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Epidermal growth factor receptor and signal transduction:
potential targets for anti-cancer therapy
Sumanta Kumar Pala and Mark Pegrama

Agents targeting the epidermal growth factor receptor

(EGFR) pathway hold particular promise for the treatment

of patients with advanced disease, for whom standard

chemotherapy is generally palliative. Expression of EGFR

on numerous types of solid tumors, and the association of

EGFR activation with tumorigenic processes including

proliferation, anti-apoptosis and metastatic spread, make

this pathway a particularly compelling target for rational

drug design. The two classes of anti-EGFR agents in

late-stage clinical testing include antibodies directed

toward the extracellular EGFR domain (cetuximab,

panitumumab) and small molecule tyrosine kinase

inhibitors (gefitinib, erlotinib), which inactivate the receptor

enzyme activity. However, important issues remain to be

addressed. These include the development of appropriate

predictive markers for response, such as improved tests

for EGFR activity, correlation of rash with response and

potential pharmacogenomic approaches; the sequencing

and combination of these agents with chemotherapy and

irradiation; and the possible role of these agents

in the treatment of patients with earlier stage

disease. Anti-Cancer Drugs 16:483–494 �c 2005 Lippincott

Williams & Wilkins.
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Introduction
Conventional cytotoxic therapies are associated with

significant morbidity in patients with solid tumors such

as advanced colorectal cancer (CRC) and squamous cell

carcinoma of the head and neck (SCCHN), and may be of

limited benefit for survival [1–4]. The outcome for

patients with advanced or late-stage cancers has improved

only marginally over the past 30 years and in many cases

chemotherapy has a palliative role at best. Therefore, the

need remains for novel anti-cancer therapies that

effectively and specifically target epithelial tumor cells

while minimizing the toxic side-effects commonly

associated with conventional cytotoxic therapies. In

recent years, an improved understanding of the signal

transduction pathways involved in cancer growth and

spread has provided promising avenues for developing

targeted anti-cancer therapy. One such target is the

epidermal growth factor receptor (EGFR), a receptor

tyrosine kinase with pleiotropic intracellular effects.

Malignant cells have a number of properties that

distinguish them from healthy cells; these include the

capacity for autocrine growth stimulation, insensitivity to

growth regulatory factors such as transforming growth

factor (TGF)-b, ability to evade apoptosis, unlimited

replication potential (due to dysregulated telomerase

activation), ability to promote angiogenesis, and cap-

ability for tissue invasion and metastasis [5]. An

increasing body of evidence clearly demonstrates that,

with the exception of telomerase activation, EGFR-

mediated signaling pathways are involved in many, if not

all, of these tumorigenic processes [6]. In addition,

experimental and epidemiological evidence suggests that

the activation of EGFR may promote resistance to

cytotoxic or even hormonal therapies, and that patients

with EGFR-expressing tumors are less responsive to

conventional chemotherapy and radiation [7–9].

EGFR is expressed in all epithelial and stromal tissues, as

well as in some glial and smooth muscle cells, but it is not

found in hematopoietic cells [10,11]. Growth factor-

induced EGFR signaling is important in many normal

cellular processes, with effects ranging from apoptosis to

migration and differentiation [11,12]. However, one

primary biological response to EGFR stimulation is cell

proliferation [10]. A significant proportion of solid tumors

express the EGFR. Also, aberrant EGFR tyrosine kinase

activity is observed in many tumors, and has been

ascribed to dysregulated receptor expression, altered

receptor structure and/or establishment of autocrine or

paracrine growth-signaling pathways [13–16].

Clinical studies indicate that EGFR expression may be

associated with poor prognosis in bladder, cervical, ovarian

and esophageal cancers, and in SCCHN; it may also be

linked to reduced survival rates in gastric, breast,

colorectal and endometrial cancers [17]. It is likely,

however, that the clinical significance of EGFR activity
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has been underestimated because of the lack of

standardization of EGFR detection methods in these

retrospective analyses [17]. The apparent association of

EGFR with poor patient outcome may also reflect its role

in the promotion of tumor invasion and metastasis

[18,19], which together account for most cancer deaths.

The high level of redundancy in growth factor networks,

coupled with the increased requirement of tumor cells for

growth stimulatory mechanisms, is such that the selective

inhibition of signaling pathways involved in cancer, such

as those initiated by EGFR activation, should be possible

without causing significant disruption to healthy cells

[20,21].

Human epidermal receptor (HER) family of
receptor tyrosine kinases
EGFR is one of a family of four structurally related

transmembrane growth factor receptors: EGFR (also

known as HER1/ErbB-1), HER2/neu (ErbB-2), HER3

(ErbB-3) and HER4 (ErbB-4). Each of these receptors is

composed of an extracellular ligand-binding domain and a

cytoplasmic signal transduction domain, separated by a

hydrophobic membrane-spanning region. Each receptor

interacts with a set of preferred growth factor ligands,

which appear to bind to the extracellular domain with

one-to-one stoichiometry [10]. Ligands specific for

EGFR include EGF, amphiregulin and TGF-a. The

ligands b-cellulin, epiregulin and heparin-binding epider-

mal growth factor (HB-EGF) bind to both EGFR and

HER4, whereas neuregulin binds to HER3 and HER4, as

well as their respective heterodimers [11,22]. To date, no

ligand has been identified for HER2.

