated the therapeutic

potential of combined cytotoxic and immunostimulating
therapies on the growth of a human tumour xenograft in
nude mice. The hormone-refractory PC-3 human tumour
xenograft was chosen based on its high sensitivity to
topotecan [14]. The chemotherapy treatment was
designed in order to achieve a minimal residual disease
condition. Analysis of tumour growth and toxicity in
tumour-bearing mice treated with CpG-ODN, during or
after the optimal therapeutic regimen of topotecan,
indicated an advantage of the combination with respect
to time of tumour regrowth and a critical role for treat-
ment sequence in determining toxic effects.
2. Materials and methods

2.1. Drugs and synthetic ODNs

Topotecan (Hycamtin; Glaxo SmithKline S.p.A., Ver-
ona, Italy) and doxorubicin (Adriblastina; Pharmacia
S.p.A., Milan, Italy) were suspended in sterile distilled
water. Purified, single-stranded, phosphorothioated ODN
1668 (50-TCCATGACGTTCCTGATGCT-30) containing
a CpG motif [16] was synthesised under endotoxin-free
conditions by M-Medical-GENENCO (Firenze, Italy).
Phosphorothioate modification was used in order to
reduce the susceptibility of the ODN to DNAse diges-
tion, thereby significantly prolonging its half-life in vivo.
CpG-ODN was dissolved in sterile saline.

2.2. Tumour cells

PC-3 prostate carcinoma cells (from ATCC) were
maintained in RPMI 1640 (Biowhittaker, Verviers,
Belgium) supplemented with 10% fetal calf serum
(FCS) v/v (Life Technologies Inc., Gaithersburg, MD).

2.3. Mice

Male athymic Swiss nude and FVB mice (purchased
from Charles River, Calco, Italy) were maintained in
laminar-flow rooms at constant temperature and
humidity, with food and water given ad libitum. Mice
were used at 8–12 weeks of age (18–24 g body wt).
Experimental protocols were approved by the Ethics
Committee for Animal Experimentation of the Istituto
Nazionale Tumori of Milan, according to UKCCCR
guidelines [17].

2.4. In vivo studies

For antitumour activity studies, exponentially growing
PC-3 cells were inoculated subcutaneously in the right
flank (8–10�106 cells) of male athymic nude mice. Each
control or drug-treated group included eight mice.
Tumour growth was followed by bi-weekly measure-
ments of tumour diameters with a Vernier caliper.
Tumour volume (TV) was calculated in mm3 according
to the formula: TV=d 2�D/2, where d and D are the
shortest and the longest diameter, respectively. Drug
treatment started when mean TV was about 100 mm3.
Topotecan was delivered orally by gavage (in a volume
of 10 ml/kg body wt) at a dose of 15 mg/kg, three times
at 7-day intervals (q7d�3). CpG-ODN was delivered
intraperitoneally (200 ml/mouse) at doses of 20 and 40
mg/mouse, every third/fourth day for seven times. In the
combination groups, CpG-ODN was delivered before
and during topotecan regimen (alternating schedule) or
starting 7 days after the last topotecan treatment
(sequential schedule) (see Table 2). Control mice were
solvent-treated orally and intraperitoneally, in parallel
with drug treatments.
The percentage of tumour volume inhibition (TVI) in

treated versus control mice was calculated at different
times and indicated as cTVI%. After control mice had
been killed due to tumour burden, the TVI% was cal-
culated in the combination-treated versus the topote-
can-treated mice and indicated as tTVI%. Optimal
cTVI% and tTVI% are reported in Table 2. Growth
curves were designed, plotting mean TV versus time.
Toxic effects of drug treatment were assessed as: (i)
lethal toxicity, i.e. any death in treated mice before any
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control mice, as monitored daily; (ii) percent of body
weight loss induced by the treatment. Mice were
weighed twice a week.
The toxicity experiments were performed using healthy

euthymic FVB mice. Doxorubicin (7.5 mg/kg) was
delivered intraperitoneally, q7d�3, and CpG-ODN (40
mg/mouse) was delivered intraperitoneally, q7d�3,
starting 3 days before the first doxorubicin treatment
(alternating schedule) or 7 days after the last doxo-
rubicin injection (sequential schedule). Lethal toxicity
was assessed.

