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Piercarlo Saletti' Abstract: Colorectal cancer (CRC) remains a formidable health burden worldwide, with up to
Francesca Molinari? 50% of patients developing metastases during the course of their disease. This group of CRC
Sara De Dosso' patients, characterized by the worst prognosis, has been extensively investigated to improve
Milo Frattini2 their life expectancy. Main efforts, focused on the epidermal growth-factor receptor (EGFR),

which plays a pivotal role in CRC pathogenesis, have led to the development and introduction
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in clinical practice of specific targeted therapies (ie, monoclonal antibodies). Subsequently,

of Molecular Pathology, Institute of the scientific community has tried to identify molecular predictors of the efficacy of such
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therapies. However, it has become clear that EGFR alterations occurring in CRC are difficult

to investigate, and therefore their predictive role is unclear. In contrast, the clinical role of two
downstream members (KRAS and NRAS) has been clearly demonstrated. Currently, EGFR-
targeted therapies can be administered only to patients with wild-type KRAS and NRAS genes.

Our review addresses the medical management of metastatic CRC. Specifically, we describe in

detail the molecular biology of metastatic CRC, focusing on the EGFR signaling pathway, and

we discuss the role of current and emerging related biomarkers and therapies in this field. We

also summarize the clinical evidence regarding anti-EGFR monoclonal antibodies and examine

potential future perspectives.
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Introduction

With 1.25 million patients diagnosed with the disease, colorectal cancer (CRC) remains

a formidable health burden worldwide, accounting for more than 600,000 patient deaths

every year.'? Approximately a quarter of patients present with synchronous metastases,

and up to 50% of patients will develop metastases during the course of their disease.?

As a result of advances over the last 2 decades, overall survival (OS) may now be as

long as approximately 30 months in patients with the poorest prognosis, characterized

by metastatic disease (mCRC), with up to 70% of these patients receiving at least two

treatment lines.*® These achievements are attributed to the introduction of new chemo-

therapeutic agents, the incorporation of novel targeted therapies, and the expansion of

indications for liver resection. In parallel, great effort is underway to shift from a “one

size fits all” approach to more personalized medicine. Regarding this latter approach,
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Our review addresses the medical management of mCRC. Specifically, we describe

Email milo.frattini@ti.ch the molecular biology of mCRC, focusing on the epidermal growth factor receptor
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(EGFR) signaling pathway, and we discuss the role of current
and emerging related biomarkers and therapies in this field.
We also summarize the clinical evidence regarding anti-
EGFR monoclonal antibodies (mAbs) and examine potential
future perspectives.

Metastatic colorectal cancer: modern

options in a continuum of care

The initial consideration is whether the treatment goal is
curative (immediately or leading to potentially resectable
disease) or palliative, with the aims of prolonging survival and
achieving symptom control and quality of life.? By integrating
systemic therapy and surgery in patients with limited liver
metastases, 5-year OS ranges from 40% to 60%.°'! The con-
tribution of other locoregional treatments (radioembolization,
chemoembolization, or stereotactic radiotherapy) in the
treatment of liver metastases has not been fully elucidated,
although upfront radiofrequency ablation with or without
liver surgery followed by chemotherapy has been shown to
improve progression-free survival (PFS) compared to chemo-
therapy alone for unresectable liver metastases.'? Therefore,
these options may be considered in selected patients with
chemorefractory liver disease. The management of mCRC
involves various agents, given across a continuum of care.
Interchangeable doublets (fluoropyrimidine and oxaliplatin
[FOLFOX] or fluoropyrimidine and irinotecan [FOLFIRI],
or their variations incorporating the oral fluoropyrimidine
capecitabine) are recommended in rapidly progressing and/
or symptomatic disease,'>'* whereas the triplet FOLFIRINOX
may be appropriate when maximizing tumor response may
lead to secondary liver resection.'”” To limit toxicities, a
sequence of initial single-agent fluoropyrimidine followed by
combination chemotherapy may be reasonable in low-burden,
slowly progressing, and/or asymptomatic disease, particularly
in elderly patients.'®!” The feasibility of chemotherapy-free
intervals has been studied, and current data do not sup-
port the safety of a full chemotherapy holiday. In choosing
oxaliplatin-based regimens, a stop-and-go strategy is feasible
in responding patients, who continue on maintenance che-
motherapy with or without a biological agent.'®? In selected
patients, observation may also be considered.?!

The ability of targeted therapies to provide a survival
benefit is now well established, although the improvement
has been below expectations. In first-line treatment, the addi-
tion of the antiangiogenic bevacizumab to oxaliplatin- or
irinotecan-based regimens improves PFS, and as observed
with irinotecan only, OS compared with chemotherapy
alone.?>>* Bevacizumab also improves OS in second-line

therapy, and with a different chemotherapy backbone, beyond
first progression.?>** Moreover, the addition of bevacizumab
to capecitabine significantly improves PFS, with a strong
trend in OS and an acceptable toxicity profile among patients
greater than 70 years of age.?” More recently, the recombinant
fusion protein ziv-aflibercept (administered in second-line
therapy, in combination with FOLFIRI) and the oral multiki-
nase inhibitor regorafenib (in patients treated with all active
drugs) have joined the treatment armamentarium, based on
OS improvement.”? In this era of personalized medicine,
the anti-EGFR mAbs cetuximab and panitumumab have
significantly contributed to the development of more active
therapeutic options.

EGFR signaling and specific

therapies

The EGFR signaling pathway is believed to play a pivotal
role in tumor growth and the progression of various cancers,
mainly in solid tumors, including CRC. The EGFR gene,
located on chromosome 7p12—13, encodes for a 170 kDa
transmembrane receptor comprising an extracellular ligand-
binding domain and an intracellular tyrosine kinase (TK)
domain. EGFR belongs to the ErbB family of receptor TKs
(which includes ErbB1 [EGFR or HER1], ErbB2 [HER2],
ErbB3 [HER3], and ErbB4 [HER4]).** EGFR is activated
by several ligands, including EGF, transforming growth
factor-o,, amphiregulin (AREG), heparin-binding EGF,
epiregulin (EREG), and betacellulin. Ligand binding
induces receptor dimerization with another EGFR monomer
(homodimerization) or with a monomer of another ErbB
family member (heterodimerization). As a consequence,
several tyrosine residues in the intracellular domain are
phosphorylated, creating a series of high-affinity binding sites
for various transducing molecules. The two main pathways
activated by EGFR are the RAS—RAF-MAP kinase pathway
and the PI3K-PTEN—-Akt pathway. These pathways are
involved in transmitting mitogenic signaling into the nucleus
by regulating several transcription factors, which in turn
control the expression of genes relevant for several cellular
responses, such as cell proliferation, migration, differentia-
tion, and apoptosis.’'

