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Abstract

Purpose: ImmunostimulatingToll-like receptor 9 (TLR9) agonists cause antitumor activity interfering also with cancer proliferation and angiogenesis by mechanisms still incompletely understood. We hypothesized that modified TLR9 agonists could impair epidermal growth factor
receptor (EGFR) signaling and, by this means, greatly enhance EGFR inhibitors effect, acting on
both the receptor targeting and the immunologic arm.
Experimental Design: We used a novel second-generation, modified, immunomodulatory
TLR9 agonist (IMO), alone andin combination with the anti-EGFR monoclonal antibody cetuximab
or tyrosine kinase inhibitor gefitinib, on the growth of GEO and cetuximab-resistant derivatives
GEO-CR colon cancer xenografts.We have also evaluated the expression of several proteins critical
for cell proliferation, apoptosis, and angiogenesis, including EGFR, mitogen-activated protein
kinase, Akt, bcl-2, cyclooxygenase-2, vascular endothelial growth factor, and nuclear factor-nB.
Results: IMO inhibited GEO growth and signaling by EGFR and the other proteins critical for cell
proliferation and angiogenesis. IMO plus the anti-EGFR antibody cetuximab synergistically
inhibited tumor growth, signaling proteins, and microvessel formation. EGFR signaling inhibition
by IMO is relevant because IMO cooperated also with EGFR tyrosine kinase inhibitor gefitinib in
GEO tumors, while it was inactive against GEO-CR xenografts. On the other hand, IMO boosted
the non-EGFR-dependent cetuximab activity, causing a cooperative antitumor effect in GEO-CR
cells. Finally, combination of IMO, cetuximab and chemotherapeutic irinotecan eradicated the
tumors in 90% of mice.
Conclusion: IMO interferes with EGFR-related signaling and angiogenesis and has a synergistic
antitumor effect with EGFR inhibitors, especially with cetuximab, boosting both the EGFR dependent and independent activity of this agent. Moreover, this therapeutic strategy could be translated in patients affected by colorectal cancer.

Unmethylated CpG dinucleotides exhibit a wide range of
immune-related effects, including activation of macrophages,
dendritic cells, and natural killer cell lytic activity (1 – 3), and
potent induction of (a) the secretion of cytokines, such as

interleukin-12, interleukin-6, tumor necrosis factor-a, and type
1 IFNs, and (b) the up-regulation of costimulatory molecules
(1 – 4). These events occur mainly through Toll-like receptor 9
(TLR9), a transmembrane protein of the TLR family that
recognizes CpG DNA and triggers a cascade of intracellular
signaling events (5). Phosphorothioate-modified CpG oligonucleotides may have advantages in the activation of immune
cells and escape rapid degradation by ubiquitous nucleases
present in cells (6).
CpG DNA has shown antitumor activity (7 – 9) and ability
to enhance the topoisomerase I – selective drug topotecan
and radiotherapy (10, 11) and the antibody-dependent cellmediated cytotoxicity (ADCC; ref. 12). For these reasons,
several early clinical studies are ongoing in patients affected
by different types of cancer and are evaluating the potential
cooperative activity of CpG DNA in combination with antiCD20 antibody rituximab in non-Hodgkin’s lymphoma and
with anti-erbB-2 antibody trastuzumab in breast cancer
patients (13).
Second-generation immunomodulatory oligonucleotides
(IMO) containing 3V-3V-attached novel structures (immunomers)
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as described previously (14, 16). The mAb anti-EGFR cetuximab was
kindly provided by Dr. H. Waksal (ImClone Systems, New York, NY).
Irinotecan was kindly provided by Pharmacia (St. Louis, MO).
Cell cultures. GEO and GEO cetuximab-resistant (GEO-CR; ref. 26)
colon cancer cells were maintained DMEM supplemented with 10%
heat-inactivated fetal bovine serum, 20 mmol/L HEPES (pH 7.4),
penicillin (100 IU/mL), streptomycin (100 Ag/mL), and 4 mmol/L
glutamine (ICN, Irvine, CA) in a humidified atmosphere of 95% air and
5% CO2 at 37jC.
Cell growth assay. On day 0, 104 cells per well were plated in 24multiwell cluster dishes (Becton Dickinson, Lincoln Park, NJ) and
treated on days 0 to 2 with doses of IMO ranging from 0.1 to 5 Amol/L.
Cells were counted on days 3 and 5 by a hemocytometer.
Western blot analysis. Total cell lysates were obtained from cell line
lysates or homogenized tumor specimens removed on day 25. The
protein extracts were resolved by 4% to 15% SDS-PAGE and probed
with anti-human, polyclonal Akt, monoclonal phosphorylated Akt
(pAkt), monoclonal phosphorylated mitogen-activated protein kinase
(pMAPK), and polyclonal cyclooxygenase-2 (Cell Signaling Technologies, Beverly, MA); monoclonal actin (Sigma-Aldrich, Milan, Italy),
monoclonal EGFR (Lab Vision, Fremont, CA); monoclonal vascular
endothelial growth factor (VEGF), monoclonal MAPK, monoclonal
transforming growth factor-a, and monoclonal bcl-2 (Santa Cruz
Biotechnology, Santa Cruz, CA); monoclonal phosphorylated EGFR
and polyclonal KDR (Upstate, Lake Placid, NY); and monoclonal TLR9
(Imgenex, San Diego, CA). Immunoreactive proteins were visualized
by enhanced chemiluminescence (Pierce, Rockford, IL) as described
previously (26).
Electromobility shift assays. To analyze nuclear factor-nB DNAbinding activity, total cell extracts from tumors removed on day 25 were
prepared according to the method published previously (27).
Xenografts in nude mice. Five-week-old BALB/c AnNCrlBR athymic
(nu+/nu+ ) mice (Charles River Laboratories, Milan, Italy) were maintained in accordance with institutional guidelines of the University of
Naples Animal Care Committee and in accordance to the Declaration of
Helsinki. Wild-type GEO or GEO-CR human colon cancer cells (107 per
mice) were resuspended in 200 AL Matrigel (Collaborative Biomedical
Products, Bedford, MA) and injected s.c. in mice. After 7 days, tumors
were detected and groups of 10 mice were randomized to receive the
following treatments (i.p. IMO 1 mg/kg thrice weekly for 4 weeks, i.p.
cetuximab 10 mg/kg twice weekly for 3 weeks, oral gefitinib 125 mg/kg,
i.p. irinotecan 50 mg/kg once weekly for 3 weeks, or the combination of
these agents) on days 7 to 11, 14 to 18, and 21 to 25, continuing only
IMO on days 28 to 32. Tumor volume was measured using the formula:
p / 6  larger diameter  (smaller diameter)2 as reported previously (28).
Two mice were sacrificed on day 25 to perform biochemical analysis.
Immunohistochemical analysis. Immunocytochemistry was done
on formalin-fixed, paraffin-embedded tissue sections (5 Am) of GEO
xenografts. Sections were processed, reacted with avidin-conjugated
horseradish peroxidase H complex, and stained as described previously
(28). An anti-Ki-67 mAb (clone MIB1, DBA, Milan, Italy) was used at
1:100 dilution. To determine the percentage of positive cells, at least
1,000 cancer cells per slide were counted and scored. Both the
percentage of specifically stained cells and the intensity of immunostaining were recorded. New blood vessels were detected using a mAb
against the CD34 antigen (DAKO, Milan, Italy) at the dilution of 1:50
and stained with a standard immunoperoxidase method (Vectastain
ABC kit). Each slide was scanned at low power (10-100 magnification) and the area with the higher number of new vessels was
identified (hotspot). This region was then scanned at 250 microscope
magnification (0.37 mm2). The number of microvessels per field was
scored by averaging five field counts of two individual tumors for each
group. Intraepithelial tumor lymphocytes were detected with an antiCD8 mAb (DAKO). Two independent observers quantified the number
of lymphocytes.
Statistical analysis. The Student’s t test and the Mantel-Cox log-rank
test were used to evaluate the statistical significance of the results. All