2.5. Quantification of interferon-� (IFN-�), interleukin
12 (IL-12), and tumour necrosis factor-� (TNF-�)
production

Healthy athymic nude mice were used for assessment
of IFN-g, IL-12 and TNF-a production after CpG-
ODN treatment. Each experimental group consisted of
three to six mice. Drugs were prepared as for anti-
tumour activity studies. CpG-ODN was given intrave-
nously at the dose of 200 mg/mouse; topotecan (15 mg/
kg) was given once by gavage, followed by a single
administration of CpG-ODN given 1, 3, 7 or 14 days
later. Two hours after CpG-ODN injection, mice under
a light anaesthesia were bled from the retro-orbital sinus
and killed by cervical dislocation. Sera were analysed
for TNF-a production. Spleens were aseptically
removed, mechanically dissociated, and splenocytes
(107/well) were cultured for 18 h in 24-well plates in 2 ml
complete RPMI supplemented with 10% FCS v/v.
Supernatants were analysed for IFN-g and IL-12 (p40
form). All cytokines were assessed by enzyme-linked
immunoassay (BD PharMingen, San Diego, CA).

2.6. Statistical analysis

Results of the antitumour experiments were statisti-
cally evaluated by analysis of variance (ANOVA) using
the SYSTAT program. The tumour growth curves were
analysed using a Macintosh version of the EXPFIT
program [18] adapted to compute exponential growth
curves. For each experimental group, the exponential
phase of the growth curves was preliminary evaluated
on the basis of the best fitting obtained, considering
different sections of the curves. The growth rate was
then calculated and compared, considering the part of
the curves in which exponential growth was assessed.
Each point on the curves corresponds to the mean
tumour value from eight animals; variability of the
experimental data was included in the fitting procedure
as a weighting function. Since the least-square non-lin-
ear fitting procedure generates approximate standard
errors, percent coefficient of variations (%CV) of the
parameter R (growth rate) are reported as the estimated
error of each curve. Significant differences (P<0.05)
among the exponential growth curves of the experi-
mental groups were detected by the F-test, performed
by the EXFIT program, on the least-square means of
the fitting before and after imposing equality constraints
on the parameters (i.e. the growth rate) [18]. The Student
t-test (two-tailed) was used to compare cytokine con-
centrations in the experimental groups.
3. Results

3.1. Effect of topotecan treatment on CpG-induced
IL-12 and IFN-� production

In order to define the combination protocol for the
two therapies, we evaluated the suppressive activity of
topotecan on the CpG-induced immune response. Pro-
duction of the Th1-promoting cytokines IL-12 and
IFN-g, which are hallmarks of an immune response to
CpG-ODN [19,20], was analysed in response to intra-
venous injection of CpG-ODN in topotecan-pretreated
mice (1, 3, 7 or 14 days before) (Fig. 1). As expected,
examination of splenocytes removed 2 h after CpG-
ODN injection revealed high production of both cyto-
kines. In mice previously (3 days) treated with topotecan,
a slight non-significant inhibition of IL-12 production
was observed, which returned to normal after 14 days
Fig. 1. Production of interferon-g (A) and interleukin 12 (B) evaluated
by enzyme-linked immunoassay in supernatants of spleen cells

obtained from athymic nude mice untreated (a), treated intravenously

with 200 mg/mouse CpG-ODN alone (b), or 1 day (c), 3 days (d), 7

days (e), 14 days (f ) after topotecan (15 mg/kg).
A. Balsari et al. / European Journal of Cancer 40 (2004) 1275–1281 1277



from treatment, whereas IFN-g production was sig-
nificantly inhibited by topotecan treatment, with the
peak of inhibition (about 85%) at 3 days after the drug
treatment (P=0.003 by unpaired t-test), and only a
partial recovery even after 14 days.