EGFR is normally highly regulated by inhibitory mecha-
nisms, including dephosphorylation by protein tyrosine
phosphatases and de novo expression of EGFR inhibitors.*¢*!
Alterations of these regulation mechanisms (leading to an
aberrantly high level of receptor activation and therefore to
the constitutive activation of downstream signal-transduction
pathways, causing the tumor growth to be strictly dependent
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on EGFR, a process also known as “tumor addiction”) are
tumorigenic, directly involve EGFR, and include hyperactivat-
ing mutations, protein overexpression, and gene amplification.
Furthermore, the overexpression of receptor ligands and/or
the loss of negative regulatory mechanisms are alternative and
strong mechanisms of EGFR deregulation. 3443

In contrast to other cancer types, oncogenic mutations
in the EGFR gene are rare in CRC.*7 Rather, the principal
mechanism of deregulation of EGFR in CRC is represented
by protein overexpression (defined as 2+ and/or 3+ staining
or in >50% of cells by immunohistochemical analyses) in
35%—-50% of patients.*>** Several studies have demonstrated
a statistically significant association between EGFR overex-
pression and poor prognosis.*~>* However, other reports have
failed to confirm this correlation, and therefore the prognostic
role of EGFR deregulation remains elusive. 436

Targeting EGFR in CRC: anti-EGFR mAbs

Given the important role of EGFR and its downstream path-
ways in tumorigenesis and disease progression, this receptor
has become a relevant and promising target for anticancer
therapies. In vitro and in vivo studies have demonstrated
that blocking EGFR and downstream signaling may lead
to carcinoma cell-growth inhibition, resulting in significant
benefits for cancer patients. Several therapeutic approaches to
targeting EGFR have been explored, most of which reached
clinical testing. Two classes of EGFR antagonists have been
developed, and are currently used in cancer treatment: mAbs,
which prevent ligand binding to the receptors, and TK inhibi-
tors, small molecules that compete for adenosine triphosphate
binding to the TK domain of the receptor. Both approaches
lead to the inhibition of EGFR autophosphorylation.’’
Through the application of these agents to the treatment
of tumors in which EGFR signaling plays a pivotal role, it
has been demonstrated that TK-inhibitor (TKI) efficacy is
restricted to cases carrying EGFR mutations (occurring in
the TK domain encoded by exons 18-21, with the important
exception of exon 20 mutations, which appear to be blocked
only by irreversible TKIs), and therefore CRC patients in
whom EGFR mutations are very rarely detected cannot
benefit from TKI administration.*

In contrast, mAbs have demonstrated promising results
in the treatment of mCRC. Currently, two anti-EGFR mAbs
have been approved by the US Food and Drug Administration
and by the European Medicines Agency for the treatment
of mCRC, based on the improvement of PFS and OS when
used as single agents or in combination with chemotherapy
(detailed later). Cetuximab, a human-mouse chimeric IgG,

mAb, was the first EGFR-targeted agent approved for the
treatment of CRC. Panitumumab, a fully humanized IgG,
mAb, was more recently approved in the US and Europe as
third-line treatment of mCRC.%*¢ Cetuximab and panitu-
mumab display the same mechanism of action: they bind to
the extracellular domain of EGFR, thus occluding the ligand-
binding region and thereby blocking TK activation, inducing
its internalization and degradation.’® Therefore, by inhibit-
ing EGFR downstream pathways, they stimulate apoptosis.
Additionally, anti-EGFR mAbs, particularly those of the
IgG, subclass, may recruit host immune mechanisms to
attack the targeted cancer cell. These mechanisms include
antibody-dependent cellular cytotoxicity, and to a lesser
extent complement-mediated cytotoxicity.®'%? Irrespective
of the anti-EGFR drug used, the clinical results of myriad
studies have shown superimposable results for cetuximab
and panitumumab.

The ability of cetuximab to block the EGFR pathway
is supported by preclinical and clinical studies. At the
preclinical level, it has been demonstrated that cetuximab
alone primarily exhibits cytostatic activity, whereas its
combination with other chemotherapeutic agents (such as
platinum-derived compounds and irinotecan) potentiates
the antitumoral activity of the individual therapies.®*¢* One
hypothesis for this synergy is that for the majority of cell
lines, blocking EGFR signaling is insufficient for cytotox-
icity, whereas EGFR inhibition may render the cells more
vulnerable to chemotherapy.**

At the clinical level, cetuximab was the first mAb to
demonstrate efficacy in CRC. Phase II trials demonstrated
that patients with advanced CRC had a response rate (RR)
of 11% when cetuximab was administered as single-agent
therapy, and 23% when combined with irinotecan. Recently,
panitumumab has been reported to produce similar results
in a group of mCRC chemotherapy-refractory patients.®
EGFR mAbs have been evaluated as first-, second-, or
third-line therapy, either as single agents or in combination
with various chemotherapeutic molecules. Both antibodies
have been shown to reduce the risk of tumor progression
and to improve OS, PFS, and quality of life of patients with
refractory CRC.3-65:66

Because only a subgroup of patients benefited from mAb
administration, numerous retrospective and prospective stud-
ies conducted subsequently sought molecular predictors of
anti-EGFR mAbD efficacy. Currently, only RAS testing has
been adopted in clinical practice, after extensive demon-
stration that the presence of RAS mutations is significantly
correlated with resistance to EGFR-targeted therapies. In the
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following sections, we summarize the predictive role played
by the EGFR pathway in mCRC patients treated with cetux-
imab or panitumumab.

Molecular mechanism of response
and resistance to EGFR-targeted

monoclonal antibodies

EGFR protein expression

Regarding the predictive role of EGFR deregulation in
mCRC patients treated with anti-EGFR mAbs, initially
it was hypothesized that EGFR-targeted agents would be
most effective in those tumors overexpressing the protein.
However, it was promptly documented that the levels of
EGFR protein expression detected by immunohistochemistry
(IHC) were not correlated with clinical response.*>%¢7 In
particular, in the study of Chung et al,*” four of 16 (25%)
patients with EGFR-negative tumors who received
cetuximab-based therapy experienced a partial response.
Subsequent retrospective analysis of multiple series and
data from the PRIME trial confirmed these data, including
in wild type (wt) KRAS tumors.* "

The lack of association between EGFR protein expression
by IHC and response to EGFR-targeted agents is likely due
to many technical reasons. IHC is not a strictly quantitative
method, and the choice of tissue fixative, the tumor tissue-
storage time, the choice of primary antibody, and the lack of
standardized evaluation criteria, together with the disparity
between the form of the epitope of EGFR protein detected
by IHC and that targeted by anti-EGFR mAbs, all represent
potential pitfalls and have a substantial impact on the deter-
mination of EGFR immunoreactivity.”"-”* Moreover, EGFR
expression might differ between primary tumors and meta-
static sites, and therefore the evaluation of EGFR expression
in the primary tumor may be inappropriate for predicting
the treatment response of metastases. Lastly, there is no
correlation between EGFR protein expression and EGFR
gene amplification. As a result of all of these considerations,
cetuximab and panitumumab are now administered without
the need for EGFR testing.

