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Abstract: Colorectal cancer remains one of the most common causes of cancer diagnoses and mortality in
the United States. The treatment of metastatic colorectal cancer has evolved significantly over the last decade
with near-tripling of patient survival rate. A significant contribution to this outcome was the advent of novel
targeted agents, such as the epidermal growth factor (EGFR) inhibitors. In an era of emphasis on refining
therapy, the presence of KRAS mutation will predict for resistance and limit exposure to patients who are
more likely to benefit. In contrast, the presence of BRAF mutations does not seem to have a predictive value.
Agents that are thought to reverse resistance to EGFR inhibitors such as those targeting PI3K, ¢-MET or
IGF-1R are currently under study.

EGFR inhibitors have exhibited single agent activity, and seem to synergize very well with standard
chemotherapy except for cetuximab and 5-fluorouracil, leucovorin, oxaliplatin (FOLFOX). Preliminary
data suggests that EGFR inhibitors have similar effectiveness to vascular endothelial growth factor (VEGF)
inhibitors in the first line setting. Skin toxicity remains the main limiting factor for the utilization of EGFR
inhibitors, but strategies including the use of agents such as minocycline or doxycycline added to topical care

seem to limit the severity of the rash.
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Introduction

Colorectal cancer (CRC) is the 2™ leading cause of cancer-
related death in the Western population and results in
approximately 50,000 deaths annually in the United
States (1). The incidence and mortality has decreased from
1999-2006, which is attributed to improvements in surgical
and adjuvant therapy as well as increasing use of screening
methods leading to earlier detection. About 20% of patients
present with metastatic colorectal cancer (mCRC) and
untreated, this group has a median overall survival (OS)
of 7 months (2) and with therapy, a 5-year survival rate of
10% (3). The most common sites of metastasis are liver,
lymph nodes, lung, and peritoneum.

Recent advances in the understanding of tumor biology
and genetics has paved the way for targeted therapies and
led to improvements in the efficacy of cytotoxic regimens.
5-fluorouracil (FU) has been available for use in CRC
for over 60 years and eight additional agents have been
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approved since 1996, five of which are targeted therapies.

Epidermal growth factor receptor-the target

The epidermal growth factor receptor (EGFR) is a 170 kDa
receptor tyrosine kinase, and a member of the human
epidermal growth factor receptor (HER) or ErbB family.
EGFR is also known as the type 1 receptor tyrosine kinase
or ErbB1/HER1. The other members of the family include
ErbB2 (HER2/neu), ErbB3 (HER3) and ErbB4 (HER4) (4).

EGF is a potent epithelial mitogen in the gastrointestinal
tract and can stimulate epithelial proliferation in the
neonatal intestine. Furthermore, it can enhance the growth
of primary colon epithelial cell cultures (4). Most epithelial
cancers express EGFR and this growth factor receptor was
the first to be proposed as a target for cancer therapy (5).
The first anti-EGFR drugs were developed in 1980s and it
took over 20 years for the first one to become commercially
available.
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The EGF receptor is composed of an extracellular
ligand-binding domain, a transmembrane segment and an
intracellular tyrosine kinase domain. Upon the binding of a
ligand such as EGF or TGF-alpha, the EGFR forms homo-
or heterodimers with the other members of the ErbB
family resulting in autophosphorylation of the intracellular
domain and activation of the downstream signaling
pathways, which includes the MAPK pathway, the PI3K/
Akt pathway and the Jak2/Stat3 pathway. This can signal
cancer cell proliferation, inhibition of apoptosis, activation
of invasion and stimulate tumor-induced neovascularization.
Its overexpression or constitutive action has been shown to
affect signaling cascades in carcinogenesis, most importantly
the RAS/RAF/MAPK pathway (5). The RAS proteins are
serine-threonine kinases that are activated downstream of
EGFR. EGE, EGFR and TGF-o are expressed in 60-80%
of colorectal cancers (4,6,7) and strong expression has been
associated with decreased disease-free survival and overall
survival (8-11).

Cetuximab and panitumumab
Mechanisms of action and drug overview

The mechanisms of action for EGFR inhibitors include
the following properties: (I) Interference with cell-
cycle progression with arrest in the G1 phase prior to
DNA synthesis; (II) Antiangiogenic activity through
downregulation of angiogenic factor secretion such as
vascular endothelial growth factor (VEGF); (III) Inhibition
of tumor cell invasion and metastasis by decreasing
matrix metalloproteinase production and; (IV) Promoting
apoptosis which enhances the effectiveness of cytotoxic
therapy (12).