3.2. Antitumour effects of topotecan plus CpG-ODN

In the light of the differential effect of topotecan on
CpG-induced IFN-g and IL-12 production, the anti-
tumour effect of CpG-ODN was investigated by
administering it during or after the optimal regimen of
the cytotoxic drug (alternating or sequential protocol).
The effect of the systemic administration of CpG-ODN
in combination with a chemotherapy treatment on the
growth of pre-existing tumours was evaluated in nude
mice xenografted with the human PC-3 prostatic
tumour, starting when tumour size averaged 100 mm3

(Table 1; Fig. 2). In terms of growth inhibition versus
control tumours (cTVI%; Table 1), mice treated with
CpG-ODN alone (40 mg every third/fourth day, seven
times) showed, at maximum, 50% inhibition of tumour
growth, whereas mice treated with topotecan (q7d�3)
showed a strong decrease in mean tumour size up to
95%, but tumour growth resumed about 3 weeks after
the cessation of treatment. In all the groups of mice
receiving CpG-ODN in addition to chemotherapy,
cTVI% did not significantly differ from that achieved in
mice treated with topotecan only (range, 95%–97%).
However, in these groups a significant delay in tumour
growth was observed, resulting in tTVI versus that of
topotecan-treated mice ranging between 41% and 64%.
From the analysis of the curves (Fig. 2; Table 2) it

appears that, in the time interval considered, control
and CpG-ODN-treated tumours showed exponential
growth, and that treatment with CpG-ODN induced a
persistent decrease of tumour growth rate. Topotecan
induced almost complete inhibition of tumour growth,
but, about 20 days after its withdrawal, when tumour
size started to increase, the growth rate was very similar
to that observed in untreated animals. The analysis of
Table 1

Antitumour efficacy of CpG-ODN (ODN), topotecan (TPT) and TPT

combined with ODN on PC3 human prostate carcinoma xenografts
Druga
 Treatment

sequenceb

cTVI%c
 tTVI%d
 Tox/Tote
ODN 40
 –
 50
 –
 0/8
TPT
 –
 95
 –
 0/8
ODN 40+TPT
 Alternating
 97
 64
 3/8
ODN 20+TPT
 Alternating
 95
 41
 0/8
TPT+ODN 40
 Sequential
 96
 51
 0/8
a CpG-ODN 40 or 20 mg/mouse intraperitoneally; from day 9, q3–

4d�7–10 times in the alternating treatment; from day 33, q7d�7 times

in the sequential treatment. Topotecan, 15 mg/kg orally, q7d�3, at

days 12, 19, 26.
b Treatment began when tumour volume was around 100 mm3,

starting with CpG-ODN at day 9 in the alternating sequence, or with

TPT at day 12 in the sequential protocol.
c The optimal tumour volume inhibition percentage in treated

versus control mice.
d The optimal tumour volume inhibition percentage in combi-

nation-treated versus TPT-treated mice.
e Lethal toxicity, number of toxic deaths/total number of mice in

the group.
Fig. 2. Antitumour effect of chemoimmunotherapy on human PC3

prostate carcinoma xenografts. TPT was delivered orally, 15 mg/kg, in

all groups. CpG-ODN (ODN) was delivered intraperitoneally, 20 or

40 mg/mouse. Each point represents the mean tumour weight from

eight mice. Similar results were found in two independent experiments.

Symbols are reported in Table 2.
Table 2

Effects of CpG-ODN (ODN), topotecan (TPT) and TPT combined

with ODN on the exponential phase of the growth curves of PC3

human prostate carcinoma xenografts, analysed by the EXPFIT

program
Druga G
rowth rateb

(mg/day)

D

(

oubling timeb

days)

C

(

Vc

%)
� S
olvent 0
.061 1
1.3 0
.4
~ O
DN 40 0
.048 1
4.4 0
.5
! T
PT 0
.059 1
1.7 1
.2
& O
DN 40+TPT 0
.048* 1
4.4 2
.3
^ O
DN 20+TPT 0
.054* 1
2.8 4
.4
* T
PT+ODN 40 0
.042* 1
6.5 3
.0
*P<0.01 versus TPT-treated tumours.
a See Table 1 footnote ‘a’ for details.
b The growth rate corresponds to the parameter R of the EXPFIT

analysis [18]; the doubling time was calculated as 0.6931/R.
c CV, coefficient of variation of the parameter R.
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the exponential phase of the topotecan-treated group
versus that treated with topotecan+CpG-ODN showed
that the combined treatment induced a significant
decrease in tumour growth rate (P<0.01, for all three
groups). Indeed, topotecan at the optimal dose and
schedule delayed the time at which mean tumour
volume reached 1 cm3 by about 35 days, and the addi-
tion of CpG-ODN prolonged that time by at least
another 20 days.
Body weight loss during treatments never exceeded