EGFR gene amplification and copy number

Recent studies on colon cancer have shown that a modest
increase in EGFR gene copy number (three- to fivefold) is
present in up to 50% of cases, and that this is caused mainly
by polysomy rather than by gene amplification. However,
it appears that increased EGFR gene copy number does not
always translate into increased EGFR protein expression,™7¢
in contrast to other ErbB family members. EGFR gene gain

can be analyzed by fluorescent in situ hybridization (FISH),
chromogenic ISH, or polymerase chain reaction-based
methods, although the most frequently used method to assess
EGFR gene status in CRC is FISH.

The predictive role of EGFR gene copy-number gain
in mCRC patients treated with anti-EGFR mAbs has been
demonstrated by different studies. Initial studies revealed that
patients with tumors showing EGFR gene amplification or
chromosome 7 polysomy responded to cetuximab therapy.”’
Additional studies, also in large cohorts, confirmed these
results, demonstrating that patients with fewer than three EGFR
gene copies per nucleus had a relatively low likelihood of
response to EGFR-targeted mAb treatment.”>’88! Conversely,
only one study contradicted this evidence by showing a lack
of statistical correlation between EGFR gene copy number
and cetuximab treatment when the well-established FISH
interpretation criteria used for non-small-cell lung cancer
evaluation were applied.® Thereafter, two studies (also in wt
KRAS patients) provided evidence anew regarding a statisti-
cally significant correlation between EGFR gene copy number
and RR, with a significant increase of the median time to
progression in patients showing EGFR gain.®%* However, all
of the aforementioned studies applied different types of cutoffs
to define EGFR gene status. When comparative analyses per-
formed on the same samples in different institutions showed
a lack of reproducibility for EGFR gene-status evaluation by
FISH methodology, it became clear that EGFR gene status
cannot be used in clinical settings to predict the efficacy of
EGFR-targeted therapies either.35%

In this context, it is important to highlight that the exact
definition of the relationship between EGFR gene status and
the cetuximab/panitumumab response is complicated by
the predictive role played by EGFR downstream effectors
(discussed in “EGFR downstream effectors”).

EGFR ligands epiregulin and amphiregulin

Independent groups recently reported in retrospective series
of mCRC patients treated with cetuximab monotherapy or
in combination with chemotherapy that increased expression
of genes encoding two EGFR ligands — AREG and EREG —
strongly correlates with therapeutic benefit from cetuximab
in wt KRAS patients, both in terms of disease-control rate
and PFS, whereas the impact on OS was not significant.? !
However, similar to EGFR copy-number gain, due to the
lack of standardization of the analytic method (real-time
polymerase chain reaction), AREG and EREG expression
levels are not routinely measured in clinical practice, and
further evaluation of their role is required.
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EGFR downstream effectors

In addition to molecular alterations of the FGFR gene and of
its ligands, specific alterations of EGFR downstream effec-
tors have been demonstrated to be linked with the response
to anti-EGFR therapies.

EGFR downstream pathways alterations include onco-
genic point mutations in the KRAS, NRAS, BRAF, and
PIK3CA genes (reported in approximately 40%, 5%, 10%,
and 20% of CRC cases, respectively), and PTEN loss of
function (due to mutations, allelic loss, or epigenetic altera-
tions, cumulatively reported in approximately 20%—30%
of cases), which occur independently of EGFR status
(Figure 1).575.77.782

RAS

The highly homologous family of RAS oncogenes (KRAS,
HRAS, and NRAS) encodes for guanosine diphosphate
(GDP)/guanosine triphosphate (GTP)-binding proteins that
act as self-inactivating intracellular signal transducers. RAS
proteins normally cycle between active GTP-bound and
inactive GDP-bound conformations. RAS mutations are one
of the most common gene alterations in human cancer.’>%?
Oncogenic R4S mutations result in RAS proteins that are per-
manently in the active GTP-bound form, thus leading to the
constitutive activation of the MAPK pathway. Unlike wt RAS
proteins that are inactivated after a short time, the mutated
proteins are able to continuously activate signaling pathways

EGFR ligands

EGFRm
RECICEN

as

Cell survival

Cell proliferation
Apoptosis inhibition R

Figure | The EGFR pathway.
Abbreviation: EGFR, epidermal growth-factor receptor.

in the absence of any upstream stimulation, including EGFR.
More than 90% of KRAS mutations involve codons 12 and 13
(exon 2), with approximately 80% occurring in codon 12.%*
Mutations in other exons (3 and 4) have also been reported;
however, these comprise <10% of mutations.”® A similar
situation is observed for NRAS, although the most frequent
change occurs at exon 3 (codon 61). Initially, KRAS mutations
emerged as the main predictor of resistance to anti-EGFR
mAbs. This fact has been consistently demonstrated in small
single-arm data sets and also by retrospective analysis of
large Phase III studies and in some prospective trials of
patients receiving first or subsequent lines of treatment. In
these studies, patients with mCRC harboring KRAS muta-
tions did not show any benefit of treatment with cetuximab
or panitumumab either alone or in combination with standard
chemotherapy.®

Although all KRAS mutations display the same effect on
KRAS protein activity, recent evidence appears to demon-
strate that they may exert different effects on the efficacy of
EGFR-targeted therapies. In fact, it has been proposed that
patients with KRAS codon 13 mutations are not resistant to
anti-EGFR mAbs,” although this hypothesis was not con-
firmed by a pooled analysis of three randomized studies.?>**¢
As regards the predictive value of KRAS exon 3 and 4
mutations, data obtained from retrospective studies’**” dem-
onstrated that these mutations share biological behavior with
KRAS codon 12 and 13 alterations, thus indicating that they
may confer anti-EGFR mAbs resistance. These preliminary
data have been confirmed by two large studies, which addi-
tionally demonstrated that NRAS mutations also display the
same negative effect on the efficacy of EGFR-targeted
therapies.”>? Presently, therefore, it is mandatory to evaluate
the molecular status of the KRAS and NRAS genes before the
administration of EGFR-targeted therapies.

