








plus IMO, 4.08E-08, 95%CI¼ 2.6385e-008 to 6.2935e-008
vs. LS174T control, 6.77E-07, 95% CI ¼ 2.0322e-007 to
2.2525e-006; T3M4 plus IMO, 9.91E-10, 95% CI ¼
5.3450e-010 to 1.8375e-009 vs. T3M4 control, 1.58E-08,
95% CI ¼ 9.7619e-009 to 2.5507e-008; MIA PaCa-2 plus
IMO, 3.07E-08, 95% CI ¼ 1.7744e-008 to 5.2965e-008 vs.
MIA PaCa-2 control, 2.45E-07, 95% CI ¼ 1.1057e-007 to
5.4341e-007; all P < 0.0001). In particular, at higher and
more clinically relevant doses of cetuximab, this effect was
more relevant in K-Ras mutant, cetuximab-resistant cells
(percentage of cell growth after treatment with cetuximab
140 nmol/L: GEO plus IMO, mean ¼ 11.03%, 95% CI ¼
3.083–18.98 vs. GEO control, mean ¼ 22.03%, 95% CI ¼
15.94–28.13, P ¼ 0.0091; SW48 plus IMO, mean ¼
23.03%, 95% CI ¼ 17.14–28.92 vs. SW48 control, mean
¼ 33.03%, 95% CI ¼ 25.76–40.30, P ¼ 0.01; LS174T plus
IMO, mean ¼ 38.97%, 95% CI ¼ 30.22–47.72 vs. LS174T
control, mean ¼ 64.97%, 95% CI ¼ 53.75–76.19, P ¼
0.0014; T3M4 plus IMO, mean ¼ 15.97%, 95% CI ¼
8.538–23.40 vs. T3M4 control, mean ¼ 31.00%, 95% CI
¼ 24.79–37.21, P¼ 0.0026;MIA PaCa-2 plus IMO,mean¼
30.00%, 95% CI ¼ 19.49–40.51 vs. MIA PaCa-2 control,
mean¼ 54.97%, 95%CI¼ 42.49–67.44, P¼ 0.0028; Fig. 1
and Supplementary Fig. S2).
Moreover, as shown in Supplementary Fig. S3, results of

MTT assays showed that the combined treatment with IMO
and cetuximab efficiently inhibited survival of all the colon
and pancreatic cancer cells, producing an additive effect.
More importantly, IMO partially recovered (by about 25%)
the antiproliferative effect of cetuximab in both K-Ras
mutant LS174T and MIA PaCa-2 cells.
We then analyzed the effect of those treatments on the

activation of EGFR-dependent signal transduction. IMO
was able to reduce EGFR phosphorylation, with down-
stream inhibition of Akt and mitogen—activated protein
kinase (MAPK), in most cell lines. In the cetuximab-sensi-
tive cells, cetuximabwas able to counteract the effects of EGF
stimulation, reducing phosphorylation/activation of EGFR,
Akt, and MAPK. Conversely, in the cetuximab-resistant

LS174T and MIA PaCa-2 cells, cetuximab reduced the
EGF-induced EGFR phosphorylation but was unable to
interfere with phosphorylation of MAPK, the main Ras
downstream signal transducer. A variable effect of cetux-
imab on Akt phosphorylation was detected on these cell
lines. The combination IMO plus cetuximab inhibited
EGFR-dependent signaling in the K-Rasmutant LS174T and
MIA PaCa-2 cells, producing a total suppression of MAPK
phosphorylation (Fig. 2).

These data show that IMO partly restores cetuximab
sensitivity of K-Rasmutant colorectal and pancreatic cancer
cell lines, producing a significant inhibition of cell growth
and survival and a strong interference with EGFR-depen-
dent signal transduction when used in combination with
cetuximab.

IMO modulates a functional interaction between TLR9
and EGFR in colorectal and pancreatic cancer cells

We investigatedwhether the inhibition of EGFR signaling
by IMO could be related to a modulation of the interaction
between TLR9 and EGFR, similar to what we previously
described in breast cancer cells (19). To this aim, we con-
ducted a time-course experiment over a 25-hour window.
Cells cultured in complete medium were treated with IMO
(1 mmol/L) at 0 and 24 hours, and cell lysates were obtained
at 1, 24, and 25 hours. We immunoprecipitated GEO,
SW48, LS174T, and MIA PaCa-2 cell lysates with an anti-
TLR9 antibody and blotted with an anti-EGFR antibody. As
negative control, lysis buffer was mixed with monoclonal
anti-TLR9 antibody. In both cetuximab-sensitive GEO and
SW48 and cetuximab-resistant LS174T and MIA PaCa-2
cells, TLR9 coimmunoprecipitated with EGFR. IMO mod-
ulated this interaction, which was reduced 1 hour after each
IMO treatment, and completely restored within 24 hours
from IMO treatment (Fig. 3). The kinetics of this modula-
tion is consistent with the EGFR signaling inhibition
induced by IMO, suggesting that the disruption of TLR9/
EGFR interaction may play a critical role in the ability of
IMO to interfere with EGFR-dependent signal transduction.