10%; no lethal toxicity was observed in any group
receiving the different protocols, except in the group
treated with CpG-ODN (40 mg/mouse)+topotecan in
the alternating schedule, where lethal toxicity was evi-
dent and three out of eight mice died during the treat-
ment time, at days 16 (one) and 20 (two), that is after
one or two topotecan treatments (Table 1).
In order to investigate whether increased toxicity was

related to the specific experimental conditions (athymic
tumour-bearing mice, treatment with topotecan), other
toxicity experiments were performed using euthymic
non-tumour-bearing mice and another cytotoxic drug,
doxorubicin (a topoisomerase II inhibitor). As shown in
Fig. 3, the alternating treatment of doxorubicin (7.5 mg/
kg, intraperitoneal, q7d�3) and CpG-ODN (40 mg/
mouse, intraperitoneal, q7d�3) induced lethal toxicity,
with five of nine mice dead by day 21. No toxicity was
observed in mice treated with each single agent, except
for one of 30 mice in the doxorubicin-treated group.
Consistent with the results in experiments performed
with topotecan, toxicity was not observed when CpG-
ODN (40 mg/mouse) was given, starting 1 week after the
last doxorubicin treatment (not shown).
3.3. Effect of topotecan treatment on CpG-induced
TNF-� production

Macrophages reportedly produce large amounts of
TNF-a after CpG-ODN stimulation [21,22]. Topotecan
acts as a cell sensitiser to death receptor-induced apoptosis
[23], which can be activated by different ligands of the
TNF family (FasL, TRAIL, TNF) [24]. Thus, variations
in TNF concentrations may critically affect pathways of
cell death [25]. Analysis of the serum TNF-a in topote-
can-pretreated mice at 2 h after the intravenous injection
of CpG-ODN, when the serum TNF-a reportedly peaks
[26], revealed a drastic reduction not an increase (Fig. 4).
4. Discussion

The present results demonstrate that, in mice xeno-
grafted with human PC-3 prostate carcinoma, the com-
bination of a topoisomerase I inhibitor and CpG-ODN
retards tumour growth in comparison to the effect of
chemotherapy alone. To reproduce better the clinical
condition, CpG-ODN was delivered by a systemic
route. Indeed, it is well established that peritumoral
treatment of mice with CpG-ODN can activate the
innate immune response to a tumoricidal state and lead
to a decrease in tumour growth rate [6,7,10], but such an
approach is often unsuitable in patients. In our study,
the significant delay in tumour growth achieved with all
the combination protocols indicated strong and repro-
ducible therapeutic benefits of systemically administered
topotecan+CpG-ODN, despite the immune suppres-
sion induced by the drug treatment. When repeated
administrations of the immonostimulator were begun
after the end of the full chemotherapy regimen, tumour
control was maintained for a long time without any sign
of toxicity. The retardation of tumour growth is of
Fig. 4. Tumour necrosis factor-a serum concentration evaluated by

enzyme-linked immunoassay in athymic nude mice. Untreated (a),

treated intravenously with 200 mg/mouse CpG-ODN alone (b), or

1 day (c), 3 days (d), 7 days (e), 14 days (f ) after topotecan (15 mg/

kg).
Fig. 3. Surviving percentage of healthy euthymic FVB mice treated

with: (!) doxorubicin 7.5 mg/kg, intraperitoneally, q7d�3, at days 4,

11, 18 (30 mice); (~) CpG-ODN, 40 mg/mouse, intraperitoneally,
q7d�3, at days 1, 8, 15 (10 mice); (&) doxorubicin alternated with

