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CHAPTER 1

1.1 Targeted therapies in cancer

According to estimates of the World Health Organization, more than 7.6 million people died of cancer in 
2005 - 13% of the 58 million deaths worldwide. An estimated 9 million people are projected to die from 
cancer in 2015, and 11.4 million in 2030 (1). For many of these malignancies, surgical removal of the 
tumor combined with standard chemo- or radiation-therapy is the most common treatment in developed 
countries. Still, complete removal of malignant tissues is not always possible, resulting in reappearance 
of the tumor. Moreover, many disseminated malignancies, such as leukemia or cancer metastases, cannot 
be removed surgically and rely on chemotherapy for elimination.
Normal cell growth is delicately regulated through the activation of signal transduction pathways. Growth 
factor receptors, such as tyrosine kinase receptors, are able to mediate the effect of growth factors and 
sustain the communication between signals outside the cell and the inside compartments (2-4). In recent 
years there has been substantial interest in the development of novel therapeutic agents specifically target-
ing growth factor pathways that are dysregulated in tumor cells.
Due to their exquisite specificity, antibodies have been in the spotlight as potential therapeutics for treat-
ment of cancer (5). Such targeted “biologic” agents might offer alternative treatment options for patients 
sensitive or refractory to standard chemotherapy. Also, with unique mechanisms of action and toxicity 
profiles that generally do not overlap, antibodies can be used in first-line setting or in combination with 
standard therapies to enhance overall treatment efficacy and prevent dose reductions.
In particular, agents targeting members of the human ErbB growth factor receptor family – epidermal 
growth factor receptor (also known as HER1) and HER2 – have shown important therapeutic efficacy. 
The first ErbB receptor-targeting antibody approved by the United States Food and Drug Administration 
(FDA) in 1998 was trastuzumab (Herceptin) for the treatment of HER2-positive breast cancer.

1.2 The epidermal growth factor receptor

1.2.1 Physiological role of the EGF receptor
The epidermal growth factor receptor (EGFR) was discovered in 1975 by carpenter et al. (6, 7). It belongs 
to the ErbB family, which consist of ErbB1/HER1/EGFR, ErbB2/HER2/Neu, ErbB3/HER3 and ErbB4/
HER4 (8). The EGFR is a 170-kilodalton (kD) transmembrane glycoprotein and contains a tyrosine ki-
nase domain and regulatory domain in the carboxy terminus (9). HER2 and HER4 also possess intrinsic 
tyrosine kinase activity, whereas HER3 does not. Currently, seven genetically distinct ligands – epi-
dermal growth factor (EGF), transforming growth factor- (TGF-), heparin-binding EGF (HB-EGF), 
amphiregulin, betacellulin, epiregulin and epigen - have been demonstrated to bind EGFR, of which EGF 
and TGF- are considered to be the most important (10-13). HER2 is a 185-kD transmembrane glycopro-
tein that is closely related to EGFR. No HER2 ligands have been described to date, however (14). EGFR 
and HER2 demonstrate 82% homology in the tyrosine kinase domain, (15) and cross-interaction between 
EGFR and HER2 receptors has been demonstrated (16, 17). The ligand-binding domain of HER3 demon-
strates approximately 40% homology to EGFR and binds neuregulin-1 and neuregulin-2. Finally, HER4 
is a receptor for HB-EGF, betacellulin, epiregulin, and neuregulins 1-4, and represents the most recently 
described family member (10).
EGFR is expressed on normal cells at levels ranging from 20,000 to 200,000 receptors per cell (18). 
The intracellular kinase domain is activated upon ligand binding to the EGFR extracellular domain (19). 
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EGFR plays a role during embryogenesis in the morphogenesis of organs like teeth, brain, reproductive 
tracts, gastrointestinal tracts and cardiovascular system (20-23). Physiologically, EGFR has an essential 
role in wound healing and normal epithelial regeneration of organs such as gastrointestinal, genitourinary, 
respiratory, skin and corneal epithelia (24-27). EGFR activation has been described to trigger processes 
such as proliferation (28, 29), apoptosis (30, 31), migration, angiogenesis and differentiation (32).