Binding of cognate ligand to receptor induces subsequent

homodimerization of EGFR or heterodimerization of

EGFR with other HER family members, affording a 2:2

ligand:receptor complex that activates the receptor

intracellular kinase activity through a proximity effect

[23]. This leads to the phosphorylation of critical tyrosine

residues on the cytoplasmic domain, which form docking

sites for intracellular effector and adaptor proteins that

are then released in active form to stimulate complex

signal transduction networks [12]. This mechanism is

regarded as the primary, although not necessarily the only,

mechanism for the transmission and amplification of

HER family growth factor signals [10].

The receptor–ligand complex is then removed from the

cell surface by endocytosis through clathrin-coated pits.

Subsequent sorting in the early endosome determines

whether the receptor–ligand complex is degraded by way

of a lysosome pathway or recycled to the cell surface. The

time to endocytosis and the eventual fate of the complex

are influenced by the composition of the receptor dimer

and the nature of the bound ligand. EGFR homodimer

complexes are internalized rapidly and tend to remain

stable within the early endosome, thus allowing ubiqui-

tination of the receptor and its degradation by the

lysosome. In contrast, EGFR–HER2 heterodimers remain

at the cell surface longer and are less stable in the early

endosome, preventing ubiquitination and thus sending

the receptors through the default recycling pathway [12].

In addition, pH-sensitive ligands such as TGF-a promote

recycling by dissociating readily from the receptor in the

mildly acidic endosome, whereas EGF remains bound to

the receptor and directs receptor degradation [11]. The

net result of internalization is down-regulation of EGFR,

leading to the attenuation of growth factor signaling.

EGFR signal transduction cascade and
tumorigenesis
The complexity of the signal transduction cascades

initiated by EGFR activation is such that individual

stimuli generally cannot be traced through intracellular

pathways to a specific cellular response [12]. However,

some of the basic features of EGFR signal transduction

have been elucidated (Fig. 1) and in recent years the

importance of signaling between receptors (receptor

‘cross-talk’) also has become apparent.

One of the better-understood EGFR signal transduction

pathways is the serine/threonine mitogen-activated pro-

tein (MAP) kinase cascade. Phosphorylated EGFR is

known to recruit the adaptor proteins Shc and Grb2,

which act through the exchange factor Sos to activate

Ras. The subsequent activation of Raf and MAP kinase/

extracellular signal-regulated kinase (ERK), or MEK,

Fig. 1

Signaling pathways induced by EGFR activation.

484 Anti-Cancer Drugs 2005, Vol 16 No 5

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



leads to the phosphorylation of the MAP kinase ERK1/2,

which induces the expression of transcription factors such

as Elk-1 and c-fos [22]. The activation of the MAP kinase

pathway is associated with cell division and its aberrant

activity may be involved in the uncontrolled cell

proliferation that occurs in tumors.

EGFR also promotes cell division and survival through

activation of the lipid kinase phosphotidylinositol-3

kinase (PI3K). The adaptor protein Gab1 is thought to

activate PI3K, setting up a positive feedback loop that

enhances Gab1 recruitment to the receptor. Activated

PI3K phosphorylates protein kinase B (PKB) and leads to

anti-apoptotic signaling through the transcription factor

nuclear factor (NF)-kB. PI3K also activates NF-kB
through the induction of protein kinase C (PKC), a

pathway known to be involved in cell cycle progression in

some cancers [22].

A third pathway initiated by EGFR activation is mediated

by c-Src, a cytoplasmic tyrosine kinase involved in many

cellular processes, including mitogenic signaling [22].

There is a range of known c-Src substrates, including

EGFR itself. However, the c-Src-mediated induction of

the signal transducer and activator of transcription

(STAT) family of transcription factors appears to be of

particular importance in the proliferation and survival of

cancer cells. Indeed, activation of STAT3 is required for

the TGF-a-induced autocrine growth of transformed

epithelial cells [24], while down-modulation of STAT3

in SCCHN cells has been shown to inhibit tumor cell

growth and stimulate apoptosis [25]. Of note, EGFR-

induced activation of the STAT3 pathway has also been

implicated in the resistance of tumor cells to cytotoxic

therapy [9].

Exposure to EGF increases the invasiveness of many

normal and malignant cell lines, and several EGFR-

mediated signaling pathways thought to promote cancer

cell motility have been identified. EGFR-induced activa-

tion of the phospholipase C (PLC) g pathway has been

linked to increased cell motility, possibly by initiating a

‘communication’ signaling pathway between EGFR and

cell adhesion receptors [19]. The activation of PLCg is

required, but not sufficient, for EGF-induced motility,

which also appears to involve MEK activation [19]. The

interaction of EGFR with the integrin signaling pathway,

mediated by focal adhesion kinase (FAK), is also of

interest in tumor invasion and metastasis. Phosphoryla-

tion of the EGFR tyrosine kinase has been shown to

inactivate FAK, leading to the disruption of cell–cell and

cell–matrix interactions, and promoting cell motility and

invasiveness [26].