Cetuximab is a chimeric monoclonal IgG-1 antibody
that was initially approved for treatment in refractory
mCRC by the Food and Drug Administration (FDA) in
February 2004. In July 2012 it was eventually approved
in combination with 5-FU, leucovorin and irinotecan
(FOLFIR]) in the first line treatment of patients with
mCRC based on a phase III trial by van Cutsem ez 4/. (13)
(see further discussion in Cetuximab chapter below).
Cetuximab binds to EGFR in its inactive form with higher
affinity than either EGF or TGF-a and competes with other
ligands by occluding the ligand-binding region and thereby
ligand-induced EGFR tyrosine kinase inactivation (14).
Direct inhibition of EGFR activation is considered the
primary mechanism for antitumor activity for cetuximab,
but other mechanisms including antibody-dependent
cellular cytotoxicity (ADCC) and receptor internalization
are likely to play an important role as well (see Figure I).
ADCC is dependent on interactions between the cellular
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Fe,R and the monoclonal antibody, which triggers innate
immunologic responses involving natural killer cells,
monocytes, macrophages, activated T-lymphocytes and
granulocytes. Patients with certain Fc¢,R polymorphisms
(FCGR2A-H131R and FCGR3A-V158F) have been shown
to have higher response rates to cetuximab compared
to those without this polymorphism (15). The clinical
contribution of the ADCC effect is unclear and continues
to be subject of investigation including methods to amplify
its signal to clinical relevance, such as with lenalidomide.
Receptor internalization downregulates the number of
available cell surface receptors and could therefore affect
EGFR activation (16).

Cetuximab is administered weekly with a loading dose of
400 mg/m” iv over 2 hours during the first week followed
by 250 mg/m’ iv over 1 hour weekly. The mean half-life is
approximately 112 hours (range, 63-230 hours) (17). A small
Danish study looked at giving cetuximab at 500 mg/m’
iv every other week, as pharmacokinetic studies have not
revealed much differences with the two schedules, and
found efficacy and safety to be similar compared to their
own historical controls with weekly administration (18).
The NCCN guidelines allow for using both the weekly and
biweekly schedules of cetuximab as published (19).

In contrast, panitumumab is a fully humanized
recombinant monoclonal IgG-2 kappa antibody which
demonstrated good single-agent activity in EGFR
expressing tumors in mouse models and is expected to
exhibit minimal immunogenicity and therefore allow for
repeated administrations without the development of
antibodies (20). It was approved by the FDA as a single
agent in September 2006. As ADCC is dependent upon
an antibody’s subclass it is unlikely that panitumumab
exerts much ADCC as it is bound to IgG-2 so its effects
are mainly through blocking the receptor from binding
agonists and through receptor internalization (see Figure I).
Panitumumab is approved as single agent therapy with a
dosing of 6 mg/kg iv every 2 weeks and has a half-life of
approximately 7.5 days (range, 3.6-10.9 days) (21).

Both cetuximab and panitumumab are cleared by
receptor internalization and do not require any dose
reductions for renal or hepatic impairment.

Biomarkers

The mutational status of KRAS, a Kirsten ras oncogene
homolog from the ras gene family located on chromosome
12p12.1, was shown to predict responses to EGFR-targeted
therapy in a study published in 2006 (22). Lievre et al.
investigated 30 patients treated with cetuximab, 11 of whom
had a response, for mutations in KRAS, BRAF and PIK3CA
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Figure 1 Three potential mechanisms of EGFR inhibitors: (I) EGFR inhibitor binding prevents other ligands from binding leading to

inhibition of downstream effects; (II) Cetuximab can induce antibody-dependent cellular cytotoxicity mediated by immune effector cells

leading to cell lysis; (IIT) EGFR inhibitor binding can lead to receptor internalization and downregulation (adapted firom Ciardello et al. EGFR

antagonists in cancer treatment. N Engl J Med 2008;358:1160-74.)

by direct sequencing as well as EGFR copy number by
chromogenic in situ hybridization. They found no KRAS
mutations in the 11 patients who had a response while 13
of the 19 nonresponders were found to have mutations in
KRAS. None of the tumors had BRAF mutations and only
2 (7%) had exon 9 PIK3CA mutations. EGFR copy number
was increased in only 3 patients but was associated with a
response (P=0.004) (22). Most commonly mutations occur
in codons 12, 13 or 61 in exon 2. In a large population-based
study, 37% of KRAS mutations occurred within codons 12
and 13, with 6.6% occurring in codons 8, 9, 10, 15, 16, 19,
20 and 25 (23). After Lievre’s publication in 2006, multiple
investigators looked at their clinical trial results with respect
to KRAS mutational status and confirmed the predictive
value of KRAS testing (24-31). The KRAS mutation testing
became a NCCN recommendation in November 2008 (19).
It should be noted that mutations in the EGFR which have
been shown to predict sensitivity to tyrosine kinase inhibitors
in lung cancer, are very rarely seen in colorectal cancer (32).
A search for other biomarkers have revealed mixed results
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with some studies showing BRAF mutations to predict
lack of response (33) while others link BRAF mutations to
prognosis but not response to EGFR inhibitor therapy (25).
EGFR expression was initially thought to be necessary for
the efficacy of EGFR inhibitor therapy. The initial trials
with EGFR inhibitors were therefore restricted to patients
with tumors expressing EGFR. A retrospective review
and a phase II trial found responses to therapy present in
patients with tumors with low or no EGFR expression and
therefore suggested that expression of EGFR should not be
used to select patients who would be eligible for targeted
blockade (34,35).

EGFR gene copy number affects clinical outcomes
in EGFR inhibitor treated patients in some but not all
studies and remains controversial. A recent meta-analysis
did show increased EGFR copy number to be associated
with increased OS in patients receiving EGFR inhibitors
as second-line therapy (HR 0.60, 95% CI, 0.47-0.75)
but not as first-line therapy so this matter is still under
investigation (36). However, given that increased copy
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number usually correlates with higher EGFR expression
by immunohistochemistry, it is possible that EGFR copy
number will not have a significant impact on outcome
related to EGFR blockade.