1.2.2 EGFR signaling
The EGFR extracellular domain consists of four distinct sub-domains (I-IV). Two of the domains (I and 
III) are composed of tandem repeats that primarily make up the ligand binding region. Domains II and IV 
are highly cysteine-enriched regions which facilitate conformational changes in the receptor (Figure 1). 
In the absence of ligand the receptor is “locked” in an auto-inhibited conformation, a so-called “tethered” 
conformation (33). In this conformation the regions associated with receptor dimerization are shielded. 
Ninety percent of EGF receptors on cell membranes exists in this resting, low affinity state (34) - a 
conformation that does not favor ligand binding to the receptor. Upon ligand binding, a conformational 
change occurs in the extracellular region due to rupture of the interaction between domains I and IV. This 
conformational change allows an interaction between domains I and III and ligands, and results in a high 
affinity interaction (33) - a conformation that favors ligand binding. The conformational change, further-
more, exposes a loop in domain II that is buried in the autoinhibited, “tethered” form of EGFR (35, 36). 
This loop, the so-called “dimerization arm” permits interaction with other ligand-bound EGFR to form 
a receptor pair, a so-called receptor homodimer. When two heterologous ErbB family members dimerize 
(e.g. EGFR:HER2, HER2:HER3 or HER2:HER4), the complex is termed a heterodimer (37). Besides 
the dimerization arm, also the transmembrane domain of the EGF receptor is involved in dimerization 
and kinase activation. It appears that this transmembrane domain aligns the intracellular kinase domains 
through a rotational twist upon receptor dimerization (38). The intracellular EGFR domain is composed 
of three domains, the juxtamembrane region, the tyrosine kinase domain and a carboxy terminal regula-
tory domain that contains multiple phosphorylation sites. These sites can be phosphorylated and act as 
“docking” sites for downstream signaling proteins. The current dogma is that ligand-induced receptor 
dimerization allows receptors to come in close proximity, such that the tyrosine residues can be phospho-
rylated by inter-molecular interactions, termed trans-phosphorylation (39, 40).
In addition, EGFR phosphorylation sites can be phosphorylated by down stream protein kinases such as 
Src kinases, Protein kinase C and Protein kinase A. The EGFR kinase itself is also able to phosphorylate 
residues on other substrates. Via these protein interactions, EGFR activation triggers down stream signal-
ing pathways like the RAS pathway, STAT pathways and AKT pathway (Figure 1) that control cellular 
processes like cell survival, proliferation, migration, differentiation and cell adhesion.
Complementary to EGFR activation via ligands, the EGFR can also act as signaling partner for signaling 
molecules unrelated to the EGFR family. There are reports of EGFR activation via G protein coupled 
receptors (GPCR) and other stimuli unrelated to EGF-like ligands such as agonists for cytokine receptors 
(prolactin), adhesion receptors (integrins), environmental stress factors (ultraviolet and  irradiation) and 
membrane-depolarizing agents. This type of cross-communication between the EGFR signaling cascade 
and heterologous signaling systems is commonly referred to as EGFR transactivation (41-44).
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Figure 1 | EGFR signaling cascade
The extracellular region of EGFR consists of four domains, the ligand-binding domains (I and III) and the cysteine-
rich domains (II and IV). Ligand binding to EGFR between regions I and III, exposes the dimerization arm, enabling 
the formation of homo- or heterodimers, by interacting with another member of the ErbB receptor family. Receptor 
dimerization results in phosphorylation of 10 tyrosine residues (Y; only two are shown for simplicity) in the carboxy-
terminal domain, recruitment of signaling proteins and, ultimately, phosphorylation of intracellular substrates activating 
several signal transduction pathways. The best known signaling routes are the PI3K/Akt, the MAPK, the PLC and the 
STAT-mediated pathways. These pathways transmit signals to the nucleus, and trigger effects of downstream signaling 
pathways including proliferation, differentiation, cell motility, adhesion and angiogenesis. Furthermore, invasion, 