BRAF

The BRAF gene, located on chromosome 7, encodes for
an RAS effector belonging to the RAF family of Ser-Thr
kinase proteins. The BRAF gene product is recruited to the
plasma membrane upon binding to GTP-bound RAS, and
represents a key point in the signal transduction through
the MAPK pathway. BRAF is the only RAF protein found
to be frequently mutated in cancer.”® In CRC, BRAF muta-
tions, occurring in approximately 10% of cases, are all
represented by V60OE amino acid substitution, and have
been detected only in wt KRAS cases.” These mutual
exclusions have led to the assumption that BRAF and
KRAS alterations might have the same functional effect in
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colorectal carcinogenesis, although mutated BRAF protein
has a 50-fold-lower transforming activity than mutated
RAS proteins.!® Therefore, the predictive role of BRAF
mutations has been evaluated by several retrospective
studies, most of which showed a significant association
between the presence of BRAF mutations and resistance to
anti-EGFR mAbs in mCRC patients refractory to standard
chemotherapy.?>101.102

However, the results from patients treated with anti-EGFR
mAbs in first-line therapy have shown that BRAF-mutant
patients experienced some benefit from the addition of
cetuximab.!”® Considering that BRAF mutations are an
established prognostic factor linked with adverse outcome,
it is difficult to clarify whether BRAF also has a predic-
tive value, as BRAF prognostic value may override its
predictive role.>'” Therefore, the role of the BRAF mutation
as a negative predictor of cetuximab efficacy has yet to be
clarified.

PIK3CA

PI3Ks are heterodimeric lipid/protein kinases that differ in
structure, substrate specificity, tissue distribution, function,
and mechanisms of activation and regulation.'™ Activation
of PI3Ks stimulates various downstream pathways involved
in the regulation of several cellular functions, including cel-
lular growth, transformation, adhesion, apoptosis, survival,
and motility.!* PI3Ks are antagonized by the phosphatase
PTEN, which catalyzes the opposite reaction. Constitutive
activation and overexpression of PI3Ks (and inactivation
of PTEN) results in enhanced PI3K signaling, leading to
oncogenic cellular transformation and cancer. Only PI3K
proteins that contain the catalytic subunit pl110¢ and its
associated regulatory subunit p85 (belonging to the class
IA) are involved in tumorigenesis, as only the PIK3CA gene,
encoding for the p1100o subunit, has been found to be mutated
in several tumors.'%*

The predictive effect of PIK3CA mutations in mCRC
patients treated with EGFR-targeted therapies has been
assessed by few studies. By analyzing CRC cellular models,
it has been demonstrated that cell lines harboring PIK3CA
mutations (as well as PTEN-null phenotype) are significantly
more resistant to cetuximab compared with PIK3CA/PTEN
normal cell lines.'” These results were confirmed at a clinical
level by large retrospective studies; however, to date it appears
that only PIK3CA mutations occurring at exon 20 play a
negative predictive role for EGFR-targeted therapies.?>!%6-1%8
Overall, these data appear to indicate that specific PIK3CA
mutations on exon 20 may be associated with resistance to

EGFR-targeted therapies. However, as PIK3CA mutations
may coexist with KRAS and BRAF mutations, it is more chal-
lenging to ascertain their clinical significance, and therefore
larger studies confirming this hypothesis are required.

PTEN
PTEN is a tumor-suppressor gene that encodes for a
403-amino acid protein counteracting PI3K activity.'® In
CRC, PTEN is altered through mixed genetic/epigenetic
mechanisms (intragenic mutation/epigenetic or 10g23 loss
of heterozygosity/epigenetic), which lead to the biallelic
inactivation of the protein in 20%-30% of cases. In addi-
tion to PTEN loss of heterozygosity and mutations, PTEN
promoter hypermethylation is a frequent event in sporadic
microsatellite unstable CRC, and may constitute an important
epigenetic mechanism of PTEN inactivation in this setting.
Therefore, because all of these alterations lead to decreased
protein expression, the preferred method to evaluate PTEN
inactivation is represented by IHC, which is however associ-
ated with reproducibility concerns.®

In fact, the preliminary studies showing PTEN loss
of expression as a novel mechanism of resistance to
EGFR-targeted therapies have not been confirmed, and
consequently PTEN evaluation warrants more extensive
investigation in large studies.’®7%83.107.110-112

Anti-EGFR mAbs: clinical

perspective

The choice of first-line treatment for patients with mCRC is
based on tumor- and patient-related factors and molecular
information to determine the individual treatment aim and
intensity. Recent advances (ie, extended RAS testing) enable
tailored patient assignment to the most beneficial treatment
approach.

Unresectable metastatic disease

Upfront therapy

Several clinical trials have shown the efficacy of anti-EGFR
mADbs in combination with chemotherapy in treating mCRC,
irrespective of the age of patients included (Table 1).

Cetuximab

In the CRYSTAL trial, 1,198 untreated patients with mCRC
were randomized to FOLFIRI alone or in combination with
cetuximab.>!* In the intent-to-treat (ITT) population, PFS
(the primary end point) significantly improved in the cetux-
imab arm (8.9 versus 8.0 months, hazard ratio [HR 0.85];
P=0.048), but not OS. However, for patients who exhibited
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Table | Anti-EGFR mAbs as first-line therapy

Study Treatment Primary Population Patients, Median PFS, HR Median OS, HR RR, %
arms end point n months P-value  months P-value P-value
Cetuximab
Van Cutsem FOLFIRI + C PFS ITT 1,198 8.9 0.85 19.9 0.93 46.9
etal'? FOLFIRI 8.0 P=0.048 18.6 P=0.31 387
P=0.0038
KRAS wt 666 9.9 0.696 235 0.796 57.3
8.4 P=0.0012 20.0 P=0.0093 39.7
P<<0.001
KRAS mut 397 7.4 1.171 16.2 1.035 31.3
7.7 P=0.26 16.7 P=0.75 36.1
P=0.35
Maughan FOLFOX/XELOX +C  OS KRAS wt 729 8.6 0.96 17.0 1.04 64
etal”® FOLFOX/XELOX 8.6 P=0.60 17.9 P=0.68 57.0
P=0.049
KRAS mut 565 13.6 0.98
14.8 P=0.80
Tveitetal'®  FLOX+C PFS ITT 194 8.3 0.89 19.7 1.06 49.0
Intermittent FLOX + C 187 7.3 P=0.31 20.3 P=0.67 P=0.15
FLOX 185 79 NR 20.4 1.03 47.0
P=0.79 41.0
KRAS wt 97 79 1.07 20.1 1.14 46.0
109 7.5 P=0.66 21.4 P=0.48 P=0.89
97 8.7 NR 22.0 1.08 51.0
P=0.66 P=0.89
47.0
KRAS mut 72 9.2 0.71 21.1 1.03 49.0
65 72 P=0.07 20.5 P=0.89 P=0.31
7.8 NR 20.4 1.04 42.0
P=0.84 40.0
Bokemeyer  FOLFOX + C RR ITT 337 7.2 0.931 18.3 1.015 46.0
etal' FOLFOX 7.2 P=0.62 18.0 P=0.91 36.0
P=0.064
KRAS wt 179 8.3 0.567 22.8 0.855 57.0
72 P=0.0064 18.5 P=0.39 34.0
P=0.0027
KRAS mut 136 5.5 1.72 13.4 1.290 34.0
8.6 P=0.0153 175 P=0.20 53.0
P=0.029
Panitumumab
Douillard FOLFOX + P PFS KRAS wt 656 9.6 0.80 23.9 0.83 55.0
etal® FOLFOX 8.0 P=0.02 19.7 P=0.072  48.0
P=0.068
KRAS mut 440 7.3 1.29 15.5 1.24 40.0
8.8 P=0.02 19.3 P=0.068  40.0
Douillard FOLFOX + P PFS RAS wt 512 10.1 0.72 25.8 0.77 NR
et al® FOLFOX 79 P=0.004 202 P=0.009
RAS mut 548 7.3 1.31 15.5 1.21 NR
8.7 P=0.008 18.7 P=0.04