A large number of patients with mCRC whose tumors
show absence of KRAS mutations are non-responders. A
systematic review of 8 studies published in 2008 calculated
the sensitivity and specificity of KRAS testing and found
KRAS mutations to have a specificity of 0.93 but a
sensitivity of 0.47, demonstrating the need for further
predictive biomarkers for patients with KRAS wild-
type tumors (37). The EGAPP Working Group recently
published recommendations for use of KRAS testing to
determine likelihood of benefit with EGFR inhibitor
therapy. They concluded that while sufficient evidence is
available to support the predictability of KRAS mutations
in codon 12 and 13, evidence is inadequate for less frequent
KRAS mutations (such as in codon 61). There is also some
controversy about codon 13 that will be discussed later in
this review. Furthermore, they recommend against testing
for BRAF, NRAS, PIK3CA and loss of expression of PTEN
or AKT proteins as insufficient evidence exists to use these
to guide EGFR inhibitor treatment decisions (38).

The concordance of KRAS mutational testing between
the primary tumor and metastatic sites was recently
reviewed in a meta-analysis looking at 19 publications
with 986 paired primary and distant metastases. The study
found a high concordance rate of 94.1% (95% CI, 88.3-
95.0%) between primary tumor and metastatic sites while
the concordance between primary tumor and lymph node
metastasis was lower at 81.3% (95% CI, 69.6-97.4%)
suggesting that lymph node tissue should be avoided when
possible for testing (39). Either primary or metastatic tissue
can be tested for KRAS per the NCCN guidelines (19).

KRAS mutational analysis in mCRC represents a
negative predictive test by selecting out those patients
who are unlikely to respond to anti-EGFR therapy. This
represents an important step forward since in the absence of
benefit, patients will avoid the potential toxicities and cost
of this therapy. The absence of a mutation in KRAS will not
guarantee a response and the search for positive biomarkers
remains an area of intense research in mCRC.

Results of recent clinical trials (with a focus on
KRAS wild type tumors)

The first two trials conducted in the pre-KRAS mutational
testing era showed similar efficacy for cetuximab (40) and
panitumumab (41) compared to best supportive care with a
distinct pattern of the progression-free survival (PFS) curves
in both studies suggesting that a biomarker might explain
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the later separation observed. This was later identified as
the presence of KRAS mutations in about 40% of patient
tumor samples. After the discovery of the importance on
KRAS mutational status in 2006, investigators analyzed
their clinical trials selecting for KRAS status retrospectively
and updated their results to confirm the importance of
selecting for the absence of a mutation (7able I).

Cetuximab

The first trial conducted with single agent cetuximab
compared to best supportive care showed a significant
improvement in ORR (13% vs. 0%), PFS (3.7 vs. 1.9 mo,
P<0.001) and OS (9.5 vs. 4.8 mo; P<0.001) when looking at
patients with KRAS wild-type tumors only. This trial did
not allow for cross-over upon progression (24).

The first combination chemotherapy trial with an EGFR
inhibitor was the BOND trial, published in 2004, in the
pre-KRAS era. Patients who had previously progressed on
irinotecan-based chemotherapy had an overall response
rate (ORR) of 22%, a PFS of 4.1 months and OS of
8.6 months when treated with irinotecan and cetuximab
while patients on single-agent cetuximab had an ORR of
10.8%, PFS 1.5 mo and OS 6.9 mo (42). This trial did not
look at KRAS mutational status. These results suggested
that EGFR inhibitors could potentially “resensitize” tumors
to irinotecan after prior progression to the same agent.

The largest trial to date conducted with cetuximab is the
CRYSTAL trial that explored cetuximab in combination
with FOLFIRI as 1* line therapy (13). An updated analysis
published in 2011 revealed that cetuximab given with
FOLFIRI improved response rates (57.3% wvs. 39.7%,
P<0.001), median PES (9.9 vs. 8.4 mo, P=0.0012) and median
OS (23.5 vs. 20.0 mo, P=0.0093) compared to FOLFIRI
alone in patients with KRAS wild-type tumors (25).
The FDA approved cetuximab in conjunction with
FOLFIRI as first-line therapy in July 2012 largely based on
the results of this trial. Another trial, EPIC, randomized
1,298 patients who had failed prior oxaliplatin-based therapy
to receive irinotecan with or without cetuximab. KRAS
status was only available in 300 patients retrospectively with
36% harboring KRAS mutations. PFS was significantly
longer in the KRAS wild-type group compared to the
KRAS mutated group (4.0 vs. 2.8 mo, P=0.095) while RR
and OS was similar. No comparison was made between
patients with KRAS wild-type tumors who received or did
not receive cetuximab (43).