CpG-ODN (9 mice).
A. Balsari et al. / European Journal of Cancer 40 (2004) 1275–1281 1279



particular relevance considering that topotecan, in its
optimal therapeutic regimen, was able to achieve a
rather complete growth inhibition of the PC-3 tumour.
It is also possible that the strong efficacy of topotecan
might have partially clouded the contribution of the
immunomodulator in the antitumour activity of
the combination. Indeed, another study on PC-3
tumour xenografts combining a less effective
chemotherapy and a different immunostimulating agent
reports more favourable results of the combination
versus the cytotoxic drug itself [27].
Cytokine production, instead of immune cell count,

served as an indicator of the suppressive activity of
topotecan on the CpG-induced immune response. This
factor is a better indicator of the immune cell response
than is the cell count, since after chemotherapy some
cells are still alive but no longer able to respond to
immune stimulation. While ODN-induced IFN-g pro-
duction was significantly inhibited, IL-12 was only
slightly reduced by the chemotherapy, indicating that
topotecan has a minimal effect on the activity of IL-12-
producing cells, such as dendritic cells and macro-
phages, activated by CpG-ODN. The induction of IL-
12 by CpG-ODN could be responsible of the increased
antitumour effects achieved by the combined protocols.
A major finding concerned the lethal toxicity of the

chemo-immuno combination. Indeed, 37% mice died
when topotecan+CpG-ODN (40 mg/mouse) was used
in the alternating protocol. No evidence of toxicity was
observed when the same doses of drugs were used in a
sequential protocol, suggesting a critical role for the
sequence. Moreover, lethal toxicity was observed in
healthy mice when a different drug, the topoisomerase
II inhibitor doxorubicin, was combined at its maximum
tolerated dose with CpG-ODN in an alternating
sequence; 55% of mice died of toxicity during the
treatment period when the immunomodulator (40 mg/
mouse) was delivered by the alternate and not by the
sequential schedule. No toxicity was reported in a recent
study combining topotecan+CpG-ODN at a very high
dose (100 mg/mouse), but only a single chemotherapy
treatment followed by repeated CpG-ODN was investi-
gated [28].
The strong toxicity observed when CpG-ODN was

alternated with a chemotherapeutic drug was somewhat
unexpected, since various preclinical and clinical studies
have never reported toxicity from these immunomodu-
lators [2]. Moreover, the use of a bacterial synthetic
lipopeptide in combination with the cytotoxic drug irino-
tecan allowed a higher dose of the drug to be delivered in
nude mice, due to the protective effect of the oral
immunomodulator against the drug-induced gastro-
intestinal toxicity [29]. As our results could not be
ascribed to TNF-a-related toxicity (because the serum
TNF-a level was decreased in our combination protocols),
the interaction of toxicity at the gastrointestinal level
was considered. However, histological analysis of samples
of small intestine from mice after treatment with the
alternating protocol revealed no increase in intestinal
damage (not shown). The early death of mice (during the
treatment period) might instead be related to myelo-
suppression, i.e. CpG-ODN, by stimulating extra-
medullary haematopoiesis and/or mobilisation of stem
cells, might increase chemotherapy-inducedmyelotoxicity.
Indeed, CpG-ODN reportedly stimulates extra-
medullary murine haematopoiesis, with increased
frequencies of stem cells in the spleen (i.e., B220/CD3
double-negative cells) [30], and it induces the release of
IL-8 from neutrophils, macrophages and dendritic cells
in vitro, which is known mobilising stem cells from the
bone marrow [20,31–33]. Accordingly, preliminary
results indicate significant concentrations of IL-8 in the
serum of mice 2–4 h after CpG-ODN treatment. More-
over, the appearance of stem cells in the blood (revealed
as colony-forming units) a few days after CpG-ODN
treatment (unpublished results) supports the hypothesis
that myelosuppression is a relevant mechanism for the
combined toxicity. If myelosuppression is the primary
toxic mechanism, CpG-ODN might be more suitably
combined with cytotoxic drugs that produce gastro-
intestinal damage (e.g. irinotecan) rather than
myelosuppression (e.g. topotecan and doxorubicin) as
dose-limiting toxicity.
In conclusion, our study on a human prostate carci-

noma xenograft indicates that the combination of a very
effective cytotoxic drug and an immunostimulating
agent enhances the antitumour response, mainly by
retarding tumour growth. The combination produced
unexpected toxicity when the two therapies were
administered alternately, suggesting that the sequential
schedule (optimal chemotherapeutic regimen followed by
repeated immunostimulatory challenges) is the most
appropriate for further investigation.
References

1. Daynes RA, Jones DC. Emerging roles of PPARs in inflamma-

tion and immunity. Nat Rev Immunol 2002, 2, 748–759.