Figure 2. Effect of IMO on signal
transduction of colorectal and
pancreatic cancer cell lines treated
with cetuximab. Western blotting
on total cell lysates from cells
cultured in serum-free medium,
treated for 1 hour with IMO
(1 mmol/L), cetuximab (140 nmol/L),
or their combination and stimulated
for 15 minutes with EGF (50 ng/mL)
before protein extraction.
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Combination of cetuximab with IMO inhibits tumor
growth in athymic mice bearing colon or pancreatic
cancer xenografts

To confirm the antitumor effect of the combination IMO
plus cetuximab also in clinically relevant in vivomodels ofK-
Ras mutant tumors, we used both subcutaneous LS174T
colorectal cancer and AsPC1/GLT pancreatic cancer ortho-
topic xenograft models.

In LS174T colorectal cancer model, on day 42—6 weeks
after tumor cell injection—all of the mice in the control
group reached themaximum allowed tumor size of about 2
cm3. Tumors treated with cetuximab initially responded to
this agent but then resumed an exponential growth rate. The
addition of IMO to cetuximab caused a potent and long-
lasting cooperative antitumor activity with a significant
tumor growth inhibition (median tumor size < 0.7 cm3)
at the end of the experiment on day 105 (Fig. 4A). Accord-
ingly, the mice treated with the combination of IMO and
cetuximab showed a statistically significantly prolonged
median survival duration compared with the mice treated
with cetuximab as single agent (IMO plus cetuximab vs.
cetuximab, median survival: 107 vs. 66.5 days, HR ¼
0.3054, 95% CI ¼ 0.08261–0.8024, P ¼ 0.0193) or with
the controls (IMO plus cetuximab vs. control, median
survival: 107 vs. 31 days, HR ¼ 0.1459, 95% CI ¼
0.01068–0.1619, P < 0.0001; Fig. 4B).

In theAsPC1/GLTpancreatic cancermodel, at themedian
survival of mice in the control group (49 days), tumor

growth was evaluated in all groups of mice on the basis of
the bioluminescence emitted by tumor cells. Cetuximab
still produced a 50% tumor growth inhibition, likely due to
its ADCC activity, whereas IMO was much more effective,
reducing the tumor burden by about 85%. This antitumor
effect was further increased by the combined treatment of
IMO and cetuximab (Fig. 4C and D). Accordingly, the
pancreatic cancer–bearing mice treated with the combined
treatment showed a statistically significantly prolonged
median survival duration compared with the mice treated
with cetuximab as single agent (IMO plus cetuximab vs.
cetuximab, median survival: 70 vs. 55 days, HR ¼ 0.3372,
95% CI ¼ 0.04299–0.9846, P ¼ 0.0478) or with the con-
trols (IMO plus cetuximab vs. control, median survival: 70
vs. 49 days, HR¼ 0.2287, 95%CI¼ 0.007088–0.3325, P¼
0.0021; Fig. 4E). The treatments were well tolerated, and no
weight loss or other signs of acute or delayed toxicity were
observed.

IMO restores sensitivity to cetuximab in colorectal
cancer cells knocked-in for mutant K-Ras gene

To further confirm the activity of IMO on K-Rasmutant
cancer cells, we used isogenic wild-type and Gly12Val
K-Ras mutant SW48 colon cancer cells obtained through
homologous recombination. This technology allows
to introduce individual or multiple cancer mutations
into the genome of cancer cells; as a result, the hetero-
zygous-mutated genes are expressed under their endoge-
nous promoters, thus closely recapitulating the lesions
observed in human tumors (29). Accordingly to their
K-Ras status, the mutant SW48 cells were resistant to
cetuximab compared with their wild-type control cells
(Fig. 5A). However, combining IMO with increasing
doses of cetuximab significantly reversed this resistance,
although not to the same level as that of the parental cell
line, both in soft agar and MTT assays (Fig. 5B and C).
Then, we compared the effects of IMO and cetuximab on
the activation of EGFR-dependent signal transduction in
wild-type and K-Rasmutant SW48 cells. In the cetuximab-
sensitive SW48 K-Ras wild-type parental cells, cetuximab
efficiently inhibited EGFR signaling, suppressing phos-
phorylation/activation of EGFR, Akt, and MAPK. Con-
versely, in the cetuximab-resistant K-Ras mutant SW48
cells, cetuximab reduced the EGF-induced EGFR phos-
phorylation but was unable to inhibit MAPK phosphory-
lation and slightly reduced Akt phosphorylation.
Although IMO alone did not reduce pMAPK in both
wild-type and K-Ras mutant SW48 cells, a complete sup-
pression of MAPK phosphorylation was achieved by the
combined treatment with IMO plus cetuximab in Gly12-
Val K-Ras mutant SW48 cells (Fig. 5D). We analyzed
whether the combination of IMO and cetuximab could
interfere with activation of K-Ras. The results (shown in
Supplementary Fig. S3) seem to rule out this hypothesis.

These data confirm that IMO is able to restore cetuximab
sensitivity in Gly12Val K-Rasmutant colorectal cancer cells,
but further studies are required to fully elucidate the mech-
anism by which this is achieved.

Figure 3. Interaction between TLR9 and EGFR in colorectal and
pancreatic cancer cell lines. A, representative diagram of the time-course
experiment, investigating the interaction between TLR9 and EGFR in
colorectal and pancreatic cancer cell lines over a 25-hour window. Cells
cultured in complete medium were treated with IMO at 0 and 24 hours.
Cell lysateswere obtained at 1, 24, and 25 hours. B, immunoprecipitation
(IP) using an anti-TLR9 antibody and blotting with an anti-EGFR antibody
on GEO, SW48, and LS174T colon and MIA PaCa-2 pancreatic cancer
cells cultured in complete medium and treated with IMO (1 mmol/L) at
different times. As negative control, lysis bufferwasmixedwith anti-TLR9
antibody. WB, Western blotting.
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IMO is ineffective in a colorectal cancer model of
acquired resistance to cetuximab due to Akt
overactivity
We previously showed that IMO is unable to inhibit in

vivo growth in GEO-CR (cetuximab resistant) tumors, a
colon cancer model of acquired resistance to cetuximab
(20). In the present study, we found that combining IMO
with increasing doses of cetuximab did not reverse cetux-

imab resistance in GEO-CR cells, both in soft agar and MTT
assays (Fig. 6A and B). Moreover, whereas IMO inhibited
EGFR-dependent signal transduction in GEO original cells,
it was ineffective in reducing phosphorylation/activation of
EGFR signal transducers, such as Akt andMAPK, inGEO-CR
cells. As previously showed (20), treatment of GEO-CR cells
with cetuximab reduced EGFR and MAPK phosphorylation
but not Akt phosphorylation. The combination IMO plus
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Figure 4. Effect of IMOandcetuximab in combination on tumor growth and survival of athymicmice bearing subcutaneous or orthotopic tumors. A, after 7days
following subcutaneous injection of LS174T colon cancer cell, mice were randomized (n¼ 10 per group) to receive IMO, cetuximab, or their combination, as
described in the Methods section. The Student t test was used to compare tumor sizes among different treatment groups at the median survival time of the
control group (31 days). They resulted statistically significant for the combination versus single agents (P < 0.0001). Bars, SDs. B, median survival rate
resulted statistically significant for IMOandcetuximab versus cetuximab and versus control (log-rank test). C,mice bearingorthotopicAsPC1/GLTpancreatic
tumors were randomly allocated to be treated with IMO, cetuximab, or their combination, according to the schedule described in the Methods section. At the
median survival time of the control group (49 days), tumor growth in mice of all groups was evaluated on the basis of the bioluminescence emitted by
tumor cells, as described in theMethods section. D, tumor volumewasquantified as the sumof all detected photonswithin the region of the tumor per second.
�, P < 0.05 combination versus control by 1-way ANOVA and the Dunnett multiple comparison posttest. Bars, SDs. E, mice were sacrificed by CO2 inhalation
when evidence of advanced bulky disease was present. The day of sacrifice was considered the day of death for survival evaluation. Median survival
rate resulted statistically significant for IMO and cetuximab versus cetuximab and versus control (log-rank test).
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cetuximab was unable to reduce Akt phosphorylation in
GEO-CR cells (Fig. 6C). Importantly, we identified a TLR9/
EGFR interaction in both GEO and GEO-CR cells, and IMO
was able to interferewith such interaction inGEObut not in
GEO-CR cells, as shown by immunoprecipitation analysis
(Fig. 6D). Probably, IMO inability to modulate the TLR9/
EGFR interaction in GEO-CR cells could explain the lack of
IMO interferencewith EGFR-dependent signal transduction
in this cell line. Becausewe previously showed that acquired
resistance to cetuximab in GEO-CR cells is related to Akt
overactivity resulting from overexpression of the VEGF
receptor 1 (VEGFR1/Flt1; ref. 24), it is conceivable that
IMO activity is affected by the different molecular mechan-
isms of resistance to cetuximab.