Abbreviations: C, cetuximab; HR, hazard ratio; EGFR, epidermal growth-factor receptor; FLOX, fluoropyrimidine + folinic acid + oxaliplatin; FOLFIRI, fluoropyrimidine +
irinotecan; FOLFOX, fluoropyrimidine + oxaliplatin; ITT, intent to treat; mAbs, monoclonal antibodies; mut, mutant; NR, not reported; OS, overall survival; P, panitumumab;
PFS, progression-free survival; RR, response rate; wt, wild type; XELOX, capecitabine + oxaliplatin.

wt KRAS, a greater and statistically significant benefit was
observed for both PFS (9.9 versus 8.7 months, HR 0.68)
and OS (23.5 versus 20.0 months, HR 0.796; P=0.0093).
Cetuximab has also been evaluated in combination with
FOLFOX in the randomized Phase II OPUS trial.!'#!5

In patients with wt KRAS, the combination significantly
improved PFS (8.3 versus 7.2 months, HR 0.567; P=0.0064),
without benefit to OS (22.8 versus 18.5 months, HR 0.855;
P=0.39). If cetuximab is combined with an oxaliplatin-

based chemotherapy backbone, infusional 5-fluorouracil
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(5-FU) is preferable to an oral (XELOX) or bolus (FLOX)
fluoropyrimidine-containing regimen. In fact, in the COIN
trial,® although the RR was superior in the experimental
arm (64% versus 57%, P=0.049), neither OS (primary
end point; 17.0 versus 17.9 months, HR 1.04; P=0.67) nor
PFS (8.6 months in both arms, HR 0.96; P=0.60) improved
by adding cetuximab to oxaliplatin-based chemotherapy.
Similarly, in the NORDIC VII trial,'° patients with wt KRAS
derived no benefit from cetuximab plus FLOX in terms of
PFS (primary end point; 8.7 versus 7.9 months, HR 1.07;
P=0.66) or OS (22.0 versus 20.1 months, HR 1.14; P=0.48).
In comparison with the OPUS trial, in which infusional 5-FU
was administered in combination with oxaliplatin, the differ-
ent fluoropyrimidine (capecitabine or bolus 5-FU) schedules
used in these two trials in combination with oxaliplatin might
explain the negative outcomes.

Panitumumab

In first-line treatment, panitumumab has been evaluated
in a randomized trial in combination with FOLFOX.
Retrospective analyses of the PRIME study clearly dem-
onstrated the negative predictive value of KR4S mutation
in exons 3 and 4 and NRAS mutations in exons 2, 3, and
4 in patients treated with panitumumab and FOLFOX.* In
patients with any R4S mutation, the addition of panitumumab
to FOLFOX had a detrimental effect on PFS (7.3 versus
8.7 months, HR 1.31; P=0.008) and OS (15.5 versus 18.7,
HR 1.21; P=0.040). In contrast, in 512 patients with tumors
characterized by all wt RAS genes, both PFS (primary end
point; 10.1 versus 7.9 months, HR 0.72; P=0.004) and OS
(26.0 versus 20.2 months, HR 0.78; P=0.04) were signifi-
cantly in favor of the combination.

Head to head with bevacizumab

In the randomized Phase III AIO KRK-0306 (FIRE-3)
study,!'” FOLFIRI was evaluated either with cetuximab or
bevacizumab in 592 wt KRAS patients. In the ITT population,
no difference in RR (primary end point; 62% versus 58%, odds
ratio 1.249; P=0.183) was observed between the study arms.
In contrast, a significant advantage in favor of the cetuximab-
containing arm was reported (72% versus 63%, P=0.017).
While PFS were superimposable (10 versus 10.3 months, HR
1.06; P=0.547), OS was significantly better in the cetuximab
arm (28.7 versus 25 months, HR 0.77; P=0.017). Recent
analyses demonstrated a more pronounced OS benefit in wt
RAS patients (33.1 versus 25.6 months, HR 0.70; P=0.011)
favoring the cetuximab arm.!'® In this trial, the authors ret-
rospectively evaluated the outcome of second-line therapies.
The study recommended FOLFOX plus bevacizumab or

irinotecan plus cetuximab according to the randomization
arm, but clinicians could choose any second-line regimen.
First-line PFS according to second-line antibody use was 9.2
months for anti-vascular endothelial growth factor (VEGF),
9.7 months for anti-EGFR mAbs, and 11.3 months for no
mAbs, respectively (P=0.001). Correspondingly, OS was
25.2 months for anti-VEGEF, 23.7 months for anti-EGFR,
and 30.8 months for no mAbs (P=0.02). OS according to
oxaliplatin use was 27.1 months for oxaliplatin versus 29.1
months for no oxaliplatin (P=0.10). In the recently published
randomized Phase Il PEAK study,'" FOLFOX was evaluated
either in combination with panitumumab or bevacizumab
in 285 previously untreated wt KRAS patients. In the ITT
group, PFS (primary end point; 10.9 versus 10.1 months, HR
0.87; P=0.353) was similar between the study arms, whereas
OS was superior in the panitumumab arm (34.2 versus
24.3 months, HR 0.62; P=0.009). In the subgroup with all
wt RAS genes, the panitumumab arm was superior in terms
of PFS (13.0 versus 9.5 months, HR 0.65; P=0.029) and OS
(41.3 versus 28.9 months, HR 0.63; P=0.058). Therefore, the
similar results in both the FIRE-3 and PEAK trials suggest
the beneficial impact of anti-EGFR mAbs plus chemotherapy
in patients with all-wt RAS genes.

However, conflicting results arose from the large CALGB/
SWOG 80405 trial.'* Previously untreated patients with wt
KRAS mCRC were randomized to receive either bevacizumab
or cetuximab in combination with chemotherapy (FOLFOX
or FOLFIRI, by investigator choice). Surprisingly, no differ-
ences in either OS (primary end point; 29 versus 29.9 months,
HR 0.92; P=0.34) or PFS (10.8 versus 10.4 months, HR
1.04; P=0.55) were observed between the treatment arms.
Nonetheless, it is expected that expanded RAS testing may
identify subsets of patients who derive benefit from specific
regimens. In anticipation of this possibility, the current evi-
dence enhances the positioning of anti-EGFR mAbs in the
first-line treatment of mCRC.