2. Krieg AM. CpG motifs in bacterial DNA and their immune

effects. Annu Rev Immunol 2002, 20, 709–760.

3. Akira S, Takeda K, Kaisho T. Toll-like receptors: critical pro-

teins linking innate and acquired immunity. Nat Immunol 2001, 2,

675–680.

4. Hemmi H, Takeuchi O, Kawai T, et al. A Toll-like receptor

recognizes bacterial DNA. Nature 2000, 408, 740–745.

5. Warren TL, Dahle CE, Weiner GJ. CpG oligodeoxynucleotides

enhance monoclonal antibody therapy of a murine lymphoma.

Clin Lymphoma 2000, 1, 57–61.

6. Kawarada Y, Ganss R, Garbi N, Sacher T, Arnold B, Hammer-

ling GJ. NK- and CD8(+) T cell-mediated eradication of estab-

lished tumors by peritumoral injection of CPG-containing

oligodeoxynucleotides. J Immunol 2001, 167, 5247–5253.

7. Carpentier AF, Chen L, Maltonti F, Delattre JY. Oligodeoxy-

nucleotides containing CpG motifs can induce rejection of a

neuroblastoma in mice. Cancer Res 1999, 59, 5429–5432.
1280 A. Balsari et al. / European Journal of Cancer 40 (2004) 1275–1281



8. Sfondrini L, Besusso D, Rumio C, Rodolfo M, Ménard S, Balsari

A. Prevention of spontaneous mammary adenocarcinoma in

HER-2/neu transgenic mice by foreign DNA. FASEB J 2002, 16,

1749–1754.

9. Heckelsmiller K, Rall K, Beck S, et al. Peritumoral CpG DNA

elicits a coordinated response of CD8 T cells and innate effectors

to cure established tumors in a murine colon carcinoma model. J

Immunol 2002, 169, 3892–3899.

10. Sfondrini L, Besusso D, Zoia MT, et al. Absence of CD1 mole-

cule up-regulates antitumor activity induced by CpG oligodeox-

ynucleotides in mice. J Immunol 2002, 169, 151–158.

11. Macfarlane DE, Manzel L, Krieg AM. Unmethylated CpG-con-

taining oligodeoxynucleotides inhibit apoptosis in WEHI 231 B

lymphocytes induced by several agents: evidence for blockade of

apoptosis at a distal signalling step. Immunology 1997, 91, 586–

593.

12. D’Arpa P, Liu LF. Topoisomerase-targeting antitumor drugs.

Biochim Biophys Acta 1989, 989, 163–177.

13. Pratesi G, De Cesare M, Carenini N, et al. Pattern of antitumor

activity of a novel camptothecin, ST1481, in a large panel of

human tumor xenografts. Clin Cancer Res 2002, 8, 3904–3909.

14. Zuco V, Supino R, De Cesare M, et al. Cellular bases of the

antitumor activity of a 7-substituted camptothecin in hormone-

refractory human prostate carcinoma models. Biochem Pharma-

col 2003, 65, 1281–1294.

15. Rothenberg ML. Topoisomerase I inhibitors: review and update.

Ann Oncol 1997, 8, 837–855.

16. Lipford GB, Sparwasser T, Bauer M, et al. Immunostimulatory

DNA: sequence-dependent production of potentially harmful or

useful cytokines. Eur J Immunol 1997, 27, 3420–3426.

17. United Kingdom Co-ordinating Committee on Cancer Res.

(UKCCCR). Guidelines for the welfare of animals in experi-

mental neoplasia (ed. 2). Br J Cancer 1998, 77, 1–10.

18. Guardabasso V, Munson PJ, Rodbard D. EXPFIT: a program

for simultaneous analysis of families of exponential decay curves.

Comput Methods Programs Biomed 1988, 27, 55–63.

19. Gramzinski RA, Doolan DL, Sedegah M, Davis HL, Krieg AM,

Hoffman SL. Interleukin-12- and gamma interferon-dependent

protection against malaria conferred by CpG oligodeoxynucleo-

tide in mice. Infect Immun 2001, 69, 1643–1649.