Finally, it has become apparent that EGFR activation

stimulates the production of pro-angiogenic factors

through multiple signaling pathways. For example, in

addition to its proliferative effects, STAT3 regulates the

production of the angiogenic factor vascular endothelial

growth factor (VEGF) [27]. Similarly, activation of the

MEK pathway results in the activator protein (AP)-1-

dependent production of both interleukin (IL)-8 and

VEGF, while activation of PI3K results in IL-8 production

through an NF-kB-dependent pathway [28].

Targeting EGFR pathways in cancer therapy
The growing realization that multiple tumorigenic

processes are regulated by EGFR-signaling pathways has

resulted in an abundance of research over the last two

decades into the mechanisms and effects of EGFR

inhibition. Various strategies have been employed to

elicit EGFR pathway blockade, including monoclonal

antibodies (mAbs) directed toward EGFR or one of its

ligands, bispecific antibodies, immunotoxin conjugates,

ligand–EGFR inhibitor conjugates, ligand–toxin conju-

gates, antisense oligonucleotides and tyrosine kinase

inhibitors (Fig. 2). Many of these agents are currently

undergoing clinical testing (Table 1). Two of the more

extensively tested strategies are the anti-receptor mAbs,

such as cetuximab (IMC-C225; Erbitux), and inhibitors

of the receptor tyrosine kinase, such as gefitinib

(ZD1839; Iressa) and erlotinib (OSI-774; Tarceva).

Numerous studies conducted in cell culture and in

mouse xenograft models of human cancer have demon-

strated that EGFR blockade inhibits many mechanisms of

tumor progression.

Inhibition of proliferation

In preclinical studies, cetuximab, gefitinib and erlotinib

inhibited tumor cell proliferation by inducing G1 cell

cycle arrest in a variety of carcinoma cell lines, an effect

Fig. 2

Strategies to inhibit EGFR signaling pathways. scFv, single-chain Fv
(variable region-containing fragment) antibodies.
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that was attributed to EGFR blockade-induced up-

regulation/accumulation of the cyclin-dependent kinase

inhibitors p27Kip1 and/or p21CIP1/WAF1 [29–33].

Cetuximab- and gefitinib-induced growth suppression of

human tumor cell lines has also been shown to correlate

with inhibition of ERK1/2 activation [34], supporting the

hypothesis that inhibition of the ERK1/2 MAP kinase

pathway may be involved in the anti-proliferative effects

of these agents. In addition, the effects of these EGFR-

blocking agents on the ERK1/2 pathway may release cells

from insensitivity to TGF-b-mediated growth inhibition,

as evidence suggests that EGFR-mediated activation of

the Ras–MEK–ERK pathway prevents the growth-inhi-

bitory effects of TGF-b [35].

Inhibition of angiogenesis and metastasis

It has been postulated that the abrogation of angiogenesis

contributes to the in vivo effects of EGFR-blocking

agents, a theory that helps explain why many of these

agents appear to be more effective against tumor

xenografts than in cell culture models [36,37]. Several

in vitro studies have demonstrated down-regulation of the

pro-angiogenic factors VEGF, basic fibroblast growth

factor, IL-8 or TGF-a following treatment of EGFR-

expressing cells with cetuximab, gefitinib, and the mAbs

ABX-EGF and ICR62 [37–40]. Similar observations have

been made in xenograft tumor models, where down-

regulation of angiogenesis factors by cetuximab, gefitinib

and the tyrosine kinase inhibitor PKI-166 was accom-

panied by a reduction in the number of new blood vessels

[37,38,41]. Consistent with its effects on angiogenesis,

cetuximab has also been shown to reduce tumor

metastases in human transitional cell carcinoma and

pancreatic carcinoma xenograft models [36,37,42].

Induction of apoptosis

Although the effects of EGFR blockade are largely

cytostatic, treatment of various cancer cell lines with

cetuximab, EGFR antisense oligonucleotides and several

EGFR tyrosine kinase inhibitors has been shown to

increase apoptosis in subsets of tumor cells [31,43–48].

The mechanism of induction of apoptosis by anti-EGFR

agents has not been fully elucidated, but it appears that

pro-apoptotic molecules are potentiated, and anti-apop-

totic molecules are depressed, by EGFR blockade. For

example, cetuximab-induced apoptosis is accompanied by

up-regulation of the pro-apoptotic molecule Bax and

down-regulation of the anti-apoptotic molecule Bcl-2 in

squamous cell carcinoma cell lines [48], and is accom-

panied by the sequential induction of pro-apoptotic

caspases in DiFi colon adenocarcinoma cells [49]. In

addition to promoting apoptosis in tumor cells, cetuximab

has been shown to induce apoptosis in endothelial cells in

xenograft models of prostate and pancreatic carcinoma

[42,50], suggesting that EGFR-mediated apoptotic ef-

fects may contribute to the anti-angiogenic mechanism of

EGFR blockade.