Combining cetuximab with an oxaliplatin-based
regimen has proven to have no survival benefit according to
randomized phase III trials. The COIN (27) and NORDIC
VII (28) trials failed to show a statistically significant survival
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Table 1 Clinical trials with EGFR inhibitors, KRAS wild-type patients only
Trial N? of - Line of Phase Regimen ’ . i Primary outcome Secondary outcome Reference
patients therapy point
CO.17 215 Refractory Il BSC +/- Cmab (O] 9.5vs. 4.8 mo PFS 3.7 vs. 1.9 mo (24)
(HR 0.55, P<0.001) (HR 0.40, P<0.001); RR 13% vs. 0%
CRYSTAL 666 1 Il FOLFIRI +/- Cmab PFS 9.9vs. 8.4 mo OS 23.5 vs. 20 mo (P=0.0093), (25)
(P=0.0012) ORR 57.3% vs. 39.7% ( P<0.001)
OPUS 134 1 I FOLFOX4 +/- ORR  61%vs. 37% PFS 7.7 vs. 7.2 mo (26)
Cmab (OR 2.54, P=0.011) (HR 0.57, P=0.0163)
COIN 729 1 Il mFOLFOX6/ oS 17.9 vs. 17 mo (ns) PFS 8.6 vs. 8.6 mo, (27)
CAPEOX +/- Cmab ORR 64% vs. 57% (P=0.049)
NORDIC 303 1 Il FLOX/FLOX + PFS 8.7 vs.7.9 mo (ns) ORR 47% vs. 46% (ns), OS 22 vs. (28)
Vil Cmab* 20.1 mo (ns)
2002048 243 Refractory Il BSC +/- Pmab PFS 123 vs. 7.3 w 0S 8.1 vs. 7.6 mo; RR17% vs. 0% (29)
20050181 597 2 Il FOLFIRI +/- Pmab PFS/OS 5.9 vs. 3.9 mo (P=0.004)/ ORR 35% vs. 10% (P<0.001) (30)
14.5vs. 12.5 mo (ns)
PRIME 656 1 Il FOLFOX4 +/- PFS 9.6 vs. 8.0 mo (P=0.02) OS 23.9 vs. 19.7 mo (P=0.072); 31)
Pmab ORR 55% vs. 48% (P=0.068)

*Third arm with intermittent FLOX and Cmab is not presented here. BSC, best supportive care; Cmab, cetuximab; mo, months;
ns, nonsignificant; ORR, overall response rate; Pmab, panitumumab; PFS, progression-free survival; OS, overall survival. Che-
motherapy regimens: FOLFIRI, 5-FU bolus 400 mg/m?, infusional 5-FU 2400 mg/m® over 46 h, leucovorin 400 mg/m?, irinotecan
180 mg/m’, repeated every 2 weeks; FOLFOX4, 5-FU bolus 400 mg/m® and leucovorin 200 mg/m? followed by infusional 5-FU
600 mg/m® over 22 h on days 1-2, oxaliplatin 85 mg/m?, repeated every 2 weeks; FLOX, bolus 5-FU 500 mg/m? iv with folinic
acid 60 mg/m® on days 1 and 2 with oxaliplatin 85 mg/m’ on day 1, repeated every 2 weeks; Modified FOLFOX8, 5-FU bolus
400 mg/m?, infusional 5-FU 2,400 mg/m® over 46 h, leucovorin 400 mg/m?, oxaliplatin 85 mg/m?®, repeated every 2 weeks/

CAPEOX: Capecitabine 1,000 mg/m?® bid po 2 weeks out of 3 with oxaliplatin 85 mg/m? iv every 3 weeks

benefit (see Table 1) while the phase II randomized OPUS
trial did show an increase in median PFS (26). It should be
noted that these studies used various oxaliplatin-regimens
with the most modern regimen, modified FOLFOX6
(5-FU bolus 400 mg/m’, infusional 5-FU 2,400 mg/m’ over
46 h, leucovorin 400 mg/m’, oxaliplatin 85 mg/m’, repeated
every 2 weeks) or CAPEOX (Capecitabine 1,000 mg/m’
bid po 2 weeks out of 3 with oxaliplatin 85 mg/m’ iv every
3 weeks) used in the COIN trial while the NORDIC
trial used FLOX (bolus 5-FU 500 mg/m’ iv with folinic
acid 60 mg/m’ on days 1 and 2 with oxaliplatin 85 mg/m’
on day 1, repeated every 2 weeks) and OPUS used
FOLFOX4 (5-FU bolus 400 mg/m’ and leucovorin
200 mg/m’ followed by infusional 5-FU 600 mg/m’ over
22 h on days 1-2, oxaliplatin 85 mg/m’, repeated every
2 weeks). The COIN trial was a randomized controlled phase
I trial which included 1,630 patients who got randomized
to mFOLFOX6/CAPEOX (arm A), mFOLFOX6/CAPEOX
with cetuximab (arm B) or intermittent chemotherapy (arm
C). The comparison of arms A and B in patients with KRAS
wild-type tumors showed an increase in ORR (57% wvs. 64%,
P=0.049) but no effect was observed in PFS (8.6 vs. 8.6 mo) or
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OS (17.9 vs. 17.0 mo) (27). The OPUS and COIN trials were
pooled together in a recent ASCO presentation with a total of
423 patients with KRAS wild-type tumors and the
addition of cetuximab did improve response rates
(odds ratio 1.87, 95% CI, 1.07-3.28) and PFS (hazard
ratio, HR 0.69, 95% CI, 0.52-0.92) but OS did not
show a statistically significant improvement (HR 0.90,
95% CI, 0.73-1.11) (44). Based on these compelling
results, the option for a combination of cetuximab with
oxaliplatin-based chemotherapy has been removed as
a recommendation from the NCCN guidelines (19)
although is still recommended in parts of Europe (45).