and synthetic immunomodulatory CpR (R = 2V-deoxy-7dezaguanosine) dinucleotides have shown a remarkable antitumor activity in a broad spectrum of tumor models through
induction of strong Th1 immune responses (6, 14, 15). The
rationale behind using 3V-3V-attached DNA structure is that TLR9
reads DNA sequence from the 5V-end and that an accessible
5V-end is required for its recognition (16). IMOs contain two
accessible 5V-ends and have shown to induce higher levels of
immune responses compared with conventional CpG DNAs
(14, 16 – 18). Previous studies have shown that IMOs induce
immune responses through activation of TLR9 but not of
other TLRs, including TLR3, TLR7, or TLR8, in HEK293 cells
transfected with TLR9 (18). Moreover, removal of CpG
sequence does not allow the activation in HEK293 cells
expressing TLR9 (18). The IMO used in the present study
contains a mouse-specific immunostimulatory sequence crossreacting with human TLR9 and has shown enhanced antitumor
activity in mice bearing melanoma and colon cancer xenografts
and ability to cooperate with conventional chemotherapeutics,
such as doxorubicin and taxol (14, 15). A phase I study with a
human analogue of this IMO, IMOxine, is completed in healthy
volunteers and cancer patients and a phase II study is now
ongoing.
Epidermal growth factor receptor (EGFR) plays a pivotal role
in the control of cell growth, apoptosis, and angiogenesis; is
overexpressed in the majority of human carcinomas; is
associated with resistance to cytotoxic drugs and hormone
therapy; and is generally an indicator of poor prognosis
(19, 20). For these reasons, the blockade of the EGFR-driven
autocrine pathway has been successfully proposed as a target
for anticancer therapy (19 – 21). The chimeric anti-EGFR
monoclonal antibody (mAb) cetuximab has been proven very
active, alone and in combination with chemotherapy and
radiotherapy, in several types of cancer, particularly colorectal
cancer (22, 23).
Little information is available on the ability of CpG DNA
to affect signaling proteins involved in tumor growth and
angiogenesis, especially those related to EGFR pathway. We
have hypothesized that the novel TLR9 agonist IMO may interfere with EGFR-dependent signaling. If this is the case, IMO
could greatly enhance the activity of EGFR antagonists, including
cetuximab, with a EGFR-dependent mechanism, additional to
the possible boost of ADCC, which has been shown previously
that be an important component of the antitumor activity of
cetuximab (24, 25).
To this aim, we have investigated the effect of IMO,
cetuximab and another EGFR antagonist, on EGFR and a set
of proteins directly involved in the control of cell proliferation,
apoptosis, and angiogenesis and on the growth of GEO human
colon cancer xenografts and an established derivative resistant
to cetuximab (GEO-CR; ref. 26). Finally, we have evaluated the
antitumor activity of IMO in combination with cetuximab and
the topoisomerase I – selective drug irinotecan, reproducing the
regimen that has shown recently a relevant activity in colorectal
cancer patients (22, 23).