20. Krug A, Towarowski A, Britsch S, et al. Toll-like receptor

expression reveals CpG DNA as a unique microbial stimulus for

plasmacytoid dendritic cells which synergizes with CD40 ligand
to induce high amounts of IL-12. Eur J Immunol 2001, 31, 3026–

3037.

21. Stacey KJ, Sweet MJ, Hume DA. Macrophages ingest and are

activated by bacterial DNA. J Immunol 1996, 157, 2116–2122.

22. Jin L, Raymond DP, Crabtree TD, et al. Enhanced murine macro-

phage TNF receptor shedding by cytosine-guanine sequences in

oligodeoxynucleotides. J Immunol 2000, 165, 5153–5160.

23. Debatin KM. Cytotoxic drugs, programmed cell death, and the

immune system: defining new roles in an old play. J Natl Cancer

Inst 1997, 89, 750–751.

24. MacFarlane M. TRAIL-induced signalling and apoptosis. Tox-

icol Lett 2003, 139, 89–97.

25. Magnusson C, Vaux DL. Signalling by CD95 and TNF recep-

tors: not only life and death. Immunol Cell Biol 1999, 77, 41–46.

26. Sparwasser T, Miethke T, Lipford G, et al. Macrophages sense

pathogens via DNA motifs: induction of tumor necrosis factor-

alpha-mediated shock. Eur J Immunol 1997, 27, 1671–1679.

27. Huang SF, Kim SJ, Lee AT, et al. Inhibition of growth and

metastasis of orthotopic human prostate cancer in athymic mice

by combination therapy with pegylated interferon-alpha-2b and

docetaxel. Cancer Res 2002, 62, 5720–5726.

28. Weigel BJ, Rodeberg DA, Krieg AM, Blazar BR. CpG oligo-

deoxynucleotides potentiate the antitumor effects of chemo-

therapy or tumor resection in an orthotopic murine model of

rhabdomyosarcoma. Clin Cancer Res 2003, 9, 3105–3114.

29. Bruns CJ, Shinohara H, Harbison MT, et al. Therapy of human

pancreatic carcinoma implants by irinotecan and the oral immu-

nomodulator JBT 3002 is associated with enhanced expression of

inducible nitric oxide synthase in tumor-infiltrating macrophages.

Cancer Res 2000, 60, 2–7.

30. Sparwasser T, Hultner L, Koch ES, Luz A, Lipford GB, Wagner

H. Immunostimulatory CpG-oligodeoxynucleotides cause extra-

medullary murine hemopoiesis. J Immunol 1999, 162, 2368–2374.

31. Bauer M, Redecke V, Ellwart JW, et al. Bacterial CpG-DNA

triggers activation and maturation of human CD11c-, CD123+

dendritic cells. J Immunol 2001, 166, 5000–5007.

32. Pruijt JF, Verzaal P, van Os R, et al. Neutrophils are indis-

pensable for hematopoietic stem cell mobilization induced by

interleukin-8 in mice. PNAS 2002, 99, 6228–6233.

33. Laterveer L, Lindley IJ, Hamilton MS, Willemze R, Fibbe WE.

Interleukin-8 induces rapid mobilisation of hematopoietic stem

cells with radioprotective capacity and long-term myelolymphoid

repopulating ability. Blood 1995, 85, 2269–2275.
A. Balsari et al. / European Journal of Cancer 40 (2004) 1275–1281 1281


	Combination of a CpG-oligodeoxynucleotide and a topoisomerase I inhibitor in the therapy of human tumour xenografts
	Introduction
	Materials and methods
	Drugs and synthetic ODNs
	Tumour cells
	Mice
	In vivo studies
	Quantification of interferon-gamma (IFN-gamma), interleukin 12 (IL-12), and tumour necrosis factor-alpha (TNF-alpha) production
	Statistical analysis

	Results
	Effect of topotecan treatment on CpG-induced IL-12 and IFN-gamma production
	Antitumour effects of topotecan plus CpG-ODN
	Effect of topotecan treatment on CpG-induced TNF-alpha production

	Discussion
	References