Panitumumab

The first trial with panitumumab explored its activity as a
single agent compared to best supportive care in refractory
patients. Of the 463 patients that were randomized, 57%
were found to have KRAS wild-type tumors. In that
population ORR was significantly improved (17% vs. 0%)
along with an improvement in PFS (12.3 vs. 7.3 weeks) and
OS (8.1 vs. 7.6 mo, HR 0.67, 95% CI, 0.55-0.82) compared
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to best supportive care (29). A randomized phase III trial
(20050181) explored administering FOLFIRI with or
without panitumumab as second line therapy with PFS and
OS as co-primary endpoints. Of the 1,186 included patients,
597 patients had KRAS wild-type tumors. The addition of
panitumumab increased ORR (35% vs. 10%), PES (5.9 vs.
3.9 mo) and had a non-significant trend towards improved
OS (14.5 vs. 12.5 mo) (30). The phase III randomized
PRIME study administered FOLFOX4 as first-line therapy
with or without panitumumab. Panitumumab administration
significantly improved PFS (9.6 vs. 8.0 mo; P=0.02) and had
a trend towards improved OS (23.9 vs. 19.7 mo, P=0.072)
compared to FOLFOX4 alone with some effect on response
rates although not significant (55% wvs. 48%, P=0.068). A
recent update to the trial is to be presented at ASCO 2013
and now shows a statistically significant improvement in
OS (HR 0.78, 95% CI, 0.62-0.99) in the KRAS wild-type
population who received panitumumab (46). Unlike with
the 20050181 trial, the PRIME trial showed a detrimental
effect when panitumumab was given to patients with
KRAS mutated tumors with significantly shorter PFS (HR
1.29, P=0.02) (31). Panitumumab is licensed as first line
treatment with FOLFOX outside the US only. However,
both the European ESMO guidelines and NCCN
guidelines do recommend panitumumab as a single agent or
in combination with FOLFOX, FOLFIRI or single agent
irinotecan (19,45).

Dual EGFR and VEGF monoclonal antibody inbibition

Based on strong preclinical rationale and the positive results
of the BOND-2 study, a small phase II trial which randomized
patients (with unknown KRAS status) to bevacizumab
and cetuximab with or without irinotecan (47), two large
phase III trials (48,49) explored the benefit of combining
dual inhibition with either cetuximab or panitumumab
with bevacizumab and standard cytotoxic chemotherapy.
The phase III CAIRO-2 trial randomly assigned
755 mCRC patients previously untreated to either CAPEOX
with bevacizumab or CAPEOX with bevacizumab and
cetuximab. The primary endpoint for this study was PFS,
and KRAS mutational status was evaluated. Cetuximab
added to bevacizumab and cytotoxic chemotherapy
improved response rates but had no effect on PFS or OS
with increased toxicities in the KRAS wild-type population.
On the other hand, addition of cetuximab had detrimental
effects on the KRAS mutated population with worsening
OS compared to not giving cetuximab (48). In the phase
IIIB PACCE trial, the addition of panitumumab to either
FOLFOX or FOLFIRI with bevacizumab was tested
in 1,053 patients and led to a detriment in PFS and OS
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with increased toxicities in both the KRAS wild-type and
KRAS mutated population (49). Cetuximab in combination
with standard FOLFOX has also been explored in the
adjuvant setting with results of a large phase III randomized
study showing no added benefit at the expense of added
toxicities (50).

EGFR inhibitors versus VEGF inhibitors: where does the
data stand?

EGFR inhibitors were initially approved as single agents
in chemotherapy refractory patients and it is unclear if
they should be moved up to be combined with cytotoxic
chemotherapy as first-line or be reserved for second or
third-line therapy. Two phase II randomized clinical trials
comparing the addition of panitumumab vs. bevacizumab to
standard cytotoxic therapy were presented at ASCO GI in
January 2013. In the PEAK study, 285 patients with KRAS
wild-type mCRC were treated with modified FOLFOX6
with a PFS of 10.9 months for the group receiving
panitumumab vs. 10.1 months for the group receiving
bevacizamab (HR 0.87, P=0.35). Median OS had not been
reached in the panitumumab group and was 25.4 months in
the bevacizumab group (HR 0.72, P=0.14). Discontinuation
rates were similar between the two arms (24% vs. 27%)
and so were grade 3/4 adverse events (86% vs. 76%) (51).
In the SPIRITT trial, 182 patients with KRAS wild-
type mCRC previously treated with bevacizumab and an
oxaliplatin-based regimen were randomized to FOLFIRI
with panitumumab or bevacizumab as second line therapy.
Median PES [7.7 vs. 9.2 mo (HR 1.01)] and median OS [18.0
vs. 21.4 mo (HR 1.06)] were similar but response rates were
higher in the panitumumab group (32% vs. 19%) (52).
CALGB 80405 is a randomized controlled trial which
is comparing first-line cytotoxic chemotherapy with
either cetuximab or bevacizumab (53). The results of this
completed study will likely be available by the end of 2013.
FIRE-3 is a randomized phase III trial comparing first-
line FOLFIRI with either cetuximab or bevacizumab in
mCRC and is expected to be reported at ASCO in 2013 (54).
In our own institutional experience with panitumumab
the total number of previous chemotherapy regimens
did not significantly affect median overall survival with
panitumumab suggesting that the efficacy is retained across
lines of therapy, a finding consistent with other studies (55).