Secondary resectability

In some patients, the achievement of a disease-free status,
after downsizing by induction systemic therapy enabling
secondary surgery, is the only means of conferring the poten-
tial of long-term survival or even cure. For this purpose, the
most active induction chemotherapy should be used up-front,
considering that early tumor shrinkage is associated with
better outcome.!'?122 A chemotherapy doublet with anti-
EGFR mAbs is an attractive option, as it can lead to higher
RR and resectability rates in patients with wt KRAS and
initially unresectable liver-limited metastases compared to
chemotherapy alone. In the updated analysis of the CRYSTAL
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trial, overall RR (57.3% versus 39.7%, P<<0.001), the rates
of surgery for metastasis (7.9% versus 4.6%, P=0.0633)
and RO resection (5.1% versus 2.0%, P=0.0265) were sig-
nificantly higher in the cetuximab arm.’ In the CELIM trial,
the patients were randomized to receive cetuximab either
with FOLFOX6 or FOLFIRI.!® In patients with wt KRAS
tumors, an RR of 70% was reported along with a 34% RO
resection rate of liver metastases. Similar trends have been
reported in the randomized Phase II OPUS trial, with an
observed higher RR (57% versus 34%, P=0.0027) in favor
of cetuximab plus FOLFOX.!"* In a recently published trial,
cetuximab plus chemotherapy was compared with chemo-
therapy alone (FOLFOX6 or FOLFIRI) in patients with wt
KRAS unresectable liver-limited metastases.'>* The combina-
tion arm demonstrated significantly improved conversion to
resection (primary end point; 28.6% versus 13.2%, P=0.027),
RO resection (25.7% versus 7.4%, P=0.004), and RR (57.1%
versus 29.4%, P=0.001), respectively. Lastly, cetuximab was
also evaluated in combination with the triplet FOLFOXIRI
in a Phase II trial of patients with wt KRAS mCRC who were
younger than 70 years and with 0—1 performance status.!?
The overall RR was 70%, and secondary RO resections were
performed in 37% of patients. In the final report of the PRIME
trial, overall RR favored panitumumab plus FOLFOX4 (57%
versus 48%, P=0.02) compared to chemotherapy alone in
patients with the wt KRAS gene.'?® Panitumumab was also
evaluated in combination with FOLFOXIRI in patients with
quadruple wt (KRAS, NRAS, HRAS, BRAF)-status mCRC.'”’
The objective RR was 89%, conversion surgery was possible
in 43%, and RO resection occurred in 35% of cases.

Immediately resectable metastatic disease
In patients with resectable disease, perioperative
chemotherapy is an acceptable option considering the
improvement in PFS at 3 years compared to surgery alone
(35.4% versus 28.1%, HR 0.79; P=0.058).'* The New
EPOC study evaluated the benefit of cetuximab in addi-
tion to FOLFOX in patients with wt KRAS operable liver
metastases.'?’ PFS, the primary end point, was significantly
shorter in the combination arm compared to chemotherapy
alone (14.1 versus 20.5 months, HR 1.48; P=0.030). In
view of this unexpected result, the addition of cetuximab
to chemotherapy cannot be recommended in immediately
resectable liver metastases.

Anti-EGFR mAbs beyond progression

Unlike the benefit of using bevacizumab beyond disease
progression,'*® data regarding anti-EGFR mAbs in this
setting are relatively limited. The rate of poststudy use of

anti-EGFR mAb therapy varies from 6% to 12%.!13:116:126.131
In the FIRE-3 trial, 48.2% of patients in the cetuximab arm
received second-line therapy including bevacizumab, whereas
14.4% continued on cetuximab.''” The post hoc exploratory
analysis of the EPIC study suggested a potential clinical
benefit of using cetuximab beyond disease progression.'*? In
fact, patients in the cetuximab-plus-irinotecan arm who went
on to receive cetuximab in the poststudy-therapy phase had
a median survival of 16.2 months, whereas those who did
not receive any poststudy therapy and those who received
poststudy therapy without cetuximab had median survival
of 6.31 months and 13.0 months, respectively. With respect
to the selection bias inherent to this unplanned analysis, the
results should be regarded as hypothesis-generating. This
issue is currently being explored in the ongoing CAPRI
trial,’*? in which wt KRAS patients refractory to cetuximab
plus FOLFIRI are randomized to receive FOLFOX alone or
in combination with cetuximab.

Second- and third-line therapies

The EPIC trial was designed to assess whether the addition
of cetuximab to irinotecan as second-line therapy would
prolong OS in patients who failed upfront oxaliplatin
and 5-FU.3* No improvement in OS was observed; however,
patients in the combination arm had significantly longer PFS
(4.0 versus 2.6 months, HR 0.692; P<<0.0001) and higher
RR (16.4% versus 4.2%, P<<0.0001). In a randomized
Phase III trial, panitumumab was evaluated in second-line
therapy in combination with FOLFIRI in 1,186 patients,
and KRAS status was available in 91% of them.!®! In the
wt KRAS subgroup, although PFS was significantly pro-
longed in the combination arm compared to FOLFIRI
(3.9 versus 5.9 months, HR 0.73; P=0.004), no significant
difference in OS was observed (14.5 versus 12.5 months,
HR 0.85; P=0.12). Three randomized trials were conducted
to evaluate the efficacy of anti-EGFR mAbs in third-line
treatment or beyond. In the pivotal BOND trial,*® 329
patients who progressed to an irinotecan-based regimen
were randomized to receive either cetuximab and irinote-
can or cetuximab alone. The RR was significantly higher
in the combination arm (22.9% versus 10.8%, P=0.007).
The time to progression was also significantly prolonged in
favor of the combination (4.1 versus 1.5 months, HR 0.54;
P<0.001), whereas no difference in OS was observed. The
NCIC CO.17 trial compared cetuximab to best supportive
care (BSC) in 572 patients who had failed or had contrain-
dications to all active chemotherapeutic agents.'** The OS
improved in the cetuximab arm (6.1 versus 4.6 months,
HR 0.77; P=0.005), and the grade of cutaneous rash
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strongly correlated with OS (no rash, 2.6 months; grade
1 rash, 4.8 months; grade 2 rash; 8.4 months; P<<0.001).
Lastly, KRAS status was retrospectively evaluated in 69%
of patients and in wt KRAS patients; PFS, OS, and RR
significantly improved with cetuximab over BSC. In the
NCIC CO.17 study, panitumumab compared to BSC was
evaluated in 463 chemorefractory patients with a preplanned
analysis of KRAS status.'** The PFS (primary end point; 8.0
versus 7.3 weeks, HR 0.54; P<<0.0001) was significantly
prolonged in the panitumumab arm, whereas no difference
in OS was reported, most likely due to the crossover after
progression in the BSC group. In patients with wt KRAS
status, PFS significantly increased (12.3 versus 7.3 weeks,
HR 0.45), although again no differences in OS were detected
in either of the KRAS subgroups. The PICCOLO trial was
originally designed to evaluate panitumumab plus irinotecan
compared to irinotecan alone in molecularly unselected
patients refractory to a fluoropyrimidine with or without
oxaliplatin.'” The study was amended to a prospectively
stratified design, restricting panitumumab randomization
to wt KRAS patients. The OS primary end point was unmet
(10.4 versus 10.9 months, HR 1.01; P=0.91); however,
longer PFS (HR 0.78, P=0.015) and RR (34% versus 12%,
P<0.0001) were noted in the combination arm. In the
recently published ASPECCT trial, wt KRAS chemorefrac-
tory patients were randomized to receive panitumumab or
cetuximab.!3® The primary end point was OS, assessed for
noninferiority. Panitumumab was noninferior to cetuximab
(P=0.0007), and both agents provided similar OS (10.4
versus 10.0 months, HR 0.97).

