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Abstract: Clinical studies have shown that HER-2/Neu is over-expressed in up to one-third of patients with a
variety of cancers, including B-cell acute lymphoblastic leukemia (B-ALL), breast cancer and lung cancer, and
that these patients are frequently resistant to conventional chemo-therapies. Additionally, in most patients
with multiple myeloma, the malignant cells over-express a number of epidermal growth factor receptors
(EGFR)s and their ligands, HB-EGF and amphiregulin, thus this growth-factor family may be an important
aspect in the patho-biology of this disease. These and other, related findings have provided the rationale for
the targeting of the components of the EGFR signaling pathways for cancer therapy. Below we discuss various
aspects of EGFR-targeted therapies mainly in hematologic malignancies, lung cancer and breast cancer. Beside
novel therapeutic approaches, we also discuss specific side effects associated with the therapeutic inhibition
of components of the EGFR-pathways. Alongside small inhibitors, such as Lapatinib (Tykerb, GW572016),
Gefitinib (Iressa, ZD1839), and Erlotinib (Tarceva, OSI-774), a significant part of the review is also dedicated
to therapeutic antibodies (e.g.: Trastuzumab / Herceptin, Pertuzumab / Omnitarg / rhuMab-2C4, Cetuximab /
Erbitux / IMC-C225, Panitumumab / Abenix / ABX-EGF, and also ZD6474). In addition, we summarize, both
current therapy development driven by antibody-based targeting of the EGFR-dependent signaling pathways,
and furthermore, we provide a background on the history and the development of therapeutic antibodies.
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INTRODUCTION Beside therapeutic monoclonal antibodies, several ‘small
molecule’-inhibitors targeting the EGF-R signaling cascade
are also currently being evaluated in clinical trials. They
include compounds such as Lapatinib (Tykerb or
GW572016, GlaxoSmithKline, Research Triangle Park,
NC), a reversible small-molecule inhibitor of ErbB1/ErbB2
tyrosine kinases, Gefitinib (IressaTM, ZD1839, Astrazeneca
Pharmaceuticals, DE), and Erlotinib (TarcevaTM, OSI-774,
Genentech Inc. South San Francisco, CA) that target the
HER1. The last two inhibitors work in a similar way, by
blocking HER1 signaling, thereby inhibiting tumor growth
and proliferation. Both, Erlotinib and Gefitinib, have been
approved by the US Food and Drug Administration (FDA)
for the treatment of patients with the most common form of
lung cancer, Non-Small Cell Lung Cancer (NSCLC), and
have also been evaluated in several other malignancies, with
promising results.

The ErbB (HER) family of transmembrane tyrosine
kinase (TK) type I receptors, plays an important role in
processes such as cell growth, proliferation, survival, and
differentiation. Members of the family include the HER1
(epidermal growth factor receptor, EGFR, ErbB1), HER2
(HER2/neu, ErbB2), HER3 (ErbB3) and HER4 (ErbB4).
They contain an extracellular domain and an intracellular
protein TK core and must form dimers to initiate signaling.
Understanding the biological role of the HER family and
advances in cancer therapy have led to the development of
several therapeutic approaches including antibodies such as
Trastuzumab (HerceptinTM, Genentech, Inc., South San
Francisco, CA), Pertuzumab (OmnitargTM, Genentech, Inc.,
South San Francisco, CA) formerly known as rhuMab-.2C4
that works by interfering with the interaction between single-
chain HER-2 and other HER-family members, Cetuximab
(ErbituxTM, IMC-C225, ImClone Systems, Merck KgaA),
Panitumumab (Abenix) formerly known as ABX-EGF, and
also ZD6474 (Astrazeneca Pharmaceuticals, DE) a dual
inhibitor that works by blocking the VEGF and EGF
receptors [1].

STRATEGIES FOR THE DEVELOPMENT OF
THERAPEUTIC ANTIBODIES

‘Small-molecule’ inhibitors are usually discovered by
screening large chemical libraries, containing usually
hundreds of thousands of compounds. In contrast, antibody-
based drugs are developed by immunization with the
molecule that should be selectively targeted. The target may
be a growth receptor that under pathologic conditions (for
example: EGF-receptor family) sustains the survival and
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proliferation of cancer cells, or for example, a mutated form
of a naturally occurring molecule. While for practical
reasons, the antibodies are usually being developed in mice,
they cannot be efficiently used for therapy in humans due to
their immunogenicity (they are recognized as “foreign” by
the human immune system). Furthermore, antibody structure
also has a profound effect on tumor targeting.
Immunoglobulin belonging to the class “G” (IgG) is the
most commonly used class of antibodies. IgG, although one
of the smallest of naturally occurring immunoglobulins, is
still a rather large protein (approximately 150 kDa). Thus, it
has slower distribution kinetics and limited tissue
penetration as compared to small molecules. Larger
antibodies, for example IgM, are usually not chosen for
therapy. Several approaches are being taken to overcome
these problems, and thus therapeutic antibodies come in
“different forms and different sizes” [2].

Mabthera) and Erbitux (Cetuximab) promote tumor
regression by enhancing leukocyte-mediated killing of tumor
cells coated with the iC3b [5]. Combinations of mAb and
-glucan have been shown to significantly increase tumor
regression in: chronic lymphocytic leukemias, small
lymphocytic lymphoma, childhood Hodgkin's lymphoma,
childhood Non-Hodgkin's lymphoma, other leukemias and
lymphomas, neuroblastoma, breast and liver tumors (see:
http://www.clinicaltrials.gov/ for a detailed list).