Liver limited disease

The role of EGFR inhibitors in liver limited disease
where the goal of therapy is to convert unresectable or
borderline resectable tumors to resectable disease has
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been explored although to a limited extent. The phase
IT CELIM trial investigated cetuximab in combination
with either an oxaliplatin- or irinotecan-based regimen in
initially unresectable patients with isolated liver metastasis
(defined as >5 tumors, technically unresectable on the
basis of inadequate functional liver remnant, infiltration of
both hepatic arteries/portal vein branches or infiltration of
all hepatic veins). Objective responses were seen in 68%
receiving FOLFOX with cetuximab and 57% in patients
receiving FOLFIRI with cetuximab. RO resection rates were
high (38% and 30% in the two groups), but as no formal
comparison was performed to a group without cetuximab,
the benefit of adding an EGFR inhibitor in this setting
is unclear (56). Nevertheless, the elevated response rate
suggests this could be a promising regimen and should be
considered in patients with KRAS wild-type tumors with
mCRC and liver limited disease. Similarly the CRYSTAL
trial showed a modest increase in rates of surgery and RO
resection in the KRAS wild-type patients who received
FOLFIRI with cetuximab versus FOLFIRI alone (surgery
rate 7.9% vs. 4.6% P=0.0633; RO resections 5.1% vs. 2.0%,
P=0.0265, respectively) (25). A phase II trial reported at the
annual European Society of Medical Oncology (ESMO)
meeting in 2012 randomized 116 patients with KRAS
wild-type tumors to mFOLFOX6 or FOLFIRI with or
without cetuximab. Response rates were 66% vs. 33% in the
2 arms with improved RO resection rates (31% wvs. 9%) and
a median OS of 46.6 months in the resected cetuximab

arm (57).

Are all KRAS mutations equal?

Recent controversial findings suggest that not all KRAS
mutations will confer resistance to EGFR inhibitor therapy.
A recent retrospective study combining findings from the
CRYSTAL and OPUS studies showed improved RR and
PFS in patients with tumors exhibiting a codon 13 glycine
to aspartate mutation (G13D) who received cetuximab
compared to those who did not receive cetuximab (58).
Another recent retrospective review of randomized studies
with panitumumab in patients with KRAS mutated tumors
did not reveal a similar benefit for adding panitumumab
when looking at individual mutations in codons 12 or
13 (59). A meta-analysis looking at 7 studies with anti-
EGEFR agents found overall response rates to be 25.2%,
17.6% and 42.6% in codon 13 mutations vs. any other
KRAS mutations vs. KRAS wild-type tumors (59). PFS
was 6.4, 4.1 and 6.6 mo and OS 14.6, 11.8 and 17.3 mo
for the three groups, respectively. The incidence of
codon 13 mutations was 6.6% in the entire study cohort.
Patients with codon 13 mutated tumors receiving EGFR
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inhibitor as second-line seemed to benefit more than
patients receiving it in the first-line (60). It is therefore
possible that tumors with G13D KRAS mutations may
respond better than tumors with other KRAS mutations,
although the magnitude of the benefit is small at the risk
of added toxicities and cost. The NCCN guidelines do not
recommend administering EGFR inhibitors to patients with
codon 13D mutation based on these concerns (19). Further
results from genomic analysis of the PRIME study will be
presented at ASCO 2013, included analysis of KRAS exon
3, exon 4; NRAS exon 2, exon 3, exon 4; and BRAF exon
15. Findings from this study suggest that panitumumab is
unlikely to benefit patients with any RAS mutations and
that BRAF mutations had no predictive value (46).

Can patients who progress on one EGFR
inhibitor benefit from another?

It is unclear whether panitumumab has activity in patients
who have previously progressed on cetuximab (or vice
versa) as two prospective studies have had discrepant
results. The most important determinant for responses to
subsequent panitumumab therapy from these small studies
may be prior benefit from cetuximab therapy. Metges et al.
reported responses in 54% of patients (N=32) on single-
agent panitumumab who previously responded to cetuximab
in combination with irinotecan whereas only 7.7% of
patients who had no response to cetuximab with irinotecan,
responded to single-agent panitumumab (61). Wadlow
et al. published a phase II trial of 20 patients treated with
panitumumab after progression on cetuximab, where no
responses were observed, although 45% patients had stable
disease with a median PFS of 1.7 months and a median
OS of 5.2 months (62). Our own institutional review
revealed that in patients with clinical benefit (ORR or stable
disease) on cetuximab and eventual progression, 71% had
subsequent clinical benefit with panitumumab therapy (55).
At this time, given the limited amount of data and the lack
of randomized study results, any combination of strategies
for EGFR beyond progression is not recommended and this

is consistent with the NCCN guidelines (19).

EGFR inhibitor toxicities—a friend or a foe?