Is the rechallenge of anti-EGFR

mAbs effective?

The strategy of rechallenge with anti-EGFR mAbs might be
attractive, because KRAS status remains largely unaltered
during tumor progression.'*’!3® Preliminary evidence for
this strategy was shown in wt KRAS patients who had pre-
viously benefited from these drugs. In a Phase II study,'*’
39 patients were retreated with cetuximab-based therapy
after a new line of chemotherapy. The overall RR was
53.8% (including two complete responses), and PFS was
6.6 months. In another trial of patients treated with pani-
tumumab after cetuximab-based therapy, an RR of 54.5%
with additional stable disease in 18.2% was reported.'*
Therefore, it appears plausible that some wt RAS patients
who have benefited initially from anti-EGFR based regi-
mens might benefit from rechallenge, although more data
are warranted. Conversely, there is no evidence to support

switching to either cetuximab or panitumumab after failure
of the other drug.'*

Anti-EGFR concurrent with anti-VEGF

mADbs

A close relationship of the VEGF and EGFR signaling
cascades has been demonstrated in preclinical studies, and
thus the combination of both anti-VEGF and anti-EGFR
mAbs was evaluated as a biologically plausible and attractive
strategy.'*1"1% In the randomized Phase II BOND-2 study,
the benefit of bevacizumab plus cetuximab plus irinotecan
or bevacizumab plus cetuximab alone was explored in
irinotecan-refractory patients.'* The time to progression
(7.3 versus 4.9 months), RR (37% versus 20%), and OS
(14.5 versus 11.4 months) favored the triplet including both
biologicals. Based on these promising data, 755 previously
untreated patients were enrolled in the CAIRO2 trial to
explore the efficacy of cetuximab added to bevacizumab,
capecitabine and oxaliplatin.'® Unfortunately, the addition of
cetuximab led to significantly shorter PFS (primary end point;
9.4 versus 10.7 months, HR 1.22; P=0.01), whereas OS and
RR were not significantly different. In the subgroup analysis
according to KRAS status, the addition of cetuximab in the
mutant subgroup led to worse PFS. The randomized Phase
I1I1B PACCE trial evaluated the efficacy of bevacizumab and
chemotherapy, either oxaliplatin- or irinotecan-based, with
or without panitumumab in previously untreated patients.'*¢
In the final analysis, PFS decreased by 1.4 months in the
panitumumab arm compared to the control arm (10.0 versus
11.4 months, HR 1.27). Subgroup analysis by KRAS status
also demonstrated worse outcomes in both the wt and mutant
subgroups in the panitumumab group. Based on these two
large trials, the combination of anti-EGFR and anti-VEGF
mADbs is not recommended.

Maintenance

After induction chemotherapy, maintenance is often offered
to improve the duration of disease control, according to
the OPTIMOX2" and COIN' results. Final CAIRO3
results established the survival benefit of maintenance with
bevacizumab plus capecitabine after first-line induction
treatment.?’ The potential role of anti-EGFR mAbs in main-
tenance was evaluated in the NORDIC-VII study, in which
patients were randomly assigned to receive FLOX, cetux-
imab plus FLOX, or cetuximab plus intermittent FLOX."'6
The OS (20.4 versus 19.7 versus 20.3 months, respectively)
was almost identical in all three groups, suggesting that
maintenance therapy with cetuximab might be feasible.
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The randomized Phase II COIN-B trial was designed as an
exploratory, hypothesis-generating study to complement
COIN, and patients were assigned to intermittent FOLFOX
plus intermittent cetuximab versus continuous cetuximab.
Both failure-free survival at 10 months (primary end point;
52% versus 50%) and median failure-free survival (14.3
versus 12.2 months) favored planned maintenance with
continuous cetuximab. !4

Future directions

Extensive preclinical work on the potential mechanisms of
resistance to EGFR inhibitors has guided the development
of more efficient anti-EGFR mAbs, targeting simultaneously
different receptors and other members of the EGFR/HER
family, and combination strategies with agents targeting other
receptors/proteins and downstream effectors.

More efficient anti-EGFR mAbs

The first approach to overcome resistance to anti-EGFR drugs
is the development of mAbs with more efficient binding
ability. Thus far, the most promising agent is Sym004, a new
compound that combines two mAbs, which can bind simul-
taneously to two nonoverlapping epitopes on domain III of
the extracellular domain of EGFR, inducing highly efficient
internalization of the receptor in cancer cells and degradation,
ultimately resulting in the inhibition of cancer-cell growth.
In vitro and in vivo evidence demonstrates that Sym004
can be a superior agent if compared to both cetuximab and
panitumumab in a wide range of tumor types, with a clear
dose-response relationship.'* Furthermore, Sym004 inhib-
its growth and proliferation of those cancer cells that have
acquired resistance to anti-EGFR therapies. This acquired
resistance represents a common dilemma in patients treated
with anti-EGFR therapeutic agents, leaving numerous mecha-
nisms by which tumors are capable of escaping inhibition,

including increased EGFR ligand production surrounding
the tumor. Sym004 potentially inhibits proliferation also in
the presence of increased EGF concentrations.

The first-in-human trial did not show unexpected tox-
icities, and based on preliminary signs of clinical activ-
ity, Sym004 has been tested as monotherapy in selected
patients with KR4S wt CRC progressing to previous
cetuximab- or panitumumab-based therapy.'*® In total,
42 patients were enrolled. Tumor shrinkage >10% was
documented in four of 12 (33%) patients at 9 mg/kg, with
partial response in one of 12 (8%) and stable disease in
nine of 12 (75%). At 12 mg/kg, seven of 27 (26%) patients
had >10% tumor shrinkage, with partial response in three
of 27 (11%) and stable disease in 15 of 27 (56%). Median
PFS was 13.6 weeks (95% confidence interval 5.3-23)
and 13.7 weeks (95% confidence interval 5.9-18.6),
respectively. Sym004 showed significant clinical activity in
anti-EGFR treatment-refractory KRAS wt mCRC patients,
and serial biopsies confirmed its mechanism of action. No
unexpected adverse events were observed. The agent is
currently being tested as monotherapy in a Phase II trial,
compared to investigator’s choice (BSC or 5-FU or capecit-
abine) in subjects with mCRC and acquired resistance to
anti-EGFR mAbs (NCT02083653).'%!