So-called “Single Chain” antibody fragments (scFv), the
ultimate simplification of antibody molecules have been
engineered mainly in bacteria. scFv can be designed to form
dimers and trimers by varying the length of their
polypeptide linkers. An scFv fragment with a linker length
of 3-12 residues cannot fold into a functional Fv domain,
and therefore associates with another scFv molecule to form
a bivalent dimer. Trimers and tetramers can be formed by
further reducing the linker’s length. These molecules have
the advantage of increased tumor penetration and faster
clearance rates than the parental Ig due to their smaller size.
Designing therapeutic antibodies to include the Fc domain
prolongs serum half-life and complement-mediated effects.
In addition, antibody fragments can be fused with a wide
variety of molecules to alter functionality or to introduce a
secondary activity, such as: radioisotopes for cancer
imaging, enzymes for pro-drug therapy, or lipids for
improved systemic delivery [6].

Attempts to use antibody-based therapies began in the
1950’s and relied on polyclonal antibody preparations.
Limited success was mainly due to the inherent problems
associated with polyclonal antisera. The approach however
gained feasibility in the mid-70s when Kohler and Milstein
developed the methodology that allowed the manufacture of
unlimited quantities of identical (monoclonal) antibodies
(mAb, antibodies directed against specific antigens,
produced by hybrid cells, “hybridomas”, derived from the
fusion between specific plasma cells [guarantees specificity]
and myeloma cells [guarantees immortal growth]) [3].
Initially, murine, rabbit and rat antibodies were studied;
however, they had several associated problems since they
acted as immunogens for the human immune system. The
immune response against such therapeutic antibodies quite
often caused adverse effects such as “serum-sickness” and
anaphylaxis. In addition, due to cross-species
incompatibilities these antibodies were sometimes unable to
stimulate cytotoxic humoral- or cellular immune responses
such as Complement-mediated Cytotoxicity (CDC) or
Antibody Dependent Cellular Cytotoxicity (ADCC), which
are necessary to destroy malignant cells. In order to
overcome this problem, chimeric or “hybrid antibodies” were
constructed by linking human antibody backbone regions
with murine or primate variable regions. More advanced
versions of these antibodies were developed and today are
known as the “humanized antibodies” (human framework Ig
containing only rodent sequences encoding the three
complementarity determining regions are also called
“variable regions”). These antibodies activate immune
responses (both CDC and ADCC) and show better
performance in clinical trials [4].

Antibodies may also be chemically modified. For
example, bi-specific antibodies are formed through the
association of two different scFv molecules that each contain
a VH and VL domain (variable regions from both heavy and
light chain) from different parent Igs. The bi-specific
antibodies usually recognize two different antigens, thus
they are able to cross-link different target antigens either on
the same cell or on two different cells. As a result, they
efficiently recruit cytotoxic T cells to their target cancer cells
or effectively activate CDC.

Direct arming of antibodies is a strategy to enhance the
effectiveness of anti-tumor antibodies. This is accomplished
by covalently linking antibodies to molecules or proteins
that are used to destroy tumor cells such as: radionuclides,
toxins, or cytokines. The latter stimulates the anti-tumor
immune response without the toxicity associated with
systemic cytokine delivery. Antibodies can also be armed
indirectly by attaching engineered antibody fragments to the
surface of liposomes loaded with drugs or toxins for tumor-
specific delivery [7]. For example, in preclinical studies,
anti-HER2 scFv immunoliposomes containing doxorubicin
showed increased retention in the circulation and improved
efficiency compared to free doxorubicin, non-antibody
conjugated liposomal doxorubicin, and the anti-HER2
monoclonal antibody Trastuzumab [2, 8]. As another
example, Gemtuzumab ozogamicin (Mylotarg™) is a
humanized anti-CD33 monoclonal antibody covalently
linked to the cytotoxin calicheamicin. CD33 is expressed on
early myeloid cells as well as leukemic blast cells, but is
rarely expressed outside the hematopoietic system. This
makes it an attractive target for use in therapy. Gemtuzumab
ozogamicin binding to CD33 leads to endocytosis, followed
by cleavage of the covalent linkage between the antibody and
calicheamicin inside the lysosomes. The calicheamicin is

ADVANCES IN THE DEVELOPMENT OF
THERAPEUTIC ANTIBODIES

Efforts have been made to further improve the cytotoxic
activity of therapeutic monoclonal antibodies. For example,
co-administration of -glucan as an adjuvant with therapeutic
monoclonal antibodies markedly enhances the recruitment of
the components of the complement lytic cascade, and thus
improves their CDC- or ADCC activity. -glucan primes
leukocyte complement receptor 3 (CR3) for enhanced
cytotoxicity against iC3b opsonized tumor cells [5]. For
example: Herceptin (Trastuzumab), Rituxan (Rituximab,
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released and it induces sequence specific cleavage of double-
stranded DNA [9].