Toxicities with both EGFR inhibitors include skin rash,
nail changes, fatigue, mucositis, nausea, vomiting and
diarrhea as well as infusion reactions which tend to occur at
a higher rate with the chimeric IgG1 monoclonal antibody
cetuximab [up to 22% in areas such as North Carolina and
Tennessee (63) vs. <1% with panitumumab (30)]. Toxicities
seen in clinical trials when given with FOLFIRI are
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Table 2 Toxicities in the CRYSTAL (25) and 20050181 trial (30) with or without an EGFR inhibitor

FOLFIRI with EGFR inhibitor FOLFIRI alone
Cetuximab (CRYSTAL)
Diarrhea 15.7% 10.5%
Vomiting 4.7% 5.0%
Fatigue 5.3% 4.7%
Rash 8.2% 0%
Dermatitis acneiform 5.3% 0%
Infusion-related reaction 2.5% 0%
Panitumumab (20050181)
Skin toxicity 37% 2%
Neutropenia 20% 23%
Diarrhea 14% 9%
Mucositis 8% 3%
Hypokalemia 7% 1%
Pulmonary embolism 5% 2%
Dehydration 3% 2%
Hypomagnesemia 3% <1%
Paronychia 3% <1%
Febrile neutropenia 2% <1%
Infusion-related reaction <1% N/A

KRAS wild-type patients only; N/A, not applicable

summarized in Table 2.

The development of a rash is particularly common and
usually occurs during the first 4 weeks of therapy. The
mechanisms have been reviewed previously (64). A pooled
review of toxicities in 920 patients across 10 clinical trials
treated with single-agent panitumumab are presented in
Table 3. Treatment-related adverse events were seen in 94%
of patients with 20% experiencing a grade 3 event. Overall,
12% discontinued the drug due to toxicity. Only 4 (0.3%)
patients had an infusion reaction (65).

The STEPP (Skin Toxicity Evaluation Protocol with
Panitumumab) trial evaluated approaches to prevent skin
toxicities in a randomized phase II trial where patients
received either prophylactic or reactive skin treatment in
the two arms, FOLFIRI with panitumumab (6 mg/kg every
2 weeks) vs. irinotecan with panitumumab (9 mg/kg every
3 weeks). The prophylactic skin treatment consisted of using
a skin moisturizer, sunscreen, 1% hydrocortisone cream
and doxycycline twice daily. The grade >2 skin toxicities
were reduced by more than 50% in the prophylactic group
compared to the reactive treatment group (29% vs. 62%) (64).

Electrolyte disturbances, especially low magnesium and/
or low calcium, believed to be due to EGFR blockade in the
kidney, can occur and can be seen for up to 8 weeks after
discontinuing treatment. Monitoring is therefore required
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and recommended for up to 8 weeks after therapy and
repletion of electrolytes may be needed (17,21).

The first trials conducted with EGFR inhibitor therapy
did recognize that skin rash seem to be associated with
improved efficacy. The development and grade of rash had
been associated with an improved OS in both cetuximab
and panitumumab studies. For example, Peeters ez /. found
patients with grade 2-4 skin toxicities to have a significantly
longer OS (7.9 vs. 5.6 mo; hazard ratio 0.60, P=0.0033)
compared to patients with grade 1 skin toxicities. In this
study 91% of patients had grade 1 or higher skin toxicity
with 69% having grade 2-4 (66).

The EVEREST phase I/1I study randomized irinotecan-
refractory patients who had not developed a rash > grade
1 after 21 days of standard-dose cetuximab (400 mg/m’
initial dose, then 250 mg/m’ per week) plus irinotecan,
to dose escalations versus continuing the same dose. Of
157 patients, 89 patients were randomized after 21 days.
The dose escalation was consistent with higher drug
pharmacokinetics [Cmax and area under curve (AUC)]
and was associated with an increase in skin reactions >
grade 2. In the KRAS-wild-type population, response rates
were 43% in the dose escalation vs. 30% in the same dose
population (compared to 42% in the patients who had
a rash with the initial dosing) but PFS and OS were not
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Table 3 Toxicities in a combination of trials (920 patients) with single agent panitumumab (65)

Adverse event®

All grades (%) Grade =3 (%)

Skin-related toxicities (n=920)
Dermatitis acneiform
Erythema
Pruritis
Rash
Skin exfoliation
Paronychia

Gastrointestinal toxicities (n=920)
Nausea
Diarrhea
Anorexia

Hypomagnesemia® (n=812)

92 13
53 6
52 5
52 2
37 3
24 2
20 1
30 2
27 2
22 2
41 7

°Related and unrelated adverse events. °Serial serum magnesium levels were collected every 2 to 8 weeks from screening to
treatment discontinuation in 6 studies (n=812). Two trials were extension studies and pts enrolled in these trials were counted only

once, as part of the total enrolled in the originating studies

markedly different. Grade 2/3 skin reactions, diarrhea,
hypomagnesemia and dry skin were more frequent in the
dose escalation group but infusion reactions were not
increased (67).

Cetuximab is associated with infusion reactions,
particularly in North Carolina and Tennessee where grade
3-4 hypersensitivity reactions were reported in up to 22%,
all of them occurring during the first infusion (63). This
is thought to be linked to IgE specific for galactose-alpha-
1.3-galactose in these individuals and may be caused by
a crossreaction with a specific antigen, possibly related
to animals or plants, found in those regions (68). Other
areas have found a lower incidence with grade 3 or 4
infusion reactions being reported in 2.3% of patients in
the CRYSTAL trial (25). Panitumumab, being a fully
humanized monoclonal antibody, causes infusion reactions
in <1% (30).