Increasing tumor sensitivity to cytotoxic therapy

A large body of evidence supports a role for EGFR

blockade in potentiating the effects of conventional

chemotherapy and radiation therapy [6,41,51–57]. The

increase in efficacy from combining EGFR inhibition with

cytotoxic therapy is at least additive and, in some cases,

appears to be synergistic. Although the mechanism of

Table 1 EGFR inhibitors in clinical trials

EGFR inhibitor Sponsor Description Trial status

mAbs
Cetuximab [IMC-C225 (Erbitux)] ImClone Systems/Bristol-Myers Squibb human:murine chimeric anti-EGFR mAb II/III (FDA approved

for metastatic CRC)
ABX-EGF Abgenix human anti-EGFR mAb II/III
EMD 72000 Merck humanized anti-EGFR mAb I/II
hR3 (TheraCIM) YM BioSciences humanized anti-EGFR mAb II
ICR62 Institute for Cancer Research rat anti-EGFR mAb I/II

Bispecific antibodies
MDX-447 Medarex humanized anti-EGFR/anti-CD64 antibody II

Tyrosine kinase inhibitors
Gefitinib [ZD1839 (Iressa)] AstraZeneca quinazoline reversible EGFR tyrosine kinase inhibitor II/III
(FDA approved for NSCLC)
Erlotinib [OSI-774 (Tarceva)]
(FDA approved for NSCLC)

OSI Pharmaceuticals quinazoline reversible EGFR tyrosine kinase inhibitor II/III

EKB-569 Wyeth-Ayerst 3-cyanoquinoline irreversible EGFR tyrosine kinase
inhibitor

II

PKI-166 Novartis pyrrolo-pyrimidine irreversible EGFR tyrosine kinase
inhibitor

I

GW-572016 (Lapatinib) GlaxoSmithKline quinazoline reversible inhibitor of EGFR and HER2
tyrosine kinases

II/III

CI-1033 Pfizer quinazoline irreversible inhibitor of multiple HER
family tyrosine kinases

II

EGFR ligand–toxin conjugate
TP-38 Duke University/National Cancer Institute TGF-a fused to a mutated form of Pseudomonas

exotoxin
I/II
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enhancement has not been fully elucidated, it may

involve augmented activation of pro-apoptotic pathways,

coupled with a decrease in proliferation and/or abrogation

of angiogenesis [6,36]. In addition, there is evidence that

EGFR blockade can inhibit tumor cell recovery and repair

following cytotoxic therapy [58].

Specificity of EGFR blockade

Although the common goal of EGFR-targeted approaches

is to inhibit receptor autophosphorylation and down-

stream signaling pathways, the various classes of anti-

EGFR agents differ in their mechanism, specificity and

selectivity of EGFR blockade, and thus may produce

different effects in the clinic. This is illustrated by a

comparison between the clinical experiences with the

mAb cetuximab and the tyrosine kinase inhibitor

gefitinib.

mAbs: cetuximab

Highly specific targeting of the extracellular ligand-

binding domain of the EGFR with mAbs is a rational

therapeutic approach for EGFR-expressing cancers.

Cetuximab, a chimeric IgG1 mAb, was the first of the

anti-EGFR mAbs to be developed and has demonstrated

anti-tumor activity against a wide range of tumor cell

lines and human tumor xenografts in numerous pre-

clinical studies [6,59]. In addition, a number of studies

have shown that enhanced anti-tumor activity is achieved

by combining cetuximab with conventional cytotoxic

therapies [36,42,49,60–65]. In contrast, VEGF inhibitors

such as bevacizumab have not demonstrated enhanced

activity in second-line combination with standard irino-

tecan and oxaliplatin-based regimens [66]. Consistent

with the pleiotropic nature of EGFR-signaling pathways,

the in vivo effects of cetuximab have been attributed to

the inhibition of proliferation, induction of apoptosis, and

abrogation of angiogenesis and metastasis. Cetuximab has

recently been approved by the US Food and Drug

Administration (FDA), either as monotherapy or in

combination with irinotecan, for the treatment of

advanced CRC with detectable EGFR expression.

Extensive phase II and III clinical testing of cetuximab,

either alone or in combination with chemotherapy or

radiation, has continued in CRC [67–71], pancreatic

carcinoma [72] and non–small cell lung cancer (NSCLC)

[73,74], with particularly promising data in the treatment

of SCCHN [43].

Like other anti-EGFR mAbs, cetuximab targets the

extracellular domain of the EGFR and is exclusive to

EGFR. Cetuximab was first developed as a murine mAb

(mAb 225) that competitively inhibits EGFR ligand

binding, but was chimerized subsequently with human

IgG1 to minimize the potential for development of

human anti-murine antibody (HAMA) responses. The

chimerized version retains the properties of the original

mAb, but was shown to bind to the EGFR with higher

affinity (Kd= 0.1–0.2 nM, approximately 10 times greater

than the natural ligands) and to produce greater growth

inhibition of established A431 epidermoid carcinoma

xenografts in nude mice compared with the murine

version [75]. Published phase I studies have shown that

as few as 0% of patients developed human anti-chimeric

antibodies (HACAs) [76] and a review of 120 patients

treated with cetuximab found HACAs in less than 4% of

patients [77], demonstrating the success of the chimer-

ized antibody approach. By comparison, 20% of patients

receiving the rat anti-EGFR mAb ICR62 developed

HAMA responses [78], thus increasing the potential for

resistance to this antibody.