In addition, to the importance of HER-2/Neu in ALL,
there is a growing body of literature surrounding the EGFR
and multiple myeloma [20-24]. Mahtouk et al. [24] found
HER-2/Neu mRNA to be expressed in 9 myeloma cell lines,
while ErbB1, ErbB3 and ErbB4 were only expressed in 3, 6
and 4 of these lines, respectively. Similarly, Otsuki et al.
[22] found plasma cell lines to have increased levels of
mRNA for HER-2/Neu, ErbB3 and ErbB4, while only the
protein levels of HER-2/Neu were highly expressed. Primary
myeloma cells appear to universally express ErbB1 or ErbB4
mRNA [24], and by immuno-histochemistry 12.9% of cases
show HER-2/Neu expression [20]. Activation of these
receptors appears to be important in the pathogenesis of
myeloma as an antibody against HER-2/Neu inhibits the
growth of myeloma cell lines [22]. This effect is associated
with a slight accumulation of cells at G0/G1 and the
upregulation of p21 expression [22]. More recently it has
been demonstrated that the epidermal growth factor
members, amphiregulin and heparin-binding epidermal
growth factor-like growth factor (HB-EGF), are important in
multiple myeloma [20, 21, 23, 24]. HB-EGF is present in a
membrane and free form and both bind to ErbB1 and ErbB4
while amphiregulin binds to ErbB1 [24]. CD9 is also found
on myeloma cell lines, and functions as a co-receptor for
HB-EGF, increasing the activity of HB-EGF thirty-fold.
HB-EGF is produced by plasma cell lines and cooperates
with IL-6 to maintain cell viability [21]. In contrast, HB-
EGF is not secreted by primary myeloma cells but may in
vivo be produced by other bone marrow cells, such as
monocytes [24]. HB-EGF triggers the PI-3K/AKT pathway
and the effect is blocked by a pan-ERbB kinase inhibitor
[24]. A recent study has demonstrated that primary myeloma
cells, but not normal plasma cells, express amphiregulin
mRNA and that amphiregulin causes marrow stromal cells
to produce IL-6, a cytokine implicated in multiple myeloma
[23]. Moreover, amphiregulin also promotes the growth of
primary myeloma cells [23]. The importance of HB-EGF
and amphiregulin as growth factors in multiple myeloma has
been confirmed by the finding that the pan-ErbB kinase
inhibitor, PD169540, induced apoptosis in 10/14 primary
myeloma cell lines and the ErbB1-specific inhibitor,
Gefitinib, induced apoptosis in 4/14 cases [23, 24]. In
addition, a synergistic antitumor effect was seen between
these agents and dexamethasone or an anti-IL6 antibody [23,
24]. Importantly, PD169540, Gefitinib, dexamethasone and
anti-IL6 antibody did not affect the viability of other marrow
cells [23, 24]. These results indicate that inhibition of the
EGFR pathway may be useful in the treatment of multiple
myeloma.

Antibodies may also be labeled with a radionuclide either
for diagnostic- or for therapeutic purposes. Thus, the
antibodies may serve as vectors targeting tumor antigens, for
example, radioactive anti-carcinoembryonic antigen
antibodies are used in the treatment of colorectal cancer. This
strategy works through the accumulation of high energy β-
particles (that have a short penetration depth) within the
tumor which is emitted from a radionuclide (131I, 90Yt,
111In). Using this method in conjunction with a γ -detector
also makes it possible to locate and stage tumors [10].
Recently, the first radioimmunoconjugate was approved for
treating non-Hodgkin’s lymphoma. Zevalin (ibritumomab,
tiuxetan) is a 90Yt labeled anti-CD20 monoclonal antibody
that incorporates β-emitting radioisotopes [11]. Below we
focus on therapies that target the EGF-receptor pathway on
various types on malignancies.

TARGETING OF THE EGFR PATHWAY IN
HEMATOLOGICAL MALIGNANCIES

Despite the extensive amount of research devoted to
targeting the epidermal growth factor receptor (EGFR)
pathway as a treatment for solid tumors, less is known about
this pathway in the hematological malignancies [12]. While
HER-2/Neu (ErbB2) is highly expressed in epithelial cells,
HER-2/Neu mRNA is only detected at low levels in normal
peripheral blood mononuclear cells, bone marrow cells and
in leukemic blasts [13]. Within these cell types, HER-2/neu
surface protein expression is only found in B cell acute
lymphoblastic leukemia (B-ALL), being detected in up to
one-third (12 of 36) of patients [13, 14]. The incidence of
HER-2/Neu positivity in B-ALL appears to correlate with
patient age, occurring in 3.4% of children and 31% of adults
[13, 14]. This over-expression is not related to gene
amplification, but may be related to transcriptional
activation or post-translational modifications [14].
Moreover, patients with HER-2/Neu positivity are drug-
resistant suggesting that this may be a useful prognostic
marker in B-ALL [14]. HER-2/neu specific cytotoxic T
lymphocytes have been generated in vitro using peptide-
pulsed dendritic cells, and these cytotoxic T cells can lyse
B-ALL cells expressing HER-2/Neu [15]. These data suggest
that HER-2/Neu may be a target for treatment in B-ALL and
that vaccination might be a useful approach for therapy [14].
Ongoing clinical studies are evaluating Trastuzumab
(Herceptin™) in B-ALL [14].