Mechanisms of resistance

Mutations in the KRAS gene cause resistance to EGFR
inhibition, as the MAPK pathway remains constitutively
active even in the presence of an EGFR inhibitor. It is not
clear why only 40-60% (10-20% response rate, 30-40%
stable disease) of patients with KRAS wild-type tumors
benefit from EGFR inhibition. Furthermore, even in the
presence of a response, progression eventually occurs.
Several mechanisms of resistance have been proposed
(see Figure 2).

Several investigators have looked at predictive factors

© Pioneer Bioscience Publishing Company. All rights reserved.

for EGFR inhibitor responses. PIK3CA mutations and
PTEN loss occur in ~15% and 20% of mCRC tumors
and result in constitutive activation of the PIK3/Akt/
mTor pathway which is an important anti-apoptotic
and pro-survival tumor cell pathway (69). Activators of
the PI3K/Akt/mTor pathway include IGF-R1, IGF-2,
Her-2, Her-3 and Her-4 receptors as well as the MAP
kinase pathway with crosstalk between the two pathways.
PIK3CA mutations and/or PTEN loss have been shown
to predict response in some (70-73) but not all studies
(74,75). These studies are all limited by small numbers
and often a lack of validation for correlative testing. The
largest study to date with 1,022 tumor samples showed
only PIK3CA mutations in exon 20 (constituting the
kinase domain) to be predictive of response but not
mutations in exon 9 (the helical domain). About 20%
of PI3KCA mutations were located in exon 20 while
68.5% were located in exon 9. The investigators did not
look at PTEN expression (76). These results suggest
that alterations in the PIK3/Akt/mTor pathway may be
responsible for some of the patients who do not respond
to EGFR inhibitors initially.

A few groups have specifically looked at mechanisms of
resistance in patients who have progressed on an EGFR
inhibitor. Montagut et 4/. found two out of 10 patients
who had progressed on cetuximab to have a mutation in
the EGFR ectodomain (S492R) which prohibits binding
of cetuximab but not panitumumab (77). Misale ez al.
performed KRAS gene deep sequencing on tumors from
patients who had progressed on an EGFR inhibitor and
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Figure 2 Potential mechanisms of resistance to EGFR inhibitors

found secondary KRAS mutations in 6 out of 10 cases
suggesting that this could either be acquired mutations
on therapy or the selection of pre-existent KRAS mutant
clones (78).

IGF-1R is upregulated in 50-90% of mCRC and
has been associated with poor prognosis. Cells with
an altered IGF-1R pathway seem to escape EGFR
inhibitor mediated cell death by activation of the PI3K
pathway by heterodimerization of IGF-1R with EGFR.
Overexpression of IGF-1 has been associated with
resistance to cetuximab in KRAS wild-type tumors (79).
HER3 is overexpressed in 30-80% of metastatic CRC and
has been associated with EGFR inhibitor resistance (80). Its
effects are mediated through the PI3K/Akt pathway. MET
overexpression is found in most mCRC, both in KRAS
wild-type and KRAS mutant tumors and interacts with
the EGFR pathway to promote growth of CRC cells (81).
Preclinical evidence suggests that coupling of MET with
HER3 may lead to sustained activation of PI3K/Akt
pathway in lung cancer cell lines, thereby bypassing the
inhibited EGFR (82).

Furthermore, it is possible that resistance to EGFR
inhibitors could result from a selection of clones already
resistant to the drugs. It is therefore clear that several
different mechanisms may signal resistance through the
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PI3K/Akt pathway and extend survival of the cancer cell.
This is currently an active area of ongoing research.

Summary

EGFR inhibitors are an important addition to the growing
armamentarium in metastatic colorectal cancer. In an era
of emphasis on refining therapy, the presence of KRAS
mutation will predict for resistance and limit exposure
to patients who are more likely to benefit. Although this
is a great step forward, more work needs to be done to
select better patients who will definitely benefit from this
expensive and potentially toxic therapy. The presence of
BRAF mutations does not seem to fulfill this predictive
value. Studies to elucidate further the role of positive
predictive markers are ongoing. Additionally, we need to
deepen our understanding of the mechanisms that drive
resistance to EGFR inhibitors to further refine selection
and improve outcome. Agents that are thought to reverse
resistance to EGFR inhibitors such as those targeting PI3K,
c-MET, Her-3 or IGF-1R are currently under study.

EGFR inhibitors have exhibited single agent activity, and
seem to synergize very well with standard chemotherapy
except for cetuximab and FOLFOX. Preliminary data
suggests that EGFR inhibitors have similar effectiveness
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to VEGF inhibitors when combined with standard
chemotherapy, with the definitive results from large
randomized studies (FIRE-3, CALGB 80405) cagerly
anticipated. Evidence suggests that strategies to combine
EGFR and VEGF inhibitors in the first line setting can
be detrimental to outcome. Skin toxicity remains the main
limiting factor for the utilization of EGFR inhibitors, but
strategies including the use of agents such as minocycline or

doxycycline added to topical care seem to limit the severity
of the rash.
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