The binding of cetuximab prevents ligand-induced

activation of the receptor tyrosine kinase and leads to

receptor internalization to the endosomal compartment

[79,80]. Once internalized, EGFR is no longer available

for ligand binding at the cell surface. Studies with mAb

225 demonstrate that the antibody-induced receptor

internalization and processing follow a time line similar

to that induced by the natural ligands for EGFR, greatly

reducing the half-life of cell-surface EGFR and effec-

tively down-regulating the cell-surface expression of the

receptor [81,82]. Once cetuximab-bound EGFR is

internalized, EGFR is degraded [83]. Collectively, these

results suggest that removal of EGFR from the cell

surface may contribute to or potentiate the anti-tumor

effects of cetuximab.

Therapeutic antibodies of the IgG1 isotype [84], such as

cetuximab, potentially support immune system effector

functions such as antibody-dependent cell-mediated

cytotoxicity (ADCC) through the antibody Fc domain

[85]. Although smaller bivalent F(ab0)2 forms of mAb 225

lacking the Fc region were able to inhibit the growth of

human cancer xenografts [86]; in another set of experi-

ments, both mAb 225 and cetuximab were shown to

promote ADCC: mAb 225 through the activation of

mouse splenocytes and cetuximab, through the activation

of human peripheral blood mononuclear cells [87]. The

mAbs ICR62 and EMD 72000 also have demonstrated

strong anti-tumor ADCC in vitro [88]. These findings

suggest that cetuximab (and other anti-EGFR mAbs) may

enhance toxicity to EGFR-expressing tumor cells in

human patients by initiating ADCC.

Phase I studies in patients with advanced EGFR-expres-

sing solid tumors—including CRC, NSCLC, SCCHN, and

breast, ovarian and prostate carcinoma—have demon-

strated that cetuximab is well tolerated, either as a single

agent or in combination with cisplatin or radiation therapy,

with minimal overlapping toxicities to conventional

therapy [76,89,90]. The most clinically relevant adverse

events attributable to cetuximab were allergic reactions

and skin toxicity (characterized as an acneiform rash) [91].

Allergic reactions were successfully managed with standard
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medications, and skin toxicity was reversible and not dose

limiting [92].

Data from several phase II trials with cetuximab in

combination with chemotherapy have been reported. In

patients with recurrent and/or metastatic SCCHN who

had previously progressed on a platinum-based regimen,

the combination of cetuximab plus cisplatin or carbopla-

tin produced a 14.6% overall response rate (two complete

responses and 12 partial responses from 96 evaluable

patients) and 39.6% of patients had stable disease or

minor responses lasting at least 6 weeks [93]. The

median survival time for responders was 269 days,

compared with 178 days for all patients. The combination

of cetuximab and platinum was well tolerated in this

study. In another phase II trial of cetuximab plus

docetaxel in patients with NSCLC who had failed one

prior chemotherapy regimen, 13 of 47 evaluable patients

(28%) achieved a partial response and eight patients

(17%) had stable disease [94]. The regimen was well

tolerated with minimal toxicities; the most common

grade 3 toxicities were infection (21% of patients),

fatigue (21%) and acneiform rash (19%).

Two studies have investigated the combination of

cetuximab, irinotecan, fluorouracil and leucovorin in

patients with previously untreated metastatic CRC. In

the first trial, this combination produced a 44% partial

response rate [95]; in the second, which used high-dose

fluorouracil/leucovorin, 74% of patients achieved objec-

tive responses [96]. Dose reductions of cetuximab were

not required, although most patients required irinotecan

and/or fluorouracil dose modifications. The results of

these trials demonstrate the feasibility and potential

therapeutic benefit of incorporating cetuximab into first-

line therapeutic regimens. Similarly, the combination of

gemcitabine and cetuximab showed promising activity

and was well tolerated in a phase II trial in chemotherapy-

naive patients with advanced pancreatic cancer [72].

A phase II trial of cetuximab plus irinotecan in patients

with CRC who had previously progressed on irinotecan

alone produced encouraging results, with a 22.5% overall

response rate (complete and partial responders) [97,98].

This response rate is notable given the treatment-

refractory nature of the patient population under study.

The median duration of response was 147 days and

median time to progression was 186 days [97]. A second

trial was conducted to determine the objective confirmed

response rate associated with cetuximab plus irinotecan

combination therapy or cetuximab monotherapy in

patients with irinotecan-refractory metastatic CRC [70].

Results confirmed the findings from the study by Saltz

et al., showing a response rate of 22.9% (median time to

progression 4.1 months) in patients receiving cetuximab

plus irinotecan, and 10.8% (median time to progression,

1.5 months) in patients receiving cetuximab alone. In

both studies, toxicities were consistent with the known

safety profiles of irinotecan and cetuximab, and were

manageable with standard therapies. Results from these

studies in patients with CRC led to FDA approval of

cetuximab, either as a single agent or in combination with

irinotecan, for the treatment of EGFR-expressing, meta-

static CRC in patients intolerant of or refractory to

irinotecan-based chemotherapy, respectively [99].

In addition to the results achieved with cetuximab/iri-

notecan combination therapy, the aforementioned trial by

Cunningham et al. also highlighted the clinical activity of

cetuximab monotherapy in metastatic CRC [70]. A third

phase II trial was conducted to investigate cetuximab

monotherapy in patients with EGFR-expressing CRC

refractory to both irinotecan and fluorouracil [71].