CLINICAL ADVANCES IN TARGETING EGFR
PATHWAY IN LUNG CANCER

In contrast to ALL, HER-2/neu protein is not detected in
Hodgkin’s disease, non-Hodgkin’s lymphoma, acute
myeloid leukemia (AML), chronic lymphocytic leukemia
and stable chronic myeloid leukemia (CML) [13, 16-18].
However, HER-2/Neu is expressed in CML where there is
evidence of B-lymphoblastic crisis [12, 16-18].
Interestingly, although HER-2/Neu protein is not detectable
in AML blasts, the EGFR kinase inhibitor, Gefitinib
(Iressa™), promotes the differentiation of AML cell lines
and primary AML blasts in vitro [19]. Although the
mechanism for this action is unknown, it is speculated that
Gefitinib acts in AML through an EGFR-independent
pathway.

Lung cancer is the leading cause of cancer-related
mortality worldwide. Despite the advances in
chemotherapeutic options for 80% of the lung cancer patients
who are diagnosed with non-small cell lung cancer
(NSCLC), the 5-year survival has been a dismal 15% [25].
NSCLC frequently expresses the epidermal growth factor
receptor (EGFR) and as a result, there has been considerable
interest in carrying out clinical trials of EGFR targeting
agents in NSCLC [26, 27] The EGFR- tyrosine kinase
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inhibitors (TKIs), namely Gefitinib (Iressa®; AstraZeneca)
and Erlotinib (Tarceva®; OSI Pharma) are extensively
studied in NSCLC and are currently incorporated into
clinical practice.

second-line chemotherapy [31]. This randomized, double-
blind trial of 731 patients noted a statistically significant
difference for Erlotinib over placebo with response rate
(8.9% vs. <1%; p < 0.001), progression-free survival (2.2
months vs. 1.8 months; HR = 0.61; p < 0.001) and overall
survival (6.7 months vs. 4.7 months; HR = 0.70; p <
0.001), all in favor of Erlotinib. Response to Erlotinib was
noted to be higher among Asians (p = 0.02), women (p =
0.006), patients with adenocarcinoma (p < 0.001) and
lifetime non-smokers (p < 0.001).

EGFR-Tyrosine Kinase Inhibitors (TKIs)

Gefitinib

Two randomized, double blind, multi centre Phase II
trials, IDEAL-1 (Iressa Dose Evaluation in Advanced Lung
Cancer) and IDEAL-2 (Table 1), evaluated the efficacy of
Gefitinib 250 mg or 500 mg per day orally as a single agent
in advanced NSCLC patients who have failed one or two
chemotherapy regimens [28, 29]. The primary end-points of
the studies were objective tumor response rate (ORR) and
disease related symptom improvement measured by LCS
(lung cancer sub-scale). ORR of 8-19% and a median
survival between 6 to 7 months, with tolerable toxicity,
were reported in both studies and 35-43% of patients showed
symptom improvement. As the 250 mg per day dosage
provided equivalent benefit but lower toxicity than 500 mg
per day, it was chosen as the dosage for Phase III
investigations. A recently published large European phase III
randomized study evaluated Gefitinib in 1692 patients who
had undergone previous platinum-based chemotherapy [30].
Unfortunately, there was no survival benefit for Gefitinib in
the overall study population (median survival 5.6 vs. 5.1
months; HR = 0.89; p = 0.11). However, Gefitinib was
noted to provide a statistically significant survival benefit in
patients of Asian origin and in never-smokers.

Apart from the above clinical factors, many earlier
studies have also suggested that mutation in the region of
the tyrosine kinase domain of EGFR predicts response to
TKIs [32-34]. However, this was not observed when
mutation was studied in a sub-group of patients in the above
study. The EGFR expression and increased number of copies
of EGFR were associated with increased responsiveness to
Erlotinib but the mutation of EGFR did not correlate. None
of these three tests were associated with increased survival
[35]. Therefore, this test cannot be recommended as a
prerequisite for selection of patients for therapy. It is
difficult to understand why one phase III study using an
EGFR-TKI would have improved survival while the other
did not. This difference in results may be attributed to the
under dosing of Gefitinib.

EGFR_TKIs – Combined with Chemotherapy

Gefitinib has also been investigated as part of first-line
regimens for patients with advanced NSCLC. INTACT
(Iressa NSCLC Trial Assessing Combination Treatment) 1
and INTACT 2 combined Gefitinib 250 or 500 mg per day
with cisplatin plus gemcitabine or carboplatin plus
paclitaxel, (Table 1) [36, 37]. Non-significant differences

Erlotinib

A large Canadian-led international study compared
Erlotinib 150 mg per day, a TKI with placebo in patients
with advanced NSCLC after failure of standard first or

Table 1. Recent Clinical Trials that Involved Tyrosine Kinase Inhibitors in Lung Cancer

Trial / Reference Design (No. of Pts) Survival / Outcomes

Gefitinib 250 vs 500 mg IDEAL 1
[28]

Phase II (200 pts)
1 or 2 prior platinum regimens

Symptom improvement

250 vs 500 mg IDEAL 2
[29]

Phase II (216 pts)
≥ 2 Prior platinum & docetaxel

regimens

Symptom improvement

250 mg vs placebo ISEL
[30]

Phase III (1692 pts)
Intolerant or progression to

chemotherapy

No overall survival benefit
Increased median survival in never-smokers

and Asians

Cisplatin/gemcitabine ±
Gefitinib

INTACT 1
[36]