Discussion

The constitutive or acquired resistance to EGFR inhibitors
in cancer patients is a relevant clinical issue. A number of
molecular abnormalities in tumor cells partially contribute
to resistance to anti-EGFR mAbs or small molecules TKIs,
including overexpression of other TKRs, constitutive acti-
vation of downstream transducers, and increased VEGF-
mediated tumor angiogenesis (1). A critical role in the
resistance to EGFR inhibitors of patients with colon, lung,
and pancreatic cancer is played by continuous activation of
the Ras/MAPK pathway because of mutations in codon 12
of the K-Ras gene. In this regard, the use of panitumumab-
and cetuximab-based therapies is currently restrictedonly to

Figure 5. Effect of IMO on the sensitivity to cetuximab of wild-type and G12V K-Ras mutant knocked-in SW48 colon cancer cells. A, effect of cetuximab on
survival of wild-type and G12V K-Ras mutant knocked-in SW48 colon cancer cells, as measured by the MTT assay. Data represent the mean (SD) of 3
independent experiments, each conducted in triplicate, and are presented relative to untreated control cells. �, 2-sidedP < 0.005 versus control. Bars, SDs. B,
percentage of growth of G12VK-Rasmutant knocked-in SW48 colon cancer cells treated with increasing doses of cetuximab (35–140 nmol/L) in presence or
absence of IMO (1 mmol/L), as measured by the soft agar assay. Cells were treated with the indicated concentrations of the drugs each day for 3 consecutive
days. Colonies were counted after 10 to 14 days using the Quantity One Software Package (Bio-Rad). Data represent the mean (SD) of 3 independent
experiments, each conducted in triplicate, and are presented relative to untreated control cells. �, 2-sided P < 0.005 versus cells treated with cetuximab
alone. Bars, SDs. C, percentage of survival of G12V K-Ras mutant knocked-in SW48 colon cancer cells treated with increasing doses of cetuximab
(35–140 nmol/L) in presence or absence of IMO (1 mmol/L), as measured by the MTT assay. Data represent the mean (SD) of 3 independent experiments,
each conducted in triplicate, and are presented relative to untreated control cells. �, 2-sidedP < 0.005 versus cells treatedwith cetuximab alone. Bars, SDs. D,
Western blotting on total cell lysates from cells cultured in serum-free medium, treated for 1 hour with IMO (1 mmol/L), cetuximab (140 nmol/L), or their
combination, and stimulated for 15 minutes with EGF (50 ng/mL) before protein extraction.
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patients with wild-type K-Ras metastatic colorectal cancer
(7). Therefore, there is an unmet need to identify and
clinically validate novel therapeutic strategies based on
combination of different targeted agents able to hinder the
occurrence of resistance to EGFR antagonists.
In this study, we investigated the antitumor effect of the

TLR9 agonist IMO as single agent or in combination with
cetuximab in colorectal and pancreatic cancer models har-
boring the oncogenic K-Rasmutations conferring resistance
to EGFR inhibitors.
We found a correlation between K-Ras status and sensi-

tivity to EGFR antagonists in all the cell lines tested, with the
exception of the human GEO colorectal cancer cells. Even
though these cells bear a low-frequency K-Ras mutation
(Gly12Ala), they maintain a measurable sensitivity to both
cetuximab and erlotinib. This is in agreement with the
evidence that different K-Ras mutations have different rel-
evance in mediating resistance to EGFR inhibitors. In this
regard, a small number of patients carrying K-Ras mutant
tumors have been reported to respond to either cetuximab
or panitumumab (23, 30–32).