Cetuximab monotherapy produced a 9% partial response

rate and 37% of patients had stable disease or minor

responses. The median survival in these previously

treated, chemotherapy-refractory CRC patients was 6.4

months [71].

Cetuximab has also recently demonstrated promising

clinical activity in SCCHN. Cetuximab is the first and

only anti-EGFR antibody in a phase III randomized,

controlled clinical trial to demonstrate a statistically

significant increase in survival and locoregional control

[43]. In this study, the largest clinical trial to date of

pharmacotherapy plus radiation therapy in the treatment

of SCCHN, patients with locoregionally advanced disease

who received cetuximab plus high-dose radiation showed

a statistically significant 26-month improvement in over-

all survival compared to patients who received radiation

alone.

Tyrosine kinase inhibitors: gefitinib

In contrast to the mAbs, EGFR tyrosine kinase inhibitors

exert their activity intracellularly at the level of tyrosine

kinase phosphorylation. These small-molecule, low-mo-

lecular-weight agents, usually quinazoline- or pyrazolo/

pyrrolo/pyrido-pyrimidine derivatives, are thought to

block tyrosine kinase activity by attaching to the

adenosine triphosphate (ATP) binding site and prevent-

ing receptor autophosphorylation. The EGFR tyrosine

kinase inhibitors differ among themselves in their

potency, specificity for EGFR, reversibility of action and

bioavailability. In addition to reversible (gefitinib, erloti-

nib) and irreversible (EKB-569, PKI-166) EGFR-selec-

tive tyrosine kinase inhibitors, several pan-ErbB family

tyrosine kinase inhibitors have been developed. CI-1033,

which inhibits EGRF, HER2 and HER4 tyrosine kinases

(HER3 lacks an intrinsic tyrosine kinase domain), and

GW-572016 (Lapatinib), which targets both EGFR and

HER2, have both entered clinical trials. At present, there

is insufficient data to determine whether any clinically

significant differences exist between the different classes

of tyrosine kinase inhibitors.
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Gefitinib is a quinazoline-based reversible tyrosine kinase

inhibitor that displays selectivity for the EGFR and is the

best characterized of this class of agents. As is typical of

the EGFR tyrosine kinase inhibitors, gefitinib selectively

inhibits the EGFR tyrosine kinase with about 100-fold

greater potency than other tyrosine or serine/threonine

kinases [52]. Gefitinib has been shown to prevent

autophosphorylation of EGFR and to block EGFR-

mediated signal transduction pathways in a number of

tumor cell lines in culture [52]. In preclinical studies,

gefitinib produced reversible growth inhibition and

growth delay in cultured tumor cells and human tumor

xenografts [52]. As with cetuximab, anti-tumor activity

was enhanced by combining gefitinib with a cytotoxic

agent [44,57] In addition to NSCLC, gefitinib has

entered phase II/III clinical testing in prostate, breast,

bladder and renal cell carcinoma.

In a phase I trial conducted in patients with various

EGFR-expressing tumors, including NSCLC and CRC as

well as breast, ovarian and renal cell carcinoma, gefitinib

was found to be well tolerated, with dose-limiting toxicity

(grade 3 diarrhea) observed at doses at or above

700mg/day [100]. Four of 16 NSCLC patients experi-

enced a partial response to therapy.

Results from several phase II trials of gefitinib mono-

therapy have been reported. In a phase II study in

patients with recurrent or metastatic SCCHN, gefitinib

(500mg/day) produced one complete response and four

partial responses from 47 evaluable patients, with an

overall response rate (complete and partial responders) of

10.6% and a disease control rate (complete response,

partial response or stable disease) of 53% [101]. However,

gefitinib monotherapy produced no objective responses

in phase II trials in patients with advanced renal cell

carcinoma [102], recurrent glioma [103] or CRC [104].

More encouragingly, in patients with advanced NSCLC

who had failed one or two chemotherapy regimens,

gefitinib achieved response rates of 18.4% (at 250

mg/day) and 19.0% (at 500mg/day) [105]. In a second

study conducted in patients with advanced NSCLC who

had failed two or more previous chemotherapy regimens,

the response rate (all partial responses) was 12% for

patients receiving gefitinib 250mg/day and 9% for

patients receiving 500mg/day [106]. Results from these

phase II studies led to FDA approval of gefitinib as

monotherapy for patients with locally advanced or

metastatic NSCLC after failure of both platinum-based

and docetaxel chemotherapies [107]. Why only a small

subset of patients appears to respond to gefitinib is the

subject of much debate. In a combined analysis of tumor

samples from the above two trials, there were no

consistent associations between levels of EGFR expres-

sion and radiographic or symptomatic improvement

[108]. Other recent findings may help provide an answer

[109,110]. These researchers independently identified

somatic mutations in the tyrosine kinase domain of the

EGFR gene in subsets of NSCLC patients; these somatic

mutations confer susceptibility to gefitinib. Screening for

these mutations may help identify patients with NSCLC

who are more likely to respond to gefitinib or gefitinib-

based chemotherapy regimens.