Phase III (1093 pts)
1st line

No overall survival benefit

Carboplatin/paclitaxel
± Gefitinib

INTACT 2
[37]

Phase III (1037 pts)
1st line

No overall survival benefit

Erlotinib 150 mg vs placebo NCIC-CTG BR.21
[31]

Phase III (731 pts)
1 or 2 prior chemotherapy

regimens

Significant improvement in overall survival

Cisplatin/gemcitabine ±
Erlotinib

TALENT
J Clin Oncol 22(14S):

7010, 2004

Phase III (1172 pts)
1st line

No overall survival benefit

Carboplatin/paclitaxel
± Erlotinib

TRIBUTE
[39]

Phase III (1079 pts)
1st line

No overall survival benefit
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were noted for response rate or survival with the addition of
Gefitinib. While no benefit was noted in the overall
population, again there was a trend toward increased survival
in patients with adenocarcinoma.

both Gefitinib (HER1-TK inhibitors, see Table 2) and an
aromatase inhibitor (Arimidex, Astrazeneca Pharmaceuticals,
DE) had a greater reduction in tumor Ki67 (proliferation)
index, than patients assigned Gefitinib alone [44] (Table 3).
However, other clinical trial data where Gefitinib was
administrated alone to advanced breast cancer patients
showed that it did not reduce the Ki67 index in tumors [45],
and when Gefitinib was evaluated in 58 metastatic cancer
patients pretreated with taxane and anthracycline, the
treatment was well tolerated but not effective [46]. Currently
Gefitinib is being evaluated in combination with other drugs
to treat metastatic breast cancer in more than 20 studies
(www.clinicaltrials.com).

Erlotinib has also been combined with standard first-line
chemotherapy regimens in patients with advanced NSCLC.
The TALENT study (Table 1) included 1172 ‘chemo-naive’
(previously not treated) patients who were to receive
Erlotinib 150 mg per day or placebo concurrently with six
cycles of gemcitabine and cisplatin followed by
monotherapy until disease progression [1, 38] Similar to
Gefitinb, the addition of Erlotinib to chemotherapy provided
no statistically significant differences in clinical outcomes.
Likewise, the recently published TRIBUTE study (Table 1),
a phase III trial combined carboplatin and paclitaxel
chemotherapy with Erlotinib in 1079 patients demonstrated
no difference in median survival [39]. In subset analysis,
never-smokers experienced improved overall survival (OS)
with Erlotinib (22.5 months vs. 10.1 months; HR = 0.49),
which was independent of tumor histology. Efforts are
ongoing to combine other targeting agents (Vascular
endothelial growth factor receptor antagonist) with TKIs and
study their benefit in earlier stages of disease after radical
treatment.

Early trials for Erlotinib (TarcevaTM, OSI-774,
Genentech, Inc., South San Francisco, CA), looked
promising, but a subsequent phase II study was
disappointing (02-C-0061; Table 3). Erlotinib is a small
molecule TK inhibitor, which was co-developed by OSI
Pharmaceuticals and Roche and also targets the HER1
receptor. Currently, Erlotinib is being tested either alone or
in combination with other agents in 9 different trials in the
setting of recurrent breast cancer (www.clinicaltrials.gov).

In contrast, Lapatinib (Tykerb or GW572016,
GlaxoSmithKline, Research Triangle Park, NC), differs from
the previous two compounds, in that it is a dual inhibitor of
both HER1 and HER2 activity (Table 2). Results from a
completed phase I trial (EGF10004, designed to evaluate the
safety and clinical activity) in 67 patients with metastatic
tumors showed that the drug was well tolerated and
prolonged stable disease in some patients [47]. Interim
results of a phase II trial (EGF20009), where Lapatinib is
being evaluated as first-line therapy for HER2 patients not
been treated with Trastuzumab, showed a 35% response rate
(reported May 2005 at the annual meeting of the American
Society of Clinical Oncology). Lapatinib has since entered
phase II/III trials in patients with advanced breast cancer. For
example, Lapatinib is being evaluated alone in a trial
conducted at the Baylor Breast Care Center, while in another
study, initiated in April of 2005, Lapatinib’s safety is being
investigated in combination with Paclitaxel in treating
inflammatory breast cancer patients.

Anti-EGFR Receptor Antibodies

Cetuximab

a monoclonal antibody, is in clinical development [40].
To date, no randomized phase III studies in NSCLC have
been published. When Cetuximab is added to docetaxel for
recurrent NSCLC, a partial response rate of 28% and a stable
disease rate of 17% were seen in a phase II study of 47
patients [41]. Encouraging results have been seen in Phase II
studies combining Cetuximab with standard first-line
treatment for chemo-naive metastatic NSCLC patients [42,
43]. These phase II results are intriguing because minimal
toxicities were seen in combination compared to standard
cytotoxic agents. Perhaps it will only be a matter of time
before monoclonal antibody agents such as Cetuximab are
used more extensively in the treatment of NSCLC.
However, this will be dependent on the results of ongoing
phase III studies. Trastuzumab (Herceptin) is one of the first molecular-

based targeted treatments for metastatic breast cancer. It
selectively binds with high affinity to the extracellular
domain of the HER2 receptor and inhibits cancer cells
carrying excessive amounts of the HER2 gene. Trastuzumab
may be used alone or combined with a chemotherapeutic
agent. In 2001 the results of a phase III trial were published,