Materials and Methods
Drugs. IMO, 5V-TCTGACRTTCT-X-TCTTRCAGTCT-5V (X and R are
glycerol linker and 2V-deoxy-7-deazaguanosine, respectively), was
synthesized with phosphorothioate backbone, purified, and analyzed
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reported Ps were two sided. All analyses were done with the BMDP New
System statistical package version 1.0 for Microsoft Windows (BMDP
Statistical Software, Los Angeles, CA).

Results
IMO combined with cetuximab causes potent antitumor
activity. BALB/c nude mice xenografted with GEO tumors
were treated with IMO or cetuximab alone and in combination
(Fig. 1). On day 56, 8 weeks after tumor injection, all untreated
mice reached the maximum allowed tumor size of f2 cm3.
Mice treated with IMO alone reached that size 12 weeks after
tumor injection, gaining 4 weeks of survival compared with

Fig. 2. Western blotting and immunohistochemical analysis of GEO tumors.Western
blotting was done on total lysates from tumor specimens of two mice sacrificed on
day 25 and treated as in Fig. 1. Lane 1, untreated control; lane 2, IMO; lane 3,
cetuximab; lane 4, IMO + cetuximab. Doses and time of administration are indicated
in Materials and Methods.

untreated animals. Treatment with cetuximab produced a more
potent effect, as tumors reached the maximum size 15 weeks
after tumor cell injection, 3 weeks longer than the group treated
with IMO. When the IMO and cetuximab were used in
combination, a potent cooperative antitumor activity was
observed, because 11 weeks after treatment withdrawal a
marked tumor growth inhibition was still evident and tumors
just started to recover their growth (Fig. 1A). No treatmentrelated side effects were observed. Comparison of tumor sizes
among different treatment groups as evaluated by the Student’s
t test were statistically significant (Fig. 1A). The median survival
of mice treated with IMO or cetuximab was 9 and 13 weeks,
respectively, compared with 6 weeks of control mice (Fig. 1B).
Differences among the groups were calculated by log-rank test
(Fig. 1B). IMO plus cetuximab did not reach a median survival,
because at the end of the experiments 80% of mice were
still alive.
Combined treatment inhibits signaling protein expression and
angiogenesis. We then analyzed the effect of treatment on
the expression of a variety of proteins playing a critical
role in cancer cell proliferation, apoptosis, and angiogenesis.
Western blotting and/or immunoprecipitation analysis were
done on cell lysates from tumors removed at the end of
the third week of treatment on day 25. As shown in Fig. 2,
IMO was able to inhibit the expression of both total and
phosphorylated/activated EGFR and of its ligand transforming growth factor-a. IMO did not affect the total amount of
MAPK and Akt but inhibited its activated forms, pMAPK and
pAkt, respectively. Moreover, IMO inhibited the expression
of cyclooxygenase-2 and, at higher degree, bcl-2. Interestingly,
VEGF expression was completely suppressed, whereas VEGF
receptor type 2, KDR, was unaffected. Treatment with
cetuximab also showed an inhibitory activity on the same
signaling proteins although to a lesser degree compared with
IMO. When the two agents were used in combination, a
more potent inhibition or complete suppression was observed on the expression of the proteins affected by each
single agent, including f30% inhibition of KDR expression
(Fig. 2).