Trials of gefitinib in combination with chemotherapy in

chemotherapy-naive patients with advanced stage III and

IV NSCLC have been less successful. Two large phase III

double-blind, placebo-controlled trials, known as the

Iressa in NSCLC Trial Assessing Combination Therapy

(INTACT) trials, were conducted in more than 2000

patients. In the first trial (INTACT 1), patients received

gemcitabine and cisplatin with or without gefitinib [111];

and in the second (INTACT 2), patients received

paclitaxel and carboplatin with or without gefitinib

[112]. In both trials, the addition of gefitinib to

chemotherapy in patients with NSCLC did not result

in improved efficacy (survival benefit, time to progression

or response rate) compared with chemotherapy alone

[111,112]. The reasons for these disappointing results are

unclear, but may reflect the fact that patients in these

studies (as with most other studies of gefitinib) were not

selected on the basis of tumor EGFR activation state or

EGFR kinase domain mutation. Tissue from tumor

biopsies from patients in the two studies is currently

being examined in an attempt to identify the targets and

mechanisms of response and resistance to therapy.

Historically, three-drug chemotherapy regimens have

not produced better survival outcomes than two-drug

regimens for advanced NSCLC [113]. It is possible that

gefitinib may be more effectively combined with

chemotherapy when administered in a sequential or

pulsatile fashion; such approaches are currently being

investigated in preclinical studies [114,115].

Clinically relevant differences between anti-EGFR

mAbs and tyrosine kinase inhibitors

In addition to their differences with respect to ADCC

and receptor internalization, mAbs and tyrosine kinase

inhibitors possess several different characteristics that

may prove significant in a clinical setting. One major

difference is in the route of administration of the two

classes of agents. Whereas the mAbs are given by i.v.

infusion, the tyrosine kinase inhibitors are typically

administered orally. Thus, tyrosine kinase inhibitors come

directly into contact with epithelial cells in the intestine,

in contrast to mAbs, which are macromolecules and have

limited access to the intestinal epithelium from the

systemic circulation. Unlike most normal cells, the

EGFR-expressing cells of the intestinal epithelium are

in a constant state of renewal and may be susceptible to

inhibition of EGFR function. This may explain why

tyrosine kinase inhibitors, unlike mAbs, are associated

with significant intestinal epithelial toxicity. As a
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consequence, clinically significant diarrhea is commonly

observed in patients receiving EGFR tyrosine kinase

inhibitors [100,116–118]. In contrast to cetuximab

clinical trials, gefitinib and erlotinib clinical trials are

being conducted at or near their drug’s maximum

tolerated dose, with dose escalations limited by gastro-

intestinal and/or skin toxicities, and dose reductions are

often required [100,116,119–121].

Unlike mAbs, which bind to the external ligand-binding

site of EGFR and subsequently internalize the entire

complex, tyrosine kinase inhibitors bind to the internal

tyrosine kinase domain of the receptor, thus requiring

that they diffuse across the cell membrane to reach their

target. Given that these molecules are selective, but not

completely specific, for EGFR, the tumor specificity of

tyrosine kinase inhibitors may be reduced compared with

mAbs. Many EGFR tyrosine kinase inhibitors inhibit

other protein kinases at higher doses, increasing the

potential for a lack of receptor selectivity and increased

toxicity if dose escalation is attempted.

The small-molecule tyrosine kinase inhibitors, unlike

mAbs, are eliminated from the body by cytochrome P450

enzymes. These enzymes are also involved in eliminating

small-molecule chemotherapy drugs. Thus, although

other small molecules may interfere with the elimination

of EGFR tyrosine kinase inhibitors (or vice versa), they are
highly unlikely to interfere with the elimination of EGFR

mAbs. The different mechanisms of action and routes of

elimination of mAbs and tyrosine kinase inhibitors may

result in different dosing schedules in patients. Thus,

mAbs such as cetuximab, which has a half-life of 4–7 days

[76,89], may be administered once weekly, while the

tyrosine kinase inhibitors require more frequent, usually

daily, dosing.

Does EGFR expression level in tumors
correlate with response to anti-EGFR
therapy?
As the results of a growing number of preclinical studies

and clinical trials become available, data are beginning to

emerge about the relationship between the anti-tumor

efficacy of EGFR inhibition and the level of EGFR

expression on tumor cells. Using current immunohisto-

chemical detection methods, a cell is deemed EGFR-

positive if it expresses more than approximately 30 000

receptors per cell. By definition, agents targeting EGFR-

positive tumors would not be expected to display efficacy

toward tumors lacking any EGFR expression. This has

been observed in tumor xenograft studies with ABX-EGF,

where the anti-tumor effect of this mAb was only seen in

tumors that expressed more than 17 000 EGFR receptors

per cell [122]. Similarly, carcinomas with low EGFR

protein levels (below 70 fmol/mg) were not susceptible to

the mAb EMD 72000 in xenotransplants derived from

cancer cell lines [123].