migration and metastasis of cells are promoted and angiogenesis is stimulated. Adapted from (45) and (46).
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1.2.3 EGFR as target for therapy
The central role of the EGFR family members in cell migration, proliferation, survival, and transfor-
mation identified these transmembrane receptors as targets for cancer therapeutic approaches. EGFR 
over-expression has been associated with the development of cancer. Rowinsky et al. (47) showed EGFR 
to play a role in the transformation and progression of many carcinomas e.g. ovarian, non small cell 
lung cancer (NSCLC), breast, prostate, pancreas, colorectal, stomach, head and neck, melanoma, brain 
(glioma), bladder, thyroid, endometrial, renal and esophagus cancer. EGFR over-expression in tumor cells 
can range up to 2 million EGFR molecules per cell, and has been correlated to more malignant tumor 
grade and reduced patient survival (47, 48). Additionally, mutant forms of EGFR and over-expression 
of EGFR ligands have been recognized to promote cancer progression in a wide range of tumors. Com-
bined expression of EGFR and EGFR-ligands, allow tumor cells to be activated in an autocrine fashion. 
Although EGFR over-expression has frequently been observed in tumors, sole EGFR over-expression 
(without over-expression of ligands) may not promote tumorigenesis. Commonly, EGFR-driven tum-
origenesis sprouts from uncontrolled EGFR activation, which may be mediated by constitutively active 
EGFR variants. A frequently observed EGFR mutant is de2-7 EGFR (EGFRvIII). This mutant EGFR 
form has a deletion of exons 2-7 that corresponds to a deletion of domains I and II. De2-7 EGFR is con-
stitutively active and signaling is ligand independent. Expression of de2-7 EGFR has been predominantly 
described on gliomas (40%) and on select other tumor types such as prostate, breast, stomach, NSCLC, 
meduloblastoma and ovary cancer (47). Recently, a number of other EGFR mutants have been identified 
in lung cancer patients. These mutations consist of small in-frame deletions, missense substitutions, and 
small in-frame insertions/duplications (Figure 2). Two of the most frequently detected EGFR mutants are 
DelL747-P753insS, and L858R that have been found in ~10-30% of NSCLC patients. These mutations 
have been correlated with clinical responses to small molecule EGFR kinase inhibitors (49-51), which are 
drugs that target the EGFR kinase domain (see also Chapter 1.3.1). However, most responders eventually 
develop drug resistance, frequently associated with a secondary EGFR mutation, T790M, which disrupts 
drug binding while preserving catalytic function (52-54). In vitro cell culture studies demonstrated these 
specific EGFR kinase double mutants to be ligand dependent and to exhibit enhanced tumor cells prolif-
eration when stimulated (55), suggesting the mutants to have acquired enhanced EGFR kinase activity.
Clearly, aberrant activation of EGFR signaling promotes the growth and development of cancer. Analyses 
of EGFR signaling provides opportunities to develop therapies that effectively inhibit tumors depending 
on EGFR signaling through over-expression of wild-type EGFR as well as EGFR mutant receptors.
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1.3 EGF receptor targeted therapies

At present there are two classes of drugs that are successfully employed to target EGFR for cancer ther-
apy: small molecule tyrosine kinase inhibitors that target the ATP-binding pocket of the EGFR kinase 
domain and monoclonal antibodies targeting its extracellular domain [reviewed in (58)].

1.3.1 EGF receptor tyrosine kinase inhibitors
Tyrosine kinase inhibitors (TKI), including the U.S. FDA and European Agency for the Evaluation of Me-
dicinal Products (EMEA) approved agents gefitinib (Iressa), erlotinib (Tarceva) and Lapatinib (Tykerb) 
are oral, low-molecular-weight inhibitors of the tyrosine kinase located in the intracellular part of the EGF 
receptor. TKI block EGFR kinase activity and EGFR downstream signaling (59). In contrast to the ap-

Figure 2 | EGFR mutations correlated with clinical responses to EGFR inhibitors. 
Two types of mutants have been reported so far in relationship to sensitivity and resistance to EGFR inhibitors. (left) 
Mutations in the intracellular kinase domain