Fig. 1. Cooperative effect of IMO and cetuximab on tumor growth and survival
of mice bearing human colon cancer xenografts. A, after 7 days following tumor
injection, 10 mice were randomized to receive the following treatments (i.p. IMO
1mg/kg thrice weekly for 4 weeks, i.p. cetuximab 10 mg/kg twice weekly for
3 weeks, or the combination of these agents) on days 7 to 11, 14 to 18, and 21to 25,
continuing only IMO on days 28 to 32. Two mice were sacrificed at day 25 to
perform biochemical and histochemical analyses. The Student’s t test was used to
compare tumor sizes among different treatment groups at day 56 following GEO
cell injection. Statistically significant difference for IMO + cetuximab versus control
(two-sided P < 0.0001), versus IMO alone (two-sided P < 0.0001), and versus
cetuximab alone (two-sided P < 0.0001). B, mice survival. Median survival was
6 weeks in untreated mice, 9 weeks in IMO-treated group (log-rank test versus
controls; P < 0.0001), and 13 weeks in the cetuximab treated group (log-rank test
versus controls; P < 0.0001; log-rank test versus IMO; P < 0.0001). No median
survival could be calculated for IMO + cetuximab group, because at the end of the
experiments 80% of mice were still alive. Bars, SD.
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tumors were still f1.4 cm3 (Fig. 4A). Tumor size was
significantly different between the different groups as calculated
by the Student’s t test.
Western blotting analysis done on cell lysates from tumors
removed at the end of the third week of treatment on day
25 showed that gefitinib is able to inhibit pMAPK, pAkt,
and VEGF although at a lesser degree compared with IMO.
The combination of IMO and gefitinib caused a much stronger
inhibition of all the three signaling proteins examined
(Fig. 4B).
IMO is ineffective in cetuximab-resistant GEO-CR xenografts
but still cooperates with cetuximab. To evaluate the relevance of
EGFR-dependent and EGFR-independent activity of IMO and
cetuximab, we have used cetuximab-resistant GEO-CR xenografts (26). We have shown that IMO alone is ineffective,
whereas cetuximab causes a modest inhibitory activity (Fig. 5A)
likely due to the formerly described ADCC mechanism (24).
When IMO was used in combination with cetuximab, a
cooperative inhibitory effect was observed, because at the end
of experiment, 6 weeks after treatment withdrawal, tumors
were still f1.0 cm3 (Fig. 5A). Inhibition of growth induced
by each treatment was statistically different as well as the
comparison of tumor size among different treatment groups
evaluated by the Student’s t test. Western blotting analysis of
protein extracts did not reveal any substantial change in the
expression of EGFR and the other signaling proteins examined
(Fig. 5B).
Tumor eradication by IMO in combination with cetuximab and
irinotecan. We then evaluated whether IMO could increase
also the activity of irinotecan, a drug commonly used in the
treatment of colorectal cancer, alone and in combination with
cetuximab. Treatment of tumor-bearing mice with cetuximab
plus irinotecan, a regimen active in colon cancer patients,
caused an inhibition less effective than IMO plus cetuximab or
IMO plus irinotecan, showing the ability of IMO to markedly
enhance also the activity of irinotecan. When IMO, cetuximab,
and irinotecan were used in combination altogether, a potent
cooperative antitumor effect was obtained, and at the end of
the experiment, tumor growth was completely inhibited.

Table 1. Histochemical analysis from tumor specimen
in Figure 2
Tumor Proliferative Vessels Tumor
(CD34) infiltrating
volume activity
lymphocytes
(cm3) (Ki67)
Control
IMO
Cetuximab
IMO + cetuximab

0.56
0.20
0.17
0.13

70%
50%
10%
3%

30 F 1
20 F 2
8F2
1

+
++
++
massive

NOTE: Antibodies are described in Materials and Methods.The massive tumor
infiltration of lymphocytes observed in the combination treatment correspond
to >20-fold increase compared with untreated control and 12-fold compared
with each single agent. Bars, SD.

Immunohistochemical analysis of tumor specimens revealed
an inhibition of proliferative activity, as measured by Ki-67, by
IMO and, at a higher degree, by cetuximab alone. Combination
caused >90% inhibition of Ki-67 staining. Analysis of microvessels showed f30% inhibition of CD34-stained host vessels
in the animals treated with IMO and f70% inhibition
following cetuximab treatment. In the specimen from mice
treated with the two agents in combination, vessel formation
was almost suppressed (Table 1). We also measured the tumorinfiltrating lymphocytes observing a discrete induction by
either IMO or cetuximab alone and a striking enrichment with
the two agents together, resulting >12-fold higher than achieved
by each single agent (Table 1).
We then measured the effect of treatment on nuclear factornB activity. Band shift analysis of nuclear translocation of
nuclear factor-nB did not show any specific effect of either IMO
or cetuximab alone but f30% reduction with the two agents in
combination (data not shown).
IMO effects are not present in vitro. To verify whether IMO
may have a direct effect on cell signaling and interfere with cell
growth, we have measured the dose- and time-dependent effect
of IMO on the growth of GEO cells in vitro and evaluated the
effect of treatment on protein expression by Western blot
analysis. No antiproliferative effect was obtained at any dose
tested (data not shown) and no inhibition of total EGFR or
phosphorylated EGFR expression was observed (Fig. 3).
Moreover, no expression of TLR9 was detected on GEO cells
(data not shown).
IMO cooperates also with EGFR tyrosine kinase inhibitor
gefitinib. To evaluate whether the inhibitory effect on EGFR
signaling induced by IMO could favor a cooperative effect also
with another anti-EGFR agent, devoid of immunologic activity,
we used the small-molecule tyrosine kinase inhibitor gefitinib.
BALB/c nude mice xenografted with GEO tumors were treated
with IMO or gefitinib alone and in combination (Fig. 4A).
Compared with all untreated mice that reached the maximum
allowed tumor size of f2 cm3 after 8 weeks from tumor
injection, mice treated with IMO alone or with gefitinib alone
reached that size 12 and 14 weeks after tumor injection,
respectively. When the IMO and gefitinib were used in
combination, a cooperative antitumor activity was observed,
because at the end of the experiment, 15 weeks after tumor
injection and 11 weeks after treatment withdrawal, these