EGFR-TARGETING IN BREAST CANCER
THERAPY

Results from a recently completed phase II randomized
trial in breast cancer, showed that patients who were given

Table 2. Current Drugs for Targeted Therapy of Breast Cancer Developed Against EGF Receptors

Receptor Name Abbreviations Current Drugs

Epidermal Growth
Factor Receptor

EGFR or HER1
or ErbB1

Gefitinib (IressaTM , ZD1839)
Erlotinib (TarcevaTM )

Lapatinib (Tykerb, GW572016)
Pertuzumab (OmnitargTM )

ZD6474

Epidermal Growth
Factor Receptor 2

HER2 or HER-2/neu
or ErbB2

Trastuzumab (Herceptin)
Pertuzumab (OmnitargTM )

Lapatinib (Tykerb, GW572016)
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Table 3. Summary of Completed Clinical Trials for HER Targeted Agents for Treating Breast Cancer

Drug Name Clinical Trial
Number /Phase

Report Summary References

Gefitinib Phase II
Phase II
Phase II

Single agent and combined therapy were tolerated and effective
Lack of significant clinical activity

Drug was tolerated but not effective

[44]
[45]
[85]

Erlotinib 02-C-0061 (Phase II) No effect www.clinicaltrials.gov

Lapatinib EGF10004 (Phase I)
EGF20009 (Phase II)

Prolonged stable disease
Showed 35% response rate

[47]
Interim results in 2005

Trastuzumab Phase III

NCT00045032 (Phase III)
NCT 00004067

& NCT 00005970

Phase II
Phase II

Showed 25% improvement in survival and increased the clinical
benefit

One year of treatment improved Disease-Free Survival (DFS)
Combined with paclitaxel after doxorubicin improved

outcome
Adding the drug to chemotherapy increased pathologic complete

response
Combined therapy superior to docetaxel alone as first-line

treatment

[48]

[49]
[50]

[51]

[52]

Pertuzumab Phase I Clinically active and well tolerated [53]

ZD6474 Phase II Drug monotherapy was well tolerated but showed limited
clinical activity

[54]

reporting a 25% improvement in survival in those patients
treated with Trastuzumab plus chemotherapy, compared with
those treated with chemotherapy alone [48] (Table 3). Since
then Trastuzumab has been and is currently being evaluated
in 112 trials in combination with numerous other
chemotherapeutic and hormonal therapy agents
(www.clinicaltrials.gov.). Recently, first year results were
published from a multicenter trial, showing that
Trastuzumab significantly improved disease-free survival
among women with HER2-positive cancers who had
received adjuvant and neoadjuvant chemotherapy [49]. The
combined interim results of two other trials comparing
adjuvant chemotherapy with or without Trastuzumab also
showed that the addition of Trastuzumab significantly
improved outcome among patients with surgically removed
HER2 positive breast cancer (for review see [50]).
Trastuzumab together with chemotherapy in a neoadjuvant
setting also increased pathologic complete response in
HER2-positive patients [51] (Table 3). Furthermore, other
clinical trials data showed that Trastuzumab combined with
docetaxel was superior to docetaxel alone in terms of overall
survival and response rate for patients with HER2 positive
metastatic breast cancer [52] (Table 3).

Last but not least, ZD6474 (Astrazeneca Pharmaceuticals,
DE) a dual inhibitor that works by blocking the VEGF and
EGF receptors is also currently being evaluated in clinical
trials. Results reported from a completed phase I study,
show that ZD6474 was well tolerated but showed limited
clinical activity in 44 patients treated previously for
metastatic cancer with an anthracycline and taxane [54]
(Table 3). Thus, biological therapies targeting the HER
family members appear to be efficacious in advanced breast
cancer treatment.

SIDE EFFECTS OF AGENTS THAT TARGET THE
EGFR/HER PATHWAY

The side effect profile of targeted agents directed against
the EGFR/HER-2 pathways have reproducible and unique
toxicities different from conventional chemotherapeutic
drugs (Table 4) [55]. In general, EGFR/HER-2 targeted
therapies are well tolerated and require infrequent dose
interruptions or dose reductions, (see below) [28, 31].

Skin rash is a classic adverse effect of targeted therapy. It
has been described for both monoclonal antibodies and small
molecule receptor tyrosine kinase inhibitors directed against
the EGFR pathway [28, 31, 36, 37, 39, 56]. The most
common skin eruption seen, an acneform rash, consists of
erythematous follicular papules and pustules that may form
yellow crusts [57]. The rash is confined to areas of the skin
full of sebaceous glands and includes the face, neck, retro-
auricular area, shoulders, upper trunk and scalp. The palms
and soles are typically spared [58]. This rash can be
distinguished from true acne by the absence of comedones
(blackheads or whiteheads) and from other acneform drug
eruptions by the presence of pruritus [58]. The rash typically
begins after a few days of therapy and reaches a maximum
by 2-3 weeks. [58] While grade 3-4 skin rash is uncommon,
seen in 1-9% of patients, all grades of skin rash have been
reported to occur in 26.2-80% of patients [28, 31, 36, 37,