Consequently, clinical trials with agents other than

gefitinib are being conducted in patients with EGFR-

positive tumors, and cetuximab is indicated only for

EGFR-positive colorectal tumors. Concurrent with the

FDA approval of cetuximab, DakoCytomation also

received FDA approval for the use of its EGFR pharmDx

kit as an aid to identify CRC patients eligible for

treatment with cetuximab [124]. Notably, however,

preliminary analyses suggest that the clinical efficacy of

anti-EGFR agents is not related to the relative levels of

EGFR expression in these patients. In the phase II trial

of cetuximab in combination with irinotecan in irinote-

can-refractory CRC patients, response rates were not

correlated with EGFR expression levels [98]. Similarly, in

a phase II trial conducted in 56 patients with advanced

NSCLC, tumor response to the tyrosine kinase inhibitor

erlotinib was not associated with either a higher

percentage of tumor cells positive for EGFR or more

intensive EGFR staining [119].

Of note, these results contrast with the clinical response

to the anti-HER2 mAb trastuzumab (Herceptin), which

was found to correlate with a high level of HER2

expression resulting from gene amplification in patients

with HER2-positive breast tumors [125].

Does skin rash predict response to EGFR
blockade?
An important aspect of any cancer therapy, especially in

patients with advanced cancers and shorter life expec-

tancies, is the ability to predict response to therapy early

in a therapeutic regimen. It is becoming increasingly

apparent that the acne-like rash commonly observed in

patients receiving EGFR inhibitory therapy [91,98,100,

116,126,127] may be predictive of a therapeutic response

to EGFR blockade. The appearance of skin rash appears

to be a class effect of EGFR inhibitors, relating to

inhibition of EGFR-mediated signaling pathways in the

skin. In support of this theory, up-regulation of p27Kip1

has been observed in epidermal keratinocytes of cancer

patients treated with cetuximab, gefitinib and erlotinib

[128,130].

In the phase II trial of cetuximab and irinotecan in

irinotecan-refractory CRC patients, 94 (78%) of the 120

patients who were classified as demonstrating progressive

disease at the start of the trial developed at least 1 acne-

like rash during the study [98]. These patients achieved a

significantly higher rate of objective response compared

to patients who did not develop a rash (28 versus 4%,

p<0.021). More recently, a phase II trial of cetuximab

monotherapy in the treatment of metastatic CRC

refractory to irinotecan, oxaliplatin and a fluoropyrimidine

demonstrated statistically significant improvements in

tumor response and overall survival in patients with acne-

like rash grade 2 or higher [131]. Similarly, rash severity
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was significantly associated with survival in patients with

NSCLC receiving erlotinib [127]. As the majority of

cutaneous side-effects are observed well below the

maximum tolerated dose of anti-EGFR agents, the

acneiform skin rash could prove to be a clinically useful

efficacy marker for these agents.

Summary
EGFR blockade represents a rational approach to tumor

growth inhibition by exploiting the increased dependence

of rapidly dividing, EGFR-expressing tumor cells on this

signaling pathway relative to non-neoplastic cells. The

high redundancy of growth factor signaling in most

normal cell types further enhances the exquisite speci-

ficity of EGFR-targeted agents. In addition, the effects of

anti-EGFR agents on normal tissues have proven to be

manageable.

A variety of approaches have been taken to inhibit EGFR

function, the relative merits of which remain to be

determined in clinical trials. Three anti-EGFR agents,

cetuximab, erlotinib and gefitinib, have been approved by

the US FDA for the treatment of CRC (cetuximab) and

NSCLC (erlotinib and gefitinib). Cetuximab has absolute

specificity for the EGFR and thus exerts its effects only

on EGFR-expressing cells. Importantly, the efficacy of

cetuximab is not related to EGFR expression per se.
Receptor internalization and ADCC, mechanisms attrib-

uted to mAbs, but not to tyrosine kinase inhibitors, may

provide added clinical benefit with the use of therapeutic

mAbs, possibly by providing a more continuous and

constant blockade of receptor signaling.

Several important aspects of anti-EGFR therapy remain

to be addressed. An increasing emphasis is being placed

on the ability to predict response to cancer therapy.

Studies are currently being conducted to determine

whether pre-selecting tumors on the basis of EGFR,

TGF-a, EGF and/or MAP kinase levels will predict which

patients might respond to EGFR blockade. It is hoped

that additional information will be provided by studies

investigating the utility of acneiform skin rash as an early

predictor of response to anti-EGFR therapy. The finding

that mutations in the EGFR gene in subsets of patients

with NSCLC confer susceptibility to gefitinib offers the

potential to pre-select patients who are most likely to

respond to tyrosine kinase inhibitors; however, it is

unknown whether or not such mutations are relevant to

responses to mAb therapy.

To date, most clinical trials have investigated the effects

of EGFR blockade in patients with advanced disease.

However, it may be that EGFR-blocking agents will prove

valuable as part of first-line regimens in early-stage

disease. Furthermore, the reduced toxicity profiles of

EGFR-inhibiting agents suggest that these agents could

be successfully used for maintenance therapy regimens

following cytotoxic therapy.

Note added in proof
Recently, structural modeling and biochemical analysis of

the tyrosine kinase domain was performed in a patient

who developed clinical resistance to gefitinib. DNA

sequence analysis of the EGFR gene in this patient’s

tumor revealed the presence of a second point mutation,

resulting in a threonine to methionine mutation at

position 790, conferring gefinitib resistance [132].
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