Anti-EGFR in combination with mAbs

directed to other receptors
The extensive cross talk among the HER-family receptors is
most likely responsible for emerging reports that blockade
of a particular signaling pathway can lead to compensatory
actions, such as negative-feedback loops and consequently
to the upregulation of parallel pathways.

One potential mechanism of resistance to anti-EGFR
therapy is related to the ability of EGFR to form heterodi-
mers with HER3, producing receptor autophosphorylation

Table 2 Selected combinations of anti-EGFR mAbs and other targeted agents in colorectal cancer

EGFR inhibitor Agent Class Target Phase Results Studyl/trial
Cetuximab IMC-Al2 mAb IGF-1R Il Negative Reidy et al'**
Dalotuzumab Il Negative (worsened survival) Watkins et al'®®
BMS-754807 TKI IGF-1R -1l Completed NCT00908024'¢¢
ARQ 197 TKI c-MET 1B/l Promising (increase in OS, Eng et al'®!
not significant)
LY2801653 | Ongoing NCTO01285037'¢
EMD525797 mAb o-Integrin Il Ongoing NCTO01008475'¢®
Panitumumab AMG 479 mAb IGF-IR I Negative Van Cutsem et al'®?
AMG 102 HGF/SF Promising (increase in RR)
AMG 655 TRAIL-R2 1B/l Negative Peeters et al'®®

Abbreviations: mAb, monoclonal antibody; OS, overall survival; RR, response rate; TKI, tyrosine-kinase inhibitor; EGFR, epidermal growth-factor receptor.
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Table 3 Selected combination trials of anti-EGFR monoclonal antibodies and other agents targeting downstream signaling pathways

in colorectal cancer

EGFR inhibitor Agent Pathway Phase Results Trial/study
Cetuximab Sorafenib VEGFR, PDGFR, RAF, Il Ongoing NCT00326495'¢°
FLT-3, c-KIT, RET

Ridaforolimus mTOR B Negative Taber et al'**
Tensirolimus B Completed NCT00593060'"°
Everolimus 1B/l Ongoing NCT00522665'""
PX-866 PI3K I Ongoing NCTO01252628'"
PF-05212384 PI3K/mTOR I Ongoing NCT01925274'7
AZD6244 MEK B Promising Deming et al'®®
LGX818, BYL719 BRAF, PI3K IB/II Ongoing NCTO01719380'
Vemurafenib BRAF B Ongoing NCTO01524978'7

Panitumumab Dabrafenib/trametinib BRAF/MEK Il Ongoing NCTO01750918'7®
MEK 162 MEK IB/II Ongoing NCT01927341'”

Abbreviation: EGFR, epidermal growth-factor receptor.

and leading to intracellular signaling activation, mainly
via the PI3K-AKT-mTOR pathway. In the clinical set-
ting, HER3 has been associated with tumor resistance to
therapeutic agents targeting EGFR or HER2 in lung and
breast cancer,'*? and its expression correlates with a poor
outcome in mCRC patients treated with cetuximab.!*
These findings led to the hypothesis that inhibiting the
signaling of more than one of the HER-family recep-
tors offers an opportunity for greater efficiency and the
potential for overcoming resistance to currently available
EGFR-directed therapies. As a result, MEHD7945A, an
IgG, mAb, was developed to bind simultaneously with
high affinity to EGFR and HER3. As an IgG, antibody,
MEHD7945A is also able to bind to Fcyreceptors, has the
potential to elicit antibody-dependent cellular cytotoxic-
ity, and has also been demonstrated to have significant
activity in colon, lung, pancreatic, head and neck, breast,
and ovarian xenograft models, exhibiting broader activity
compared to other monospecific HER family-targeting
agents. The Phase I first-in-human trial, with an expan-
sion at the recommended dose in KRAS wt CRC patients,
showed an encouraging safety profile and evidence of
antitumor activity.'>

Similarly, HER?2 is amplified only in 2%-3% of geneti-
cally unselected mCRC, but its increased overexpression has
been associated with both de novo and acquired resistance to
cetuximab-based therapy in CRC patients, and in the subset
of KRAS/NRAS/BRAF/PIK3CA wt “xenopatients” resistant
to cetuximab, HER2 amplification was observed in up to
36%.1557157

Lastly, as a proof of concept, the inhibition of EGFR and
HER2 was shown to induce overt, long-lasting tumor regres-
sion in HER2-amplified xenopatients. Based on this rationale,

an ongoing Phase IB/II trial is exploring the combination of
neratinib, an HER2 TKI, with cetuximab, in patients with
“quadruple wt” (wt KRAS, NRAS, BRAF, PIK3CA) mCRC
primary tumor (NCT01960023).'5#

Combination strategies with other membrane-bound
receptors, such as c-MET and IGFR, have been translated in
completed or ongoing Phase I/II trials. Thus far, none have
proven very effective clinically (Table 2).!5%-163

Downstream effector inhibitors

The most promising approaches to circumvent or reverse
resistance to anti-EGFR-targeted therapies are rational
combinations of targeted treatments that include inhibitors
of downstream effectors of the EGFR pathway. Currently,
several drugs capable of inhibiting activated BRAF, MEK,
PI3K, AKT, and mTOR are available. Furthermore, clinical
trials with these agents are actively recruiting patients, and
for some of these trials, the selection of therapy is based on
the genetic profile of the tumor, as shown in Table 3.

Conclusion

The EGFR signaling pathway plays a pivotal role in CRC pro-
gression and treatment. Therefore, targeted therapies (mAbs)
against this marker have been developed and have entered
clinical practice. A myriad of studies focused attention on
the possibility of predicting the efficacy of EGFR-targeted
therapies, and currently the assessment of KRAS and NRAS
gene mutations is mandatory before any administration of
anti-EGFR mAbs. However, it has also been demonstrated
that the molecular characterization of the EGFR pathway,
due to technical problems as well as by the co-occurrence
of different genetic alterations in the same patient (rendering
it difficult to understand the clinical role of the individual
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alteration), needs to be refined. Therefore, the efforts of
molecular pathologists are currently addressed toward inves-
tigating the aforementioned problem.

On the other hand, pharmaceutical companies have
studied new modalities of the administration of cetuximab
and panitumumab, as well as developing new (and hypotheti-
cally more efficient) compounds, not only targeted against
EGFR, but also against EGFR-downstream members (to be
administered in combination with anti-EGFR mAbs). These
new options are the object of intensive studies, and may also
lead to a substantial improvement for patients affected by an
EGFR-addicted CRC.

Given all these considerations, there is reasonable
hope that mCRC patients will be better treated in the near
future.
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