Pertuzumab (OmnitargTM, Genentech, Inc., South San
Francisco, CA) formerly known as rhuMab-2C4, is also a
recombinant humanized monoclonal antibody, which binds
to the extracellular domain II of the HER2 receptor and
blocks the interaction between HER2 with other HER family
members (Table 2). It is the first in a new class of agents
known as HER dimerization inhibitors. Results reported
from a phase I study of Pertuzumab in 21 patients with
advanced recurrent breast cancer, showed that the drug was
well tolerated and clinically active, suggesting that
inhibition of dimerization may be a potentially attractive
therapy approach [53]. Currently Pertuzumab is in phase II
trial testing its combination with Trastuzumab in patients
with locally advanced and metastatic HER-2 over-expression
breast cancer (trial 06-C-0035, Table 3).
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Table 4. Grade > 3 Toxicity for Targeted Agents in Selected Phase II and III Trials

Drug Type Site Rash Diarrhea Nausea and vomiting Asthenia Hypersensitivity reaction

Grade > 3, Expressed as %

Cetuximab [56] mAb Colon 5.2 1.7 4.3 10.4 3.5

Gefitinib [28] TKIs Lung 1 0 1 0 0

Erlotinib [31] TKIs Lung 9 6 6 19 0

Trastuzumab [86] mAb Breast 0 2 5 7 0

39, 56]. The severity appears independent of concurrent
chemotherapy but may be worse with monoclonal antibody
therapy [57]. Interestingly, the presence of a skin rash has
been associated with an improvement in response rate and
survival [58]. Less commonly seen skin toxicity associated
with EGFR-targeted therapy include: pruritus, dry skin, skin
fissures, desquamation, and nail and cuticle cracking [59].

anthracyclines, prior anthracycline use in excess of > 400
mg/m2, prior chest irradiation, and prior cardiac dysfunction
[64]. The underlying pathophysiology of Trastuzumab
induced cardiac toxicity is unclear. Embryonic mice deficient
in HER2 receptors are aborted which may be the result of
cardiac trabeculae dysfunction [65]. Interestingly, patients
with radio-labeled cardiac uptake of Trastuzumab were found
to have a high likelihood of exhibiting cardiac dysfunction
while those without cardiac uptake were not [66].

The mechanism by which EGFR blockade induces skin
changes is incompletely understood. EGFR deficient mice
have been found to have similar skin findings as patients
treated with EGFR inhibitors [60]. Moreover EGFR skin
toxicity appears dose dependent [61]. Molecular evaluation
of EGFR treated epithelial cells have found an increase in
apoptosis and enhanced expression of the negative growth
signal p27kip1 [58].

CLOSING REMARKS

Due to the identification of some of the signaling
pathways that promote cell growth and protect from cell
death, targeted therapies became possible. Although the
EGF-receptor family of molecules are just an example of a
growing number of such pathways, their prevalence on
epithelial malignancies (cancers) make them currently the
most frequently therapeutically targeted specific pathways [1,
2, 67]. Unfortunately, only a small subgroup of patients is
sensitive to targeted therapies. There are various reasons for
the shortcomings. For example, (i) tumors frequently over-
express membrane-bound complement regulatory proteins
(mCRPs) on the cell surface. These regulators are protecting
tumor cells from complement-mediated effector mechanisms.
(ii) Sometimes tumors remain irresponsive due to the low
expression of target molecules on tumor cells, e.g.
HER2/neu. Furthermore, (iii) poor knowledge of cancer
biology and interconnected signaling pathways that are either
defective-, or hyper-activated in cancer may hamper efficient
tumor cell death by targeted therapy due to multiple survival
and resistance mechanisms. The blockage of mCRPs,
composed of CD46, CD55 and CD59, appears to be one of
the most promising approaches [68]. For example, tumor
cell sensitization with rabbit polyclonal anti-tumor
antiserum following mCRP neutralization, augmented cell
lysis 10% - 80% [68]. Another study shows that targeting
multiple Her-2 epitopes with monoclonal antibodies results
in improved anti-growth activity of a human breast cancer
cell line in vitro and in vivo, in murine-SCID models [69].
As our knowledge on pathways responsible for the
suppression of cell death and/or promotion of uncontrolled
proliferation accumulates, similar pathway-directed therapies
become developed for sarcomas, brain tumors, and other
malignancies that are currently not effectively managed in
the clinic [70, 71].

Diarrhea has been found in 39-55% of patients receiving
Gefitinib or Erlotinib, although grade > 3 toxicity is
infrequent and noted in 0-6% of patients [28, 31]. Similarly,
Grade 3-4 diarrhea is infrequently found in advanced
colorectal cancer patients treated with Cetuximab
monotherapy [56]. The mechanism by which EGFR induces
diarrhea is unclear. Mice with reduced levels of enteric
EGFR expression that undergo small bowel resection have
slower intestinal adaptation and decreased levels of intestinal
crypt cell proliferation when compared to mice with normal
enteric EGFR expression suggesting a direct effect of EGFR
blockade on the intestine [62].

Other toxicities associated with EGFR inhibition are
infrequent, usually mild, and include: excessive eyelash
growth, trichiasis, conjunctivitis, blepharitis, keratitis, and
corneal erosion. Rare reports of interstitial lung disease,
asymptomatic elevation in hepatic transaminases, and
nephritic syndrome have been reported with small molecule
tyrosine kinase inhibitors [28, 31, 59, 63].