We showed that IMO is able to restore sensitivity to
cetuximab in K-Ras mutant cell lines. The combination of
IMO plus cetuximab produced a significant inhibition of
cell growth and survival and a strong interference with
EGFR-dependent signal transduction in K-Rasmutant colo-
rectal and pancreatic cancer cells, totally suppressing phos-
phorylation/activation ofMAPK, themain signal transducer
downstream to Ras. We have reported that the ability of
IMO to interfere with EGFR-dependent signaling is associ-
ated with themodulation of the structural/functional inter-
action between TLR9 and EGFR (19). In this study, we
document that the kinetics of this modulation is consistent
with the ability of IMO to inhibit EGFR signaling and
disrupt the interaction between TLR9 and EGFR. Cross-talks
between EGFR and TLR signaling pathways were described
(33–35), and other studies hypothesized the existence of a
potential TLR9 coreceptor at the plasma membrane able to
interact withCpGs before the activation of endosomal TLR9
(36).Our resultsmay suggest a role for EGFR in this process,
but further investigations dissecting the relationships
between EGFR and TLR9 are needed.

Figure 6. Effect of IMOon the sensitivity to cetuximabofGEO-CRcolon cancer cells. A, percentage of growth ofGEO-CR cells treatedwith increasing doses of
cetuximab (7–140 nmol/L) in presence or absence of IMO (1 mmol/L), asmeasured by the soft agar assay. Cells were treatedwith the indicated concentrations
of the drugs each day for 3 consecutive days. Colonies were counted after 10 to 14 days using the Quantity One Software Package (Bio-Rad). Data represent
the mean (SD) of 3 independent experiments, each conducted in triplicate, and are presented relative to untreated control cells. Bars, SDs. B, percentage of
survival of GEO-CRcells treatedwith increasing doses of cetuximab (7–140nmol/L) in presence or absence of IMO (1 mmol/L), asmeasured by theMTT assay.
Data represent the mean (SD) of 3 independent experiments, each conducted in triplicate, and are presented relative to untreated control cells. Bars, SDs. C,
Western blotting on total cell lysates from GEO and GEO-CR cells cultured in serum-free medium, treated for 1 hour with IMO (1 mmol/L), cetuximab
(140nmol/L), or their combination, andstimulated for 15minuteswithEGF (50ng/mL) beforeprotein extraction.D, immunoprecipitation (IP) usingan anti-TLR9
antibody and blotting (WB) with an anti-EGFRantibody onGEOandGEO-CR cells cultured in completemedium and treatedwith IMO (1mmol/L) for 1 hour. As
negative control, lysis buffer was mixed with anti-TLR9 antibody.
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The antitumor effect of IMO on K-Ras mutant tumors
was confirmed also in vivo, in subcutaneous LS174T
colorectal and orthotopic AsPC1 pancreatic cancer
models. In both models, cetuximab still produced a
significant tumor growth inhibition despite the intrinsic
resistance to this agent in vitro. This effect is likely due to
its ADCC activity, as we previously reported (19). The
antitumor activity of IMO was particularly evident in
AsPC1 pancreatic cancer orthotopic model, with a reduc-
tion of the tumor burden of about 85%. We hypo-
thesized that this event may depend on the capability
of IMO to interfere with different cell populations of
tumor microenvironment, whose contribution to tumor
growth could be higher in the orthotopic than in the
subcutaneous xenograft (37). The combination of IMO
plus cetuximab caused a potent and long-lasting cooper-
ative antitumor activity, with a significant inhibition of
tumor growth and prolongation of mice survival.

Finally, we confirmed the ability of IMO to overcome
cetuximab resistance associated with K-Ras mutations by
using targeted homologous recombination to introduce
(knock-in) Gly12Val K-Ras–mutated allele in human colon
cancer cells. This technology allows the construction of
models able to accurately recapitulate the genetic alterations
present in human cancers, useful to identify genotype and
tumor-specific pharmacologic responses (29, 38). While
IMO alone did not produce any effect on EGFR signaling
in this model, this agent was able to restore sensitivity to
cetuximab, producing a significant inhibition of cell growth
and survival and a strong interference with EGFR-depen-
dent signal transduction when used in combination with
cetuximab.

Taken together, our results show for the first time that
IMO is effective in restoring cetuximab antitumor activity in
K-Ras mutant colon and pancreatic cancers. This effect is
likely due to multiple mechanisms of action, including
interference with EGFR signaling by modulation of the

TLR9/EGFR interaction, and enhancement of cetuximab
ADCC.

The combination of IMO plus cetuximab is currently
under clinical investigation, and the results of the present
study suggest that the combination with IMO could allow
the use of cetuximab also in a set of patients with K-Ras
mutant tumors, where this agent would be otherwise
ineffective.
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