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A B S T R A C T

Epidermal growth factor receptor (EGFR) is a validated target indifferent humanmalignancies.

EGFR tyrosinekinase inhibitors (TKIs) areknowntocontributeconsiderably to theextensionof

progression-free survival in EGFR-mutant non-small cell lung cancer and monoclonal anti-

bodies (mAbs) targeting EGFRhave also improved the efficacy outcomes inKRASwild-type co-

lorectal cancer.Nevertheless, a significantpercentageof lungandcolorectal cancerpatientsdo

not respond to anti-EGFR agents and secondary resistance after initial benefit is a challenging

reality faced by clinicians. Extensive preclinical work on the potential mechanisms of resis-

tance to EGFR inhibitors in different disease settings has guided the development of second-

generation irreversible EGFRTKIs,more efficient anti-EGFRmAbs, and combination strategies

with agents targeting other receptors and downstream effectors. In order to elucidate the role

of the multiple therapeutic strategies under investigation to overcome EGFR inhibitors-

resistance, rational drug development based on stringent preclinical data, biomarker valida-

tionandproperselectionofpatients in theongoingclinical trialsareofparamount importance.

Preliminary results of clinical trials evaluating these approacheswill be discussed in thisman-

uscript, with emphasis on TKIs in lung cancer and mAbs in advanced colorectal cancer.
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in the last twodecades. Thispathway is importantly implicated

in tumor cell growth, local invasion, angiogenesis, metastasis,

protein translation and cell metabolism. Binding of ligands/

growth factors, such as EGF (epidermal growth factor), amphir-

egulin and TGF-a (transforming growth factor alpha), to the

extracellular domainof ErbB receptors stabilizes them ina con-

formation that allows dimerization, an essential requirement

for transactivation of the tyrosine kinase portion of the dimer

moiety, leading to phosphorylation anddownstreamsignaling.

Dimerization can occur between two different ErbB receptors

(heterodimerization) or between two molecules of the same

receptor (homodimerization). The ErbB dimers have different

signaling potencies; homodimers weakly perpetuate signals

as compared to heterodimers. The most important pathways

activated in solid tumors are RAS/RAF/MEK/ERK and phospha-

tidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapa-

mycin (mTOR), as seen in Figure 1. Interestingly, EGFR mainly

activates the MEK pathway and signaling through HER3 heter-

odimers strongly activates the PI3K component (Scaltriti and

Baselga, 2006; Baselga and Swain, 2009).

EGFRplays a critical role in the biology ofmanydifferent tu-

mors. Gain of function genetic alterations in EGFRare observed

inmany epithelial tumors and certainmalignancies are clearly

dependent on the pathway e “oncogene-addicted” e such as

lung cancer cells presenting mutations in the EGFR kinase do-

main. This makes EGFR an attractive target for cancer therapy
Figure 1 e Simplified diagram illustrating relationships of EGFR homo- o

(IGF-1R, MET), which activate the critical downstream effectors RAS/RA

pathways, including VEGFR, also play a role in the resistance to EGFR in

overexpression of the main players in these signaling pathways is depicted,

colorectal cancer; EGFR: epidermal growth factor receptor; HGF: hepatocy

mesenchymaleepithelial transition receptor; NSCLC: non-small cell lung
(Salomon et al., 1995; Weinstein, 2002). Small molecules

tyrosine kinase inhibitors (TKIs) of EGFR, like erlotinib and gefi-

tinib, or monoclonal antibodies (mAbs) targeting the extracel-

lular domain of EGFR, such as cetuximab and panitumumab,

are validated therapeutic strategies. Inaddition to the receptor,

TKIs of other targets within the EGFR pathway, such as RAF,

MEK, PI3K, AKT and mTOR, are also in clinical development.

In this context, molecular aberrations on the EGFR path-

way are the most commonly studied predictive biomarkers

of response/resistance to targeted agents in cancer. Mutations

in exons 19 and 21 of the kinase domain of EGFR, particularly

deletions in exon 19 and exon 21 pointmutations in codon 858

(L858R), which are the most frequent mutations in non-small

cell lung cancer (NSCLC), confer tumor cell dependency on

EGFR signaling and are predictive of response to the first-

generation reversible EGFR TKIs (Lynch et al., 2004). On the

other hand, the genetic background of some tumors simply

precludes a function for EGFR inhibition, what is called

inherited resistance. For instance, the presence of mutant

KRAS is a strong predictor of lack of response to EGFR mAbs

in patients with CRC (Li�evre et al., 2006) and to EGFR TKIs in

patients with NSCLC (Pao et al., 2005). Interestingly, KRAS

mutations do not seem to identify patients who do not benefit

from anti-EGFR mAbs in NSCLC, although definitive conclu-

sions cannot be made due to the limited number of studies

(O’Byrne et al., 2009; Khambata-Ford et al., 2010).
r heterodimers (EGFR-HER3) and other growth factor receptors
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Importantly, the oncogenic pathways driven by EGFR are

interconnected in a complex network involving both negative

and positive feedback loops that regulate the activity of their

components in response to stimuli. The antitumor effects on

oncoprotein inhibitors may be attenuated by relief of these

feedback loops, rescuing the tumor cells from targeted inhibi-

tion of a driver oncogene. In this manuscript we summarize

the extensive preclinical work on primary and acquired resis-

tance to EGFR inhibitors. Drug development to overcome resis-

tance to TKIs in NSCLC and mAbs in CRC will be discussed. A

mechanism-centered review focusing on twodifferent disease

settings allows the reader to have a broader picture of the ther-

apeutic development challenge. The preliminary results of

clinical trials evaluating second-generation EGFR TKIs, more

efficient anti-EGFR mAbs, and combination strategies with

agents targeting other receptors and downstream effectors

will be presented.
Table 1 e Mechanism of action of agents tested in the EGFRa-
inhibitor refractory setting.

Agent Mechanism of action

Afatinib Irreversible TKIb of EGFRa and HER2

Bevacizumab mAbc targeting VEGFd

BMS-690514 Multitargeted TKIb of EGFR,a HER2 and VEGFRe

Brivanib Multitargeted TKIb of VEGFRe and FGFRf

Cabozantinib Multitargeted TKIb of MET,g VEGFR,e RET,

c-KIT, FLT-3

Cixutumumab mAbc targeting IGF-1Rh

Dacomitinib Irreversible TKIb of EGFR,a HER2 and HER4

Dalotuzumab mAbc targeting IGF-1Rh

Figitumumab mAbc targeting IGF-1Rh

Ganitumab mAbc targeting IGF-1Rh

Neratinib Irreversible TKIb of EGFRa and HER2

Onartuzumab mAbc targeting METg

Rilotumumab mAbc targeting HGFi

Sorafenib Multitargeted TKIb of VEGFR,e PDGFR,j

c-KIT, FLT-3, RAF

Sunitinib Multitargeted TKIb of VEGFR,e PDGFR,j

c-KIT, FLT-3

Tivantinib TKIb of METg

Vandetanib Multitargeted TKIb of EGFRa and VEGFRe

a Epidermal growth factor receptor.

b Tyrosine kinase inhibitor.

c Monoclonal antibody.

d Vascular endothelial growth factor.

e Vascular endothelial growth factor receptor.

f Fibroblast growth factor receptor.

g Mesenchymaleepithelial transition.

h Insulin-like growth factor 1 receptor.

i Hepatocyte growth factor.

j Platelet derived growth factor receptor.
2. Overcoming resistance to EGFR TKIs e the
NSCLC story

Prospective trials comparing standard platinum-based che-

motherapy with first-generation EGFR TKIs in patients with

and without activating EGFR mutations confirmed the predic-

tive value ofmolecular selection of patients for first-line treat-

ment of advanced NSCLC (Mok et al., 2009; Maemondo et al.,

2010; Mitsudomi et al., 2010; Zhou et al., 2010; Rosell et al.,

2011a). Clinical data with erlotinib and gefitinib in patients

with NSCLC whose tumors harbor activating EGFR mutations

indicate that these patients eventually develop resistance to

reversible EGFR TKIs, which may result from secondary ac-

quired EGFR mutations or other mechanisms not directly re-

lated to the EGFR genotype.

Tumors become resistant when they reactivate down-

stream signaling despite the presence of the EGFR inhibitor.

Primary resistance is typically caused by mutations in the

EGFR gene that are not associated with sensitivity to first-

generation EGFR TKIs, such as insertion mutations in exon

20, or by other somatic mutations in genes that have an

impact on the EGFR signaling pathway, such as KRAS. Ac-

quired resistance, defined as documented disease progression

after objective clinical benefit with an EGFR TKI (radiologic re-

sponse or stable disease for more than 6 months), may be

caused by additional mutations in the EGFR gene obtained

during the course of treatment that change the protein-

coding sequence or by amplification of another oncogene sig-

naling pathway (Jackman et al., 2010). The most commonly

identified mechanism of resistance is a gatekeeper mutation

at position 790 (EGFR T790M), which abrogates the ability of

gefitinib or erlotinib to inhibit EGFR. This mutation has been

found in 50% of the tissue samples from patients with ac-

quired gefitinib resistance (Kosaka et al., 2006; Arcila et al.,

2011; Sequist et al., 2011a). However, the T790M mutation

may also be present prior to treatment with erlotinib or gefiti-

nib and, therefore, may also contribute to primary resistance.

It has been demonstrated that some patients who respond

may have T790M mutations in a small percentage of tumor

cells before EGFR TKI therapy and clonal selection may allow

the T790M-expressing cells to assume an increasingly larger
percentage of the tumor over time (Inukai et al., 2006; Rosell

et al., 2011b).

2.1. Irreversible EGFR inhibitors

In preclinical studies, irreversible EGFR TKIs have been

shown to effectively inhibit T790M-mutant cancers (Kwak

et al., 2005; Engelman et al., 2007a; Li et al., 2008). These

agents may prevent and overcome primary and acquired re-

sistance to first-generation reversible EGFR TKIs. In addition,

they may increase TKI effectiveness by prolonging the inhi-

bition of EGFR signaling and delaying the acquisition or

growth of T790M-mutant clones. The first agent explored

in this setting was the irreversible TKI neratinib (Table 1).

Clinical studies have not shown significant activity against

EGFR-mutant lung cancers with acquired resistance to erlo-

tinib/gefitinib, likely because of toxicity that limited admin-

istration of necessary doses to attain therapeutic drug

concentrations (Sequist et al., 2010). Afatinib and dacomiti-

nib are potent drugs with a more favorable pharmacokinetic

and toxicity profile. In the LUX-Lung 2 study, 129 patients

with activating EGFR mutations and no previous EGFR TKI

therapy received afatinib as single agent. Overall response

rate (RR) was 60%, with a promising progression-free sur-

vival (PFS) of 14 months (Yang et al., 2010). This drug has

shown activity in patients whose tumors harbored less

http://dx.doi.org/10.1016/j.molonc.2011.11.009
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common EGFR mutations (Shih et al., 2010). Its efficacy was

also evaluated as a rescue treatment after failure to erlotinib

or gefitinib in a population clinically enriched for the pres-

ence of EGFR-activating mutations (Miller et al., 2010). At in-

terim analysis of the randomized phase III trial LUX-Lung 1

(358 events in 585 patients), a significant increase in PFS

was seen in patients that received the study drug as com-

pared to placebo (3.3 versus 1.1 months). However, median

overall survival (OS) was not different in the two arms. Afa-

tinib was also associated with significant improvements in

the secondary endpoints of confirmed disease control rate

of at least 8 weeks (58% versus 19%) and confirmed objective

RR (11% versus 0.5%). Further phase III studies are looking at

the activity of this agent as compared to standard chemo-

therapy in patients with NSCLC tumors harboring EGFR-acti-

vating mutations (ClinicalTrials.gov identifier NCT00949650

and NCT01121393).

Regarding the pan-HER TKI dacomitinib (PF-00299804), pre-

clinical studies have shown activity in NSCLC cell lines har-

boring the EGFR T790M, but not in those with KRAS

mutations (Engelman et al., 2007a). Preliminary data from

a phase II randomized trial showed that PFS was superior

when comparedwith erlotinib in the general population of pa-

tients with chemotherapy-refractory NSCLC, not selected

according to EGFR mutation status (12.4 weeks versus 8.3

weeks) (Mok et al., 2010). As first-line treatment of patients

with known EGFR mutations or clinically selected (Asians

with adenocarcinoma and non- or light smoking history),

dacomitinib showed encouraging efficacy, with 6-month PFS

rate of 67% (85% in those with EGFR mutations). This drug

was evaluated in patients with KRAS wild-type NSCLC refrac-

tory to at least one chemotherapy regimen and erlotinib in an-

other phase II study (Campbell et al., 2010). Only 3 partial

responses were seen in 62 evaluable patients. Additional trials

with this agent started accrual, including a direct comparison

with erlotinib as second-line treatment of advanced NSCLC

(ClinicalTrials.gov identifier NCT01360554).

Recently, preliminary results of the phase 1 trial assessing

the combination of afatinib and cetuximab in NSCLC patients

with acquired resistance to erlotinib or gefitinib were pre-

sented (Janjigian et al., 2011b). In preclinical studies, this

drug combination efficiently depleted both phosphorylated

and total EGFR and neutralized the increased EGFR ligand pro-

duction in the tumor microenvironment. In addition, near

complete responses were seen in T790M transgenic murine

models (Regales et al., 2009). Different from the negative trial

evaluating the addition of cetuximab to erlotinib in patients

with lung adenocarcinoma and clinically defined acquired re-

sistance to first-generation EGFR TKIs (Janjigian et al., 2011a),

the combined use of afatinib and cetuximab was associated

with over 30% confirmed partial responses in 22 evaluable pa-

tients, including those with documented T790M mutations

(Janjigian et al., 2011b). These results validate preclinical

data suggesting that many tumors are still addicted to the

EGFR signaling pathway despite development of acquired re-

sistance. In addition, they encourage further investigation of

irreversible EGFR TKIs in combination approaches, taking

into account the limited benefit seen when these agents

were used as monotherapy in the erlotinib/gefitinib-

refractory setting.
2.2. Targeting additional pathways
2.2.1. Proangiogenic growth factors
Another strategy to circumvent resistance to EGFR inhibitors

in lung cancer is by targeting parallel signaling pathways

that contribute to themalignant phenotype. Based on preclin-

ical studies suggesting that vascular endothelial growth factor

(VEGF) pathway activation may contribute to resistance to

first-generation EGFR TKIs (Viloria-Petit et al., 2001), many

clinical trials have evaluated combined inhibition of EGFR

and VEGF pathways, albeit with poor results. The addition of

the antiangiogenic agents bevacizumab or sunitinib to erloti-

nib in unselected patients with chemorefractory NSCLC was

associated with mild improvement in PFS but no benefit in

terms of OS in randomized phase III trials e BeTA and Sun

1087 (Herbst et al., 2011; Scagliotti et al., 2010). On the other

hand, in a randomized phase II trial of erlotinib in combina-

tion with sorafenib in chemorefractory advanced NSCLC,

a benefit with the use of dual targeted therapy was observed

in EGFRwild-type tumors. In this subgroup of 67 patients, me-

dian PFS was 3.38 months for sorafenib/erlotinib versus 1.77

months for placebo/erlotinib ( p¼ 0.018);medianOSwas 8 ver-

sus 4.5 months, respectively ( p ¼ 0.019) (Spigel et al., 2011a).

Considering the small sample size, additional studies in pa-

tients selected according to mutation status are warranted.

Multitargeted TKIs of EGFR and VEGFR have also been stud-

ied in NSCLC. Vandetanib was directly compared with erloti-

nib in the large ZEST trial (Natale et al., 2009). No significant

differences in objective RR, PFS or OS were observed in an un-

selected patient population. In a phase II trial with BMS-

690514, 7 out of 32 erlotinib-resistant patients had prolonged

disease stabilization (including 2 with documented EGFR

T790M mutation) and one erlotinib-naive patient whose tu-

mor harbored a KRAS mutation had a partial response

(Bahleda et al., 2009). BMS-690514 has been compared with

upfront erlotinib in a randomized phase II trial and the final

results are still pending. Nevertheless, the large studies con-

ducted so far indicate that dual targeting of EGFR and VEGFR

is not a promising strategy to overcome resistance to EGFR in-

hibitors in NSCLC.

2.2.2. MET pathway
Downstream activation of RAS/RAF/MEK/ERK and PI3K/AKT/

mTOR via alternative pathways is an important mechanism

of resistance to EGFR TKIs. Dual input to signaling has been

described with mesenchymaleepithelial transition factor

(MET) amplification (Bean et al., 2007; Engelman et al.,

2007b). There is preclinical evidence showing that coupling

of theMET receptor tyrosine kinase to HER3 leads to sustained

activation of the PI3K/AKT/mTOR pathway, bypassing the

inhibited EGFR (Engelman et al., 2007b). In this situation, com-

bined inhibition of EGFR and the alternative pathwaymay pre-

vent the emergence of resistance that eventually occurs

following initial response to EGFR TKIs and also increase the

proportion of EGFR wild-type patients that respond. MET am-

plification occurs in 5%e20% of EGFRmutation positive NSCLC

patients who develop resistance after an initial response to

erlotinib or gefitinib (Engelman et al., 2007b; Arcila et al.,

2011; Sequist et al., 2011a). Importantly, both MET and EGFR

are on chromosome 7, and polysomy of chromosome 7 is

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://dx.doi.org/10.1016/j.molonc.2011.11.009
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common in NSCLC, particularly in those samples harboring

EGFR mutations (Cappuzzo et al., 2005). It has also been iden-

tified in a small subpopulation of tumor cells prior to drug ex-

posure, thus suggesting that clonal selection of MET

amplification in EGFR-mutants may occur (Turke et al., 2010).

Agents targeting the MET receptor are undergoing clinical

evaluation in patients with advanced NSCLC. Results of

a phase II randomized trial that compared erlotinib plus pla-

cebo versus erlotinib plus tivantinib (ARQ-197) were recently

published (Sequist et al., 2011b). Progression-free survival

was higher with the dual inhibition approach (3.8 versus 2.3

months), although not statistically significant (hazard ratio

0.81, p¼ 0.24). Exploratory analysis revealed that the small co-

hort with KRAS mutations achieved higher benefit (hazard ra-

tio for PFS 0.18, p ¼ 0.006). A phase III trial testing this

combination is underway (ClinicalTrials.org Identifier

NCT01244191).

Promising results were also seen in clinical studies with an

anti-MET receptor mAb. In a phase II randomized trial evalu-

ating the benefit onartuzumab added to erlotinib, the

subgroup of patients high MET expression by IHC analysis

(n ¼ 66) had significantly increased PFS (2.9 versus 1.5 months,

hazard ratio 0.53, p ¼ 0.05) and overall survival (12.6 versus 3.8

months, hazard ratio 0.37, p ¼ 0.002) with the combination

approach as compared to erlotinib and placebo (Spigel et al.,

2011b). Phase III trial will start recruitment soon (ClinicalTrial-

s.org Identifier NCT01456325). Another agent already tested in

the refractory setting is cabozantinib (XL184). In the phase 1

trial of this potent VEGFR and MET TKI in combination with

erlotinib, 3 patients previously exposed to EGFR TKIs had

�30% reduction in tumor measurements, including one with

MET amplification (Wakelee et al., 2010). Additional trials have

not started accrual so far.

2.2.3. IGF-1R and HER3
Parallel signaling pathways that interact with EGFR as a result

of heterodimer formation, such as Insulin-like Growth Factor

1 Receptor (IGF-1R), may contribute to first-generation EGFR

TKI resistance (Morgillo et al., 2006; Guix et al., 2008). The

IGF-1R is highly expressed in lung cancer cells, mainly
Table 2 e Selected trials combining EGFRa TKIsb and other targeted ag

EGFR inhibitor Combination agent Target and cla

Erlotinib GDC-0941 PI3K/mTOR TKIb

MK-2206 AKT TKIb

AZD6244 MEK TKIb

GSK1120212 MEK TKIb

IMC-A12 IGF-1RdmAbe

MM-121 HER3 mAbe

Gefitinib MK-2206 AKT TKIb

Dacomitinib PF-02341066 METf TKIb

a Epidermal growth factor receptor.

b Tyrosine kinase inhibitor.

c Non-small cell lung cancer.

d Insulin-like growth factor 1 receptor.

e Monoclonal antibody.

f Mesenchymaleepithelial transition receptor.
squamous cell carcinomas (Ouban et al., 2003). Despite pre-

clinical data showing that IGF-1R signaling counteracts the

antitumor action of erlotinib, clinical trials testing combina-

tion approaches have been negative. A phase III trial investi-

gating figitumumab with erlotinib versus erlotinib alone in

the chemotherapy-refractory setting was closed after an

interim analysis because of the potential futility of the combi-

nation regimen. In addition, results of phase II randomized

trial evaluating dalotuzumab added to erlotinib in unselected

NSCLC patients do not support further investigation of this

strategy (median PFS of 2.5 versus 1.6 months, hazard ratio

0.86, p ¼ 0.26) (Rosell et al., 2011c).

Recent publications suggest that co-targeting EGFR and

HER3 in NSCLC might be an interesting approach, especially

in adenocarcinomas and EGFR-mutant tumors, which are

known to highly express HER3 (Felip et al., 2011). As shown

in Table 2, clinical development of anti-HER3 mAbs in NSCLC

is still in an early stage.

2.2.4. Downstream effectors
Based on promising results of preclinical studies, drugs that

block signaling molecules downstream of the EGFR, such as

MEK and PI3K/AKT/mTOR inhibitors, are also being investi-

gated in advanced lung cancer. The mTOR inhibitor everoli-

mus, when added to erlotinib in chemorefractory NSCLC

patients, did not significantly improve response and survival

endpoints when compared to the EGFR TKI alone (Leighl

et al., 2010). Nevertheless, in the phase I trial combining the

PI3K/mTOR inhibitor XL765 with erlotinib in patients with

lung cancer refractory to anti-EGFR therapies, prolonged dis-

ease stabilization in 4 out of 21 patients was observed (Cohen

et al., 2010). As seen in Table 2, the results of multiple phase

I/II trials of combined targeted therapies are expected soon.

Furthermore, the combination of MEK inhibitors and PI3K

pathway inhibitors is a promising treatment strategy for

KRAS mutant NSCLC. Early signs of antitumor activity were

observed in the ongoing phase I trials that evaluate the com-

binations of the MEK inhibitor GDC-0973 plus the PI3K inhibi-

tor GDC-0941 and the MEK inhibitor AZD6244 plus the AKT

inhibitor MK-2206 (Shapiro et al., 2011a; Tolcher et al., 2011).
ents with focus on NSCLC.c

ss Phase Indication ClinicalTrials.gov
identifier

Ib Solid tumors NCT00975182

II NSCLCc NCT01294306

II NSCLCc NCT01229150

Ib Solid tumors NCT01192165

I-II NSCLCc NCT00778167

I-II NSCLCc NCT00994123

I NSCLCc NCT01147211

I NSCLCc NCT01121575

http://ClinicalTrials.org
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This approach will certainly move forward to phase II trials in

the near future.
3. Overcoming resistance to EGFR mAbs e the
CRC story

Different activating mutations in receptor tyrosine kinases

and molecular aberrations in downstream components of

the EGFR pathway are found in CRC, making it a very hetero-

geneous disease. Therefore, efficacy of targeted therapies is

likely related to the specific genetic background of the tumor.

Mutations in KRAS, for example, have been shown to be

strongly associated with primary resistance to anti-EGFR

mAbs. Nevertheless, cetuximab and panitumumab are not

effective in all patients with KRASwild-type CRC. Other poten-

tial molecular markers downstream of EGFR, namely muta-

tions in NRAS, BRAF, PIK3CA and PTEN loss of function, may

also predict lack of response to anti-EGFR therapies in CRC

(Dienstmann et al., 2011a).

Patients with advanced CRC that initially respond to EGFR

mAbs eventually become resistant to these drugs. As in lung

cancer, acquired resistance might occur through the selection

of clones that are already not sensitive at the start of treat-

ment, or the development of secondary resistance in cancer

cells that are initially sensitive to EGFR targeted therapy. Var-

ious molecular mechanisms are likely to have a role in ac-

quired resistance to EGFR mAbs and research in this field

guided important advances in drug development. These inno-

vative approaches consist in developing more efficient mAbs,

targeting simultaneously different receptors and other mem-

bers of the EGFR family, and the combination of mAbs and

TKIs of key components of the downstream signaling cascade.

3.1. More efficient anti-EGFR mAbs

The mechanism of action of anti-EGFR mAbs involves: (a) the

inhibition of ligand binding and receptor dimerization, with

the consequent inhibition of downstream signaling; (b) inter-

nalization of the EGFR and its subsequent degradation, with-

out receptor phosphorylation and activation; (c) immune

effects, exerting their activity through fragment c (Fc)-medi-

ated mechanisms, such as antibody-dependent cell-mediated

cytotoxicity (ADCC) and complement-dependent cytotoxicity.

The latter effect appears to be more intense with IgG1 mAbs

such as cetuximab, as compared to the IgG2 mAb panitumu-

mab (Campoli et al., 2010).

Development of innovative mAbs with more efficient

binding ability to the EGFR is a promising strategy to over-

come resistance to the agents in clinical use. One example

is Sym004, a combination of two chimeric mAbs targeting

non-overlapping epitopes of domain III of the EGFR. Each an-

tibody is manufactured separately as an individual drug and

Sym004 is prepared and released as a 1:1 ratio mixture. Both

antibodies bind simultaneously to the extracellular domain

of EGFR, inducing highly efficient internalization and degra-

dation of the receptor on cancer cells. Preclinical studies

demonstrate stronger tumor suppression as compared to

cetuximab and panitumumab in a wide range of cancer

types, with a clear doseeresponse relationship (Pedersen
et al., 2010). Furthermore, Sym004 inhibits growth and prolif-

eration of cancer cells that have acquired resistance to anti-

EGFR antibody therapy induced by increased EGFR ligand pro-

duction in the tumor microenvironment. The first-in-human

trial did not show unexpected toxicities and, based on pre-

liminary signs of clinical activity, Sym004 is being tested as

monotherapy in selected patients with KRAS wild-type CRC

progressing to previous cetuximab or panitumumab-based

therapy (Dienstmann et al., 2011b) (ClinicalTrials.gov Identi-

fier NCT01117428).

Another strategy to enhance efficacy of anti-EGFR mAbs is

by increasing immune-mediated citotoxicity. RG7160 (also

GA201) is a humanized glycoengineered anti-EGFR IgG1 mAb

exhibiting increased binding affinity for all FcgRIIIa variants

expressed on immune effector cells. This significantly im-

proves cell killing in ADCC-based assays and is associated

with greater activity in preclinical models when compared

with cetuximab and panitumumab (Gerdes et al., 2008).

Specifically, the structural modification potentiates not only

the activity of receptor inhibition, but also the ability of induc-

ing cell death mediated by immune cells. Encouraging results

have been observed in the phase I trial of RG7160 in

EGFR-positive refractory CRC, with partial responses and pro-

longed disease stabilization observed both in the KRASmutant

and wild-type subgroups (Paz-Ares et al., 2011). Preliminary

analysis of RG7160-related pharmacodynamic effects has

identified significant reduction of natural killer cells in periph-

eral blood and immune cell infiltration in paired tumor biop-

sies. This agent is currently being tested in a randomized

phase II trial in combination with standard irinotecan and

fluorouracil-based second-line chemotherapy in advanced

CRC (ClinicalTrials.gov Identifier NCT01326000).
3.2. Targeting additional pathways

3.2.1. Proangiogenic growth factors
The first approach to increase the efficacy of anti-EGFR mAbs

tested in theclinicwas thecombinationwithVEGFpathway in-

hibitors. In the BOND-2 phase II trial, the activity seenwith the

addition of bevacizumab to cetuximab plus irinotecan seemed

to be favorablewhen comparedwith historical controls in che-

morefractory patients who were bevacizumab naive (Saltz

et al., 2007). Nevertheless, when the anti-EGFR therapy was

added to bevacizumab-based first-line chemotherapy in ad-

vanced CRC, no added benefit was observed in large phase III

trials (Hecht et al., 2009; Tol et al., 2009). In the PACCE trial,

the addition of panitumumab to bevacizumab and

oxaliplatin-based chemotherapywas associatedwith shorten-

ing of the PFS interval among patients with tumors carrying

wild-type KRAS (9.8 versus 11.5 months) (Hecht et al., 2009).

Similarly, in the CAIRO-2 study, addition of cetuximab to

XELOX plus bevacizumab regimen had no effect on PFS among

those with KRAS wild-type tumors (10.5 versus 10.6 months)

(Tol et al., 2009). These data raises the possibility of a negative

interaction (pharmacokinetic and/or pharmacodynamic) be-

tween these two types of agents when combined with chemo-

therapy, even in the setting where anti-EGFR therapy can

effectively inhibit EGFR signaling. Another possible explana-

tion that may have contributed to this finding is the increased
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toxicity of the combination, thus leading to frequent delays in

chemotherapy and reduced dose-intensity of the regimens.

Additionally, in order to overcome resistance, anti-EGFR

mAbs have been combined with small molecules targeting

proangiogenic factors, such as brivanib. A phase III trial com-

paring cetuximab/placebo with cetuximab/brivanib in KRAS

wild-type chemotherapy-refractory CRC patients recently

completed accrual (ClinicalTrials.gov Identifier NCT00640471).

Thecorrelative studiesplanned in this trialwill bring important

information on double EGFR/VEGFR targeting in cancer

(Shapiro et al., 2011b).

3.2.2. MET pathway
MET overexpression is found in most CRCs, both KRAS wild-

type and KRAS mutant tumors, and MET signaling appears to

cooperate with EGFR pathway signaling to promote the

growth of CRC cells (Seiden-Long et al., 2006). Higher expres-

sion levels of the MET receptor and of its ligand (hepatocyte

growth factor e HGF) have been correlated with advanced

stage and poor survival in CRC (Kammula et al., 2007). Both

mAbs targeting the MET receptor or HGF ligand and TKIs tar-

geting MET are in clinical investigation in advanced CRC. Pre-

liminary results of a randomized phase I/II trial in KRAS wild-

type chemorefractory patients demonstrated significant im-

provement in overall RR with the addition of rilotumumab to

panitumumab (31% in the two mAbs arm versus 21% in the

panitumumab/placebo arm) (Eng et al., 2011). As seen in

Table 3, the combination of irinotecan, cetuximab and tivanti-

nib is also being explored in advanced CRC as a way of over-

coming resistance to anti-EGFR mAbs.

3.2.3. IGF-1R
IGF-1R is upregulated in 50e90% of CRC, being a poor prognos-

tic factor (Weber et al., 2002). Several preclinical studies dem-

onstrate that IGF-1R activation in CRC cells leads to

stimulation of EGFR, most likely related to IGF-1-induced
Table 3 e Selected combination trials of cetuximab and other targeted ag

Combination agent Target and class Phase

Ridaforolimus mTOR TKIb Ib

Tensirolimus mTOR TKIb Ib

Everolimus mTOR TKIb Ib-II

PX-866 PI3K TKIb II

XL281 (BMS-908662) RAF TKIb I

AZD6244 MEK TKIb Ib

BMS-754807 IGF-1Re/IRf TKIb I-II

Tivantinib METg TKIb Ib-II

Ramucirumab VEGFR2i mAbh II

EMD 525797 alpha v integrin mAbh Ib-II

a Colorectal cancer.

b Tyrosine kinase inhibitor.

c Head and neck cancer.

d Non-small cell lung cancer.

e Insulin-like growth factor 1 receptor.

f Insulin receptor.

g Mesenchymaleepithelial transition receptor.

h monoclonal antibody.

i Vascular endothelial growth factor receptor 2.
release of TGF-a, one of the EGFR ligands (Scartozzi et al.,

2010). Moreover, in presence of altered IGF-1R pathway, can-

cer cells can escape anti-EGFR mediated cell death through

continued activation of the PI3K pathway, which is related

to the ability of IGF-1R to heterodimerize with EGFR. More im-

portantly, overexpression of IGF-1 has been correlated with

resistance to cetuximab in KRAS wild-type CRC (Cappuzzo

et al., 2008; Scartozzi et al., 2010).

A synergistic antitumor effect of combinations of anti-

EGFR and anti-IGF-1R agents has also been shown in CRC

cell lines (Hu et al., 2008). Nevertheless, the clinical studies

that evaluated the addition of anti-IGF-1R mAbs to cetuximab

or panitumumab in CRC have not demonstrated improve-

ments in response or disease control rates. The first agent

tested in CRC patients refractory anti-EGFR agentswas cixutu-

mumab (IMC-A12) (Reidy et al., 2010). In a randomized phase II

trial, clinical benefit was seen only in one out of 64 patients

treated with cixutumumab in combination with cetuximab.

No additional antitumor activity was identified in a selected

population of patients (KRAS wild-type who experienced pro-

longed response to a previous anti-EGFR targeted therapy).

Additionally, the combination of panitumumab and ganitu-

mab also failed to improve response rates as compared to pan-

itumumab plus placebo in KRAS wild-type metastatic CRC

patients without previous anti-EGFR therapy (Eng et al.,

2011). The third agent investigated in a large randomized

phase II trial was dalotuzumab. Remarkably, when added to

cetuximab and irinotecan in patients with chemorefractory

KRAS wild-type CRC, survival endpoints were inferior as com-

pared to standard therapy (Watkins et al., 2011). Predictive

biomarker analysis is ongoing to identify subpopulations.

3.2.4. HER3
The extensive crosstalk among the ErbB family receptors leads

to upregulation of parallel pathways after blockade of a partic-

ular receptor as a compensatory mechanism. As in lung
ents with focus on CRC.a

Indication ClinicalTrials.gov
identifier

CRCa (H&Nc and NSCLCd) NCT01212627

CRCa NCT00593060

CRCa (plus irinotecan) NCT00522665

CRCa (H&Nc) NCT01252628

CRCa (RAS or RAF mutant) NCT01086267

Solid tumors NCT01217450

CRCa (H&Nc) NCT00908024

CRCa (plus irinotecan) NCT01075048

CRCa NCT01079780

CRCa (plus irinotecan) NCT01008475
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cancer, one potential mechanism of resistance to anti-EGFR

therapy in CRC is related to the ability of EGFR to form hetero-

dimers with HER3, inducing receptor autophosphorylation

and triggering anti-apoptotic signals. In the clinical scenario,

HER3 overexpression, described in 30e80% of primary or met-

astatic CRC (Lee et al., 2002), has been associated with resis-

tance to therapeutic agents targeting EGFR (Baselga and

Swain, 2009; Yonesaka et al., 2010) and its expression corre-

lates with a poor outcome in CRC patients treated with irino-

tecan plus cetuximab (Scartozzi et al., 2011). Inhibiting EGFR

and HER3 could lead to greater efficiency and also overcome

resistance to currently available EGFR-directed therapies.

MEHD7945A is a humanized IgG1 mAb with a high affinity to

EGFR and HER3. Significantly superior activity was observed

in multiple xenograft models when compared with monospe-

cific EGFR targeting agents (Schaefer et al., 2011). Phase I trial

is ongoing with a planned expansion at the recommended

dose in KRASwild-type CRC patients (ClinicalTrials.gov Identi-

fier NCT01207323). In addition, specific anti-HER3 mAbs such

as AMG 888 (ClinicalTrials.gov Identifier NCT00730470) and

MM-121 (ClinicalTrials.gov Identifier NCT00734305) are also

under investigation.