Monoclonal antibody therapies, including Cetuximab
and Trastuzumab, may trigger hypersensitivity reactions.
They are however infrequent, occur during the first infusion
and may not reappear with subsequent treatments [49, 56,
64].

Trastuzumab’s main side effect is cardiotoxicity. In
metastatic breast cancer, severe cardiac toxicity occurs in
about 3% of patients, although 50% of these patients have
resolution after discontinuation of therapy [64]. In adjuvant
breast cancer trials grade 3 or 4 congestive heart failure
(CHF) occurred in 0.5% and 4.1% of patients treated with
Trastuzumab, although symptoms resolved in 96% of these
patients [49, 50]. Risk factors for Trastuzumab associated
cardiotoxicity include: age >60, concurrent use of

Monoclonal antibodies are currently in the focus of
pharmaceutical companies because they offer a high degree of
selectivity (“magic bullets”). Antibodies however have
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certain limitations that still need to be solved: So called
“incomplete“ antibodies, like those introduced in the first
chapters of this review (a) have short in-vivo half-lives, often
they exhibit lower efficiency, and furthermore they do not
always fix human complement or elicit ADCC with human
mononuclear cells. Also, frequently (b) they are not directed
against growth receptors that are critical for cell survival and
proliferation [72]. Conjugated antibodies in which drugs,
toxins or radioactivity are attached to conventional
monoclonal antibodies have been constructed, but only a few
of them are currently used for cancer therapy (c) due to side
effects and often lower bio-stability. The side effects
typically are a result of the type of substance that is attached
to the particular antibody. Most importantly, unless
‘humanized antibodies’ are developed, (d) the therapeutic
antibodies elicit an immune response on their own and thus
they are being removed by patient’s immune system
irrespectively of whether they are naked or conjugated.
Furthermore, the immune reaction (e) results in the
formation of immune complexes that can cause damage to
the kidneys. Monoclonal antibodies raised in humans would
lessen the problem; such technologies however, are currently
at a rather experimental stage. This problem has been
reduced to some extent by the use of genetic engineering to
produce mouse-human hybrid antibodies (e.g. infliximab,
rituximab, vitaxin etc.).

called apoptin [77]. But beside apoptin, a number of other
molecules have been described to have cancer-selective
mechanism of action, for example: E4orf4, S100A8/A9,
viral protein R (VpR), and Brevinin-2R [78, 79]. In addition
to approaches that selectively target cancer cells, significant
therapy improvement could also be achieved by better
monitoring of cancer therapy-induced cell death (therapy
efficacy) and thus by more accurate chemotherapy dosage.
One of the most promising molecules that indicate on going
in vivo apoptosis, is the serum level of cytochrome c, a
small mitochondrial protein, that is selectively released from
mitochondria, and also from dying cells upon apoptosis
induction [80-82]. These approaches can further be combined
with substances that sensitize cancer cells to standard
chemotherapies, either non-selectively, or selectively, in
order to achieve desired chemotherapy effect [83, 84].
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Furthermore, antibody’s high molecular weight has also
a profound effect on tumor targeting. IgG is a large protein
complex itself (~150 kDa), thus it has slower distribution
kinetics and severely limits tissue penetration as compared
to small molecules. However, alteration of antibody
structure can improve quantitative and selective tumor
targeting [73]. This could be achieved by addition of specific
peptides that for example allow intracellular penetration, or
could assist crossing through the ‘blood-brain-barrier’ [74].
In spite of the above-mentioned difficulties, at least 18
monoclonal antibodies have been approved by the Food and
Drug Administration (FDA), while many are still in clinical
trials. It is expected that as we learn how to improve the
pharmacokinetic properties of antibodies and how to
diminish their adverse interactions with the immune system,
monoclonal antibodies will gain importance as therapeutic
molecules, either alone or in combination with the
“classical” cancer radio- and chemotherapy.

ABBREVIATIONS

ADCC = Antibody Dependent Cellular Cytotoxicity

B-ALL = Bispecific Antibodies, B-cell acute lymp-
hoblastic leukemia

CDC = Complement-mediated Cytotoxicity

CML = Chronic myeloid leukemia

EGF = Epideremal Growth Factor

EGFR = Epideremal Growth Factor Receptor

HB-EGF = Heparin-Binding Epidermal Growth 
Factor-like growth factor

IL = InterleukinAs our knowledge on cancer patho-biology expands, it is
plausible to predict that at least in some cases, monoclonal
antibodies will eventually be eliminated from the clinic in
favor of biologically active peptides, peptidomimetics,
‘small molecule’ inhibitors, or perhaps even by the classical
cancer immuno-therapy [75, 76]. For example Pertuzumab’s
dimerization-inhibitory activity (inhibits HER dimerization),
will certainly one day be achieved by small molecules or at
least peptidomimetics. As such molecules are much smaller
than antibodies, they will likely have better bioavailability
and pharmacokinetics, especially within the tumor’s
microenvironment.

OS = Overall Survival

mAbs = Monoclonal Antibodies

NSCLC = Non Small Cell Lung Cancer

PI-3K = Phosphatidyloinositol 3-Kinase

TKI = Tyrosine kinase

TK = Tyrosine Kinase Inhibitors

VEGF = Vascular Endothelial Growth Factor
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