Clin Cancer Res 2006;12(2) January 15, 2006

Fig. 3. Western blotting of GEO cells treated in vitro. Cell lysates of GEO cells
treated in vitro on days 0 and 2 were collected on day 5. Lane 1, untreated control;
lane 2, IMO (0.1 Amol/L); lane 3, IMO (1 Amol/L); lane 4, IMO (2.5 Amol/L); lane 5,
IMO (5 Amol/L). Bars, SD.
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and have been proposed with trastuzumab in breast cancer
patients.
Targeted therapies against EGFR are among the most used
strategies in clinical development, and different agents, such as
the antibody cetuximab, have provided a valuable contribution
in the treatment of several types of cancer. Cetuximab has
shown important results in patients affected by colorectal
cancer, both as single agent and in combination with chemotherapeutics like irinotecan or oxaliplatin (22, 23). A relevant
issue may be to establish the specific contribution given to the
antitumor activity of cetuximab as well as of other antibodies,
by the immunologic structure, as inducer of ADCC, and by the
EGFR-specific inhibition (24, 25).
In this study, we addressed the issue of the possible
interference of second-generation IMO with EGFR signaling
and with other critical proteins for growth and angiogenesis as
basis to explain IMO antitumor activity. In addition, we have
used IMO as a tool to evaluate the mode of action of cetuximab
with the final aim to design a novel therapeutic strategy.

Fig. 4. Cooperative effect of IMO and gefitinib on tumor growth of mice bearing
GEO xenografts andWestern blotting analysis of tumors. A, after 7 days following
tumor injection,10 mice were randomized to receive i.p. IMO1mg/kg thrice weekly
for 4 weeks, oral gefitinib 210 mg/kg 5 days weekly for 3 weeks, or the combination
of these agents on days 7 to 11, 14 to 18, and 21to 25, continuing only IMO on days
28 to 32.Tumor size was significantly different between the IMO + gefitinib ^ treated
group versus the control group, the IMO alone group, and the gefitinib alone ^ treated
group (two-sided P < 0.0001for each comparison).The Student’s t test was used
to compare tumor sizes among different treatment groups at day 56, resulting
statistically significant for IMO + gefitinib versus control (two-sided P < 0.0001),
versus IMO alone (two-sided P < 0.0001), and versus gefitinib alone (two-sided
P < 0.0001).Two mice were sacrificed at day 25 to perform biochemical analyses.
B, Western blotting done on total lysates from tumor specimens of two mice
sacrificed on day 25. Lane1, untreated control; lane 2, IMO; lane 3, gefitinib; lane 4,
IMO + gefitinib. Doses and time of administration are indicated in Materials and
Methods. Bars, SD.

Comparison of tumor sizes in surviving mice at the end
of the experiment, on day 105, by Student’s t test showed a
statistically significant difference among all treated groups.
Remarkably, pathologic analysis of mice showed that seven of
eight mice were tumor free in absence of evident organ toxicity
(Fig. 6).
Fig. 5. Effect of the combination of IMO with cetuximab in mice bearing
cetuximab-resistant GEO-CR tumor xenografts. A, after 7 days following GEO-CR
tumor injection, 10 mice were randomized to receive i.p. IMO1mg/kg thrice weekly
for 4 weeks, i.p. cetuximab 10 mg/kg twice weekly for 3 weeks, or the combination
of these agents on days 7 to11, 14 to18, and 21to 25, continuing only IMO on days
28 to 32. Inhibition of growth was significantly different in the IMO + cetuximab ^
treated group versus the control group, the IMOalone group, and the cetuximab alone
group (two-sided P < 0.0001for each comparison). Student’s t test used to compare
tumor sizes among different treatment groups at day 56 following GEO cell injection
resulted statistically significant for IMO + cetuximab versus control (two-sided
P < 0.0001), versus IMO alone (two-sided P < 0.0001), and versus ‘cetuximab alone
(two-sided P < 0.0001). B, Western blotting was done on total lysates from tumor
specimens of two mice sacrificed on day 25 and treated as in Fig.1. Lane1, untreated
control; lane 2, IMO; lane 3, cetuximab; lane 4, IMO + cetuximab. Doses and time
of administration are indicated in Materials and Methods. Bars, SD.

Discussion
CpG DNAs represent a novel and promising therapeutic
strategy in different diseases and the recent demonstration of
their antitumor activity due to activation of immune cells and
induction of cytokines is promoting their evaluation in clinical
trials in cancer patients in combination with conventional
treatments. Potential enhancement of ADCC is also regarded
with interest, and studies are ongoing in combination with
the anti-CD20 antibody rituximab (12, 13) in lymphomas
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These data may help to clarify an interesting issue raised by a
former study reporting an induction of bcl-2 and VEGF in a
macrophage cell line by a CpG DNA (32). Our results show
that the expression of bcl-2 and VEGF in the tumor is inhibited,
which is in agreement with the inhibition of vessels formation
and the potentiation of cetuximab-dependent KDR inhibition.
Taken together, these results may suggest that immunostimulatory oligonucleotides can induce activation of bcl-2 and
VEGF in certain immune cells and, at the same time, also cause
the release by other immune cells of cytokines that, in turn,
efficiently interfere with expression and function of proangiogenic and antiapoptotic proteins in the tumor.
We have also analyzed the presence of tumor-infiltrating
lymphocytes, which are considered a favorable prognostic
factor in colorectal cancer (33). Both IMO and cetuximab
induced an infiltration of the tumor by lymphocytes, but the
combination of the two agents resulted in an impressive
massive lymphocyte infiltration. Analysis of nuclear factor-nB,
which is induced by TLR9 agonists in immune cells and may be
modulated during tumor growth and angiogenesis (34) and
EGFR activation (35), did not reveal relevant changes by IMO
or cetuximab alone at the doses used in this GEO model,
whereas the two agents in combination caused f30%
inhibition of nuclear factor-nB nuclear translocation.
We have ruled out the possibility that IMO effect on tumor
proliferation and EGFR signaling may be due to a direct
inhibitory effect of IMO on the EGFR expression on tumor cells.
In fact, IMO is unable to affect GEO cell growth as well as the
expression of EGFR in vitro. In addition, GEO cells, as the great
majority of tumors, do not express TLR9. Because it has been
shown previously that IMO activity is strictly TLR9 dependent
(18), it is likely that the potential effector of the EGFR-related
signaling inhibition is interleukin-12. In fact, interleukin-12,
together with IFN-g, is potently induced by IMO in naive BALB/c
(14) and in colon cancer – bearing mice (15), whereas
interleukin-12 knockout mice lack the IMO-induced antitumor
effects (15).
Regardless of the identity of the effector, the impairment
of EGFR signaling and the consequences on growth and
angiogenesis seem to represent a critical function of IMO. In
fact, IMO in combination with the small-molecule EGFR
tyrosine kinase inhibitor gefitinib, which is devoid of
potential immunologic activity, showed again a cooperative
antitumor effect and inhibition of critical proteins pAkt,
pMAPK, and VEGF although at a lesser degree compared with
the combinations with cetuximab. Remarkably, IMO alone
was completely inactive against GEO-CR xenografts, an established cetuximab-resistant tumor xenograft, in which the
ability to activate pAkt and downstream signaling becomes
EGFR independent (26).
On the other hand, the EGFR-independent boosting of
immunologic activity by IMO was helpful to unravel the
non-EGFR-dependent activity of cetuximab. In fact, whereas
cetuximab exhibited a modest activity on cetuximab-resistant
GEO-CR xenografts likely due to ADCC (24), IMO plus
cetuximab had a cooperative inhibitory effect, suggesting that
IMO is able to boost the previously reported immunologic
activity of cetuximab (24).
These data further suggest that the antitumor effects observed
with the combination are due part to the boost of immunologic
properties of the mAb and part to the EGFR signaling.

Fig. 6. Cooperative effect of IMO with cetuximab and irinotecan on human colon
cancer xenografts. Treatments were i.p. IMO 1mg/kg thrice weekly for 4 weeks,
i.p. cetuximab 10 mg/kg twice weekly for 3 weeks, i.p. irinotecan 50 mg/kg once
weekly for 3 weeks, or the combination of these agents on days 7 to 11, 14 to 18, and
21to 25, continuing only IMO on days 28 to 32. Student’s t test used to compare
tumor sizes in surviving mice at the end of the experiment, on day 105, showed a
statistically significant difference in mice treated with IMO + cetuximab + irinotecan
compared with mice treated with IMO + cetuximab (two-sided P < 0.0001),
IMO + irinotecan (two-sided P < 0.0001), and cetuximab + irinotecan (two-sided
P < 0.0001). Bars, SD.

We and others have shown that cetuximab can cooperate
with several chemotherapeutics, radiotherapy, and targeted
novel agents (19 – 21). However, cancer cells may acquire
resistance to cetuximab as well as to other EGFR inhibitors
by increasing the expression of several downstream signaling
proteins, including pMAPK, pAkt, and cyclooxygenase-2 that
favor the overexpression and secretion of VEGF, representing
a major escape pathway to EGFR inhibition (26, 29). On
these bases, several therapeutic strategies can be devised to
block also VEGF, or its receptors, in addition to EGFR
blockade (26, 30, 31).
We have shown that IMO alone has an antitumor effect on
GEO human colon cancer xenografts and that markedly
inhibits the expression of EGFR ligand transforming growth
factor-a, total and activated EGFR, activated pMAPK and pAkt,
cyclooxygenase-2, and bcl-2, almost suppressing VEGF, without
affecting its receptor KDR. Moreover, IMO causes f30%
inhibition of microvessel formation. Treatment with cetuximab
caused an antitumor effect moderately better than IMO and, as
expected from previous studies, accompanied by an inhibition
of expression of the same signaling proteins although at a
degree surprisingly lower than that obtained with IMO,
whereas inhibition of microvessel formation was f70%. When
the two agents were used in combination, a potent cooperative
antitumor effect was obtained, because a marked inhibition
was still present 11 weeks after treatment withdrawal and
tumors just recovered their growth rate. Moreover, the
antitumor effect was accompanied by a marked inhibition or
suppression of all the above proteins, including KDR, and an
almost completely suppressed vessels formation as documented
histochemically. It should be noticed that the inhibition of
these signaling proteins and of angiogenesis by IMO may be a
valuable tool to prevent the occurrence of cetuximab resistance.
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function of a set of critical proteins related to EGFR signaling
and involved in tumor cell proliferation, apoptosis, and
angiogenesis; (b) this effect contributes to greatly enhance the
antitumor activity of the anti-EGFR mAb cetuximab, helping
to dissect its mechanism of action; and (c) the combination of
IMO with cetuximab and irinotecan has a potent antitumor
activity producing a high rate of cure in mice bearing colon
cancer xenografts. These results open the path to the
investigation of new mechanisms of action for these novel
immunostimulatory agents and, above all, represent a strong
rationale to translate this therapeutic strategy in cancer
patients.

Finally, we have conjugated the recent evidence of
cooperation between a non-modified CpG and topotecan
(10) with the proven activity shown by cetuximab in
combination with the topoisomerase I drug irinotecan in the
treatment of colon cancer patients (22, 23) by combining
IMO with irinotecan and/or cetuximab. IMO alone enhanced
the activity of irinotecan, prolonging mice survival. The
combination of IMO, cetuximab, and irinotecan, although
unintentionally the size of tumors was slightly smaller at the
time of randomization, produced a dramatic antitumor effect,
resulting in the absence of tumor recovery at 11 weeks after
treatment withdrawal and in tumor eradication in >90% of
mice without evidence of major side effects or organ toxicity
in the pathologic examination.
In conclusion, the results of our study show for the first
time that (a) IMO is able to interfere with the expression and

Acknowledgments
We thank Gaetano Borriello for excellent technical assistance.

References
1. Tokunaga T,Yano O, Kuramoto E, et al. Synthetic oligonucleotides with particular base sequences from the
cDNA encoding proteins of Mycobacterium bovis
BCG induce interferons and activate natural killer cells.
Microbiol Immunol 1992;36:55 ^ 66.
2. Tokunaga T, YamamotoT, Yamamoto S. How BCG led
to the discovery of immunostimulatory DNA. Jpn J
Infect Dis 1999;52:1 ^ 11.
3. Krieg AM. CpG motifs in bacterial DNA and their immune effects. Annu Rev Immunol 2002;20:709 ^ 60.
4. Kataoka T, Yamamoto S,YamamotoT, et al. Antitumor
activity of synthetic oligonucleotides with sequences
from cDNA encoding proteins of Mycobacterium
bovis BCG. Jpn J Cancer Res 1992;83:244 ^ 7.
5. Hemmi H, Takeuchi O, Kawai T, et al. A Toll-like receptor recognizes bacterial DNA. Nature 2000;408:
740 ^ 5.
6. Kandimalla ER,Yu D, Agrawal S. Towards optimal design of second-generation immunomodulatory oligonucleotides. Curr Opin Mol Ther 2002;4:122 ^ 9.
7. Smith JB, Wickstrom E. Antisense c-myc and immunostimulatory oligonucleotide inhibition of tumorigenesis in a murine B-cell lymphoma transplant model.
J Natl Cancer Inst 1998;90:1146 ^ 54.
8. Blazar BR, Krieg AM, Taylor PA. Synthetic unmethylated cytosine-phosphate-guanosine oligodeoxynucleotides are potent stimulators of antileukemia
responses in naive and bone marrow transplant recipients. Blood 2001;98:1217 ^ 25.
9. Sfondrini L, Besusso D, Rumio C, Rodolfo M, Menard
S, Balsari A. Prevention of spontaneous mammary
adenocarcinoma in HER-2/neu transgenic mice by
foreign DNA. FASEB J 2002;16:1749 ^ 54.
10. Balsari A, Tortoreto M, Besusso D, et al. Combination of a CpG-oligodeoxynucleotide and a topoisomerase I inhibitor in the therapy of human tumour
xenografts. Eur J Cancer 2004;40:1275 ^ 81.
11. Milas L, Mason KA, Ariga H, et al. CpG oligodeoxynucleotide enhances tumor response to radiation.
Cancer Res 2004;64:5074 ^ 7.
12.Van Ojik HH, Bevaart L, Dahle CE, et al. CpG-A and B
oligodeoxynucleotides enhance the efficacy of antibody therapy by activating different effector cell populations. Cancer Res 2003;63:5595 ^ 600.
13. Friedberg JW, Kim H, McCauley M, et al. Combination immunotherapy with a CpG oligonucleotide (1018
ISS) and rituximab in patients with non-Hodgkin’s
lymphoma: increased interferon-a/h-inducible gene

www.aacrjournals.org

expression, without significant toxicity. Blood 2005;
105:489 ^ 95.
14. Kandimalla ER, Bhagat L, Wang D, et al. Divergent
synthetic nucleotide motif recognition pattern: design
and development of potent immunomodulatory oligodeoxyribonucleotide agents with distinct cytokine
induction profiles. Nucleic Acids Res 2003;31:
2393 ^ 400.
15. Wang D, Li Y, Yu D, Song SS, Kandimalla ER,
Agrawal S. Immunopharmacological and antitumor
effects of second-generation immunomodulatory
oligonucleotides containing synthetic CpR motifs. Int
J Oncol 2004;74:901 ^ 8.
16. Yu D, Kandimalla ER, Bhagat L, et al. ImmunomersK
novel 3V-3V-linked CpG oligodeoxynucleotides as potent immuno-modulatory agents. Nucleic Acids Res
2002;30:4460 ^ 9.
17. Kandimalla ER, Zhu FG, Bhagat L,Yu D, Agrawal S.
Toll-like receptor 9: modulation of recognition and
cytokine induction by novel synthetic CpG DNAs.
Biochem SocTrans 2003;31:654 ^ 8.
18. Kandimalla ER, Bhagat L, Li Y, et al. Immunomodulatory oligonucleotides containing a cytosinephosphate-2V-deoxy-7-deazaguanosine motif as
potent toll-like receptor 9 agonists. Proc Natl Acad Sci
US A 2005;102:6925 ^ 30.
19. Mendelsohn J, Baselga J. Status of epidermal
growth factor receptor antagonists in the biology and
treatment of cancer. J Clin Oncol 2003;21:2787 ^ 9.
20. Ciardiello F, Tortora G. Epidermal growth factor
receptor (EGFR) as a target in cancer therapy: understanding the role of receptor expression and other
molecular determinants that could influence the
response to anti-EGFR drugs. Eur J Cancer 2003;39:
1348 ^ 54.
21. Grunwald V, Hidalgo M. Developing inhibitors of the
epidermal growth factor receptor for cancer treatment.
J Natl Cancer Inst 2003;95:851 ^ 67.
22. Cunningham D, Humblet Y, Siena S, et al. Cetuximab
monotherapy and cetuximab plus irinotecan in irinotecan-refractory metastatic colorectal cancer. N Engl J
Med 2004;351:337 ^ 45.
23. Saltz LB, Meropol NJ, Lochrer PJ, Sr., et al. Phase II
trial of cetuximab in patients with refractory colorectal
cancer that expresses the epidermal growth factor receptor. J Clin Oncol 2004;22:1201 ^ 8.
24. Fan Z, Masui H, Altas I, Mendelsohn J. Blockade of
epidermal growth factor receptor function by bivalent

583

and monovalent fragments of 225 anti-epidermal
growth factor receptor monoclonal antibodies. Cancer
Res 1993;53:4322 ^ 8.
25. Clynes RA,TowersTL, Presta LG, Ravetch JV. Inhibitory Fc receptors modulate in vivo cytotoxicity
against tumor targets. Nat Med 2000;6:443 ^ 6.
26. Ciardiello F, Bianco R, Caputo R, et al. Antitumor activity of ZD6474, a VEGFR tyrosine kinase inhibitor, in
human cancer cells with acquired resistance to antiEGFR therapy. Clin Cancer Res 2004;10:784 ^ 93.
27. Pacifico F, Mauro C, Barone C, et al. Oncogenic and
anti-apoptotic activity of NF-nB in human thyroid carcinomas. J Biol Chem 2004;279:54610 ^ 9.
28. Ciardiello F, Damiano V, Bianco R, et al. Antitumor
activity of combined blockade of epidermal growth
factor receptor and protein kinaseA. JNatl Cancer Inst
1996;88:1770 ^ 6.
29. Viloria-Petit A, Crombet T, Jothy S, et al. Acquired
resistance to the antitumor activity of epidermal
growth factor receptor-blocking antibodies in vivo : a
role for altered tumor angiogenesis. Cancer Res 2001;
61:5090 ^ 101.
30. Ciardiello F, Bianco R, Damiano V, et al. Antiangiogenic and antitumor activity of anti-EGFR C225
monoclonal antibody in combination with vascular endothelial growth factor antisense oligonucleotide in
human GEO colon cancer cells. Clin Cancer Res
2000;6:3739 ^ 47.
31. Kerbel R, Folkman J. Clinical translation of angiogenesis inhibitors. Nat Rev Cancer 2002;2:727 ^ 39.
32. Zheng M, Klinman DM, Gierynska M, Rouse BT.
DNA containing CpG motifs induces angiogenesis.
Proc Natl Acad Sci U S A 2002;99:8944 ^ 9.
33. Compton CC, Fielding LP, Burgart LJ, et al. Prognostic factors in colorectal cancer. College of American Pathologists Consensus Statement 1999. Arch
Pathol Lab Med 2000;124:979 ^ 94.
34. Huang S, Pettaway CA, Uehara H, Bucana CD,
Fidler IJ. Blockade of NF-nB activity in human prostate
cancer cells is associated with suppression of angiogenesis, invasion, and metastasis. Oncogene 2001;
20:4188 ^ 97.
35. Habib AA, Chatterjee S, Park SK, Ratan RR,
Lefebvre S, Vartanian T. The epidermal growth factor
receptor engages receptor interacting protein and
nuclear factor-nB (NF-nB)-inducing kinase to activate
NF-nB. Identification of a novel receptor-tyrosine
kinase signalosome. JBiol Chem 2001;276:8865 ^ 74.

Clin Cancer Res 2006;12(2) January 15, 2006

Downloaded from clincancerres.aacrjournals.org on January 21, 2022. © 2006 American Association for
Cancer Research.

Novel Toll-Like Receptor 9 Agonist Induces Epidermal
Growth Factor Receptor (EGFR) Inhibition and Synergistic
Antitumor Activity with EGFR Inhibitors
Vincenzo Damiano, Rosa Caputo, Roberto Bianco, et al.
Clin Cancer Res 2006;12:577-583.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/12/2/577

This article cites 35 articles, 14 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/12/2/577.full#ref-list-1
This article has been cited by 10 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/12/2/577.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/12/2/577.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on January 21, 2022. © 2006 American Association for
Cancer Research.