3.2.5. Downstream effectors
The most promising approaches to circumvent or reverse re-

sistance to anti-EGFR targeted therapy and even effectively

target tumor cells primarily resistant to these agents (such

as KRAS mutant), are rational combinations of targeted treat-

ments that include inhibitors of downstream effectors of the

EGFR pathway. At the present time, several drugs that inhibit

activated BRAF, MEK, PI3K, AKT and mTOR are available and

clinical trials with these agents are actively recruiting pa-

tients, some of them selecting therapy based on the genetic

profile of the tumor, as shown in Table 3. However, compre-

hensive understanding of the precise role of these potential

drug targets in colorectal tumors and the oncogenic depen-

dence that tumors might have on these components is still

lacking (De Roock et al., 2011). As an example, the clinical ac-

tivity seen with the selective BRAF inhibitor vemurafenib in

previously treated metastatic CRC patients with BRAF V600E

mutations is less remarkable than what was seen in mela-

noma patients. In an extension cohort of the phase I study

with vemurafenib, only 1 confirmed partial response and 4mi-

nor responses (�10% shrinkage) were observed in 19 patients

(Kopetz et al., 2010). This activity does confirmmutant BRAF as

a therapeutic target in this disease but also shows that the bi-

ology of BRAF activation in CRC is clearly more heterogeneous

than in other tumor types. In addition to a greater understand-

ing of the disease’s biology, clinical trials have to incorporate

biomarker stratification or enrichment strategies. The nega-

tive results seen in the phase 2 trial that evaluated the addi-

tion of sorafenib, which also targets RAF, to standard first-

line chemotherapy in unselected patients with advanced

CRC is one example of questionable trial design (Tabernero

et al., 2011). Subgroup analysis did not lead tomeaningful con-

clusions due to the small sample size of the population.

It is well known that RAS has several downstream effector

pathways that are not blocked by inhibiting onlyMEK. In addi-

tion, due to frequent coactivation of the PI3K pathway in CRC

and extensive crosstalk between receptor tyrosine kinase
cascades, a combination of targeted drugs seems appropriate.

Many trials are underway evaluating MEK inhibitors added to

PI3K, AKT and mTOR inhibitors. So far, the preliminary clini-

cal results of these phase 1 trials have not shown radiologic re-

sponses in the KRAS mutant CRC population, but the number

of patients treated is small for definitive conclusions (Shapiro

et al., 2011a; Tolcher et al., 2011; Kurzrock et al., 2011). This

strategy also needs also further investigation in BRAF and

PIK3CA mutant CRC (Wee et al., 2009).

In tumors resistant to anti-EGFR mAbs because of abnor-

mal PI3K/PTEN status, the addition of PI3K pathway inhibitors

to standard treatment is an interesting approach already be-

ing explored in multiple phase I/II trials, as shown in Table

3. In addition, the combination of cetuximab and MEK or

RAF inhibitors is undergoing clinical testing based on in-

creased antitumor activity in preclinical models with BRAF

mutant CRC cell lines (Di Nicolantonio et al., 2008). Definitive

results of these trials are eagerly expected.
4. Conclusions

EGFR is situated at the apex of this complex signaling network.

This explains why, other than NSCLC patients with activating

EGFR mutations, only a small number of patients initially re-

spond to first-generation EGFR inhibitors. In addition, ac-

quired resistance is very common among those who

respond. The most important mechanism of resistance to

anti-EGFR agents in cancer cells is activation of alternative in-

tracellular signaling pathways as an early adoptive response.

It also appears that many resistance mechanisms can coexist

in the same tumor. Thus, in order to overcome and even pre-

clude resistance to EGFR inhibitors, a combinatorial approach

targeting multiple points within these pathways may be

necessary.

Regarding EGFR targeting in NSCLC, the irreversible EGFR

TKIs have yet to meet expectations in terms of clinical effec-

tiveness. One efficacy-limiting factor is believed to be the dos-

age restriction imposed by the toxicity related to concurrent

inhibition of wild-type EGFR. The combination of afatinib

and cetuximab is the most promising in the erlotinib-

refractory context and deserves further investigation. Fur-

thermore, the upfront addition of MET inhibitors to erlotinib

has also been associated with increased efficacy outcomes

as compared to EGFR TKI therapy alone. Concerning CRC,

the progresses in drug development to overcome resistance

to EGFR targeting agents have been limited. Results of the

studies with “second-generation” anti-EGFR mAbs are ex-

pected soon, as well as the trials evaluating combination ap-

proaches with MET/HGF inhibitors and TKIs of key

downstream effectors. In both malignancies, combined inhi-

bition of EGFR and VEGFR or EGFR and IGF-1R has not im-

proved clinical outcomes.

Personalized cancer medicine based onmolecular profiling

of tumors is the treatment strategy of the future. To achieve

the goal of efficient drug development, successful preclinical

development and clear understanding of intra- and inter-

EGFR signaling pathway connections is essential. Proper selec-

tion of patients in the ongoing clinical trials with targeted

agents is mandatory, as well as studies focusing on re-
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biopsy of patients progressing on EGFR targeting agents. These

strategies are feasible and should be a priority in experienced

centers in order to improve the efficacy of EGFR inhibitors in

cancer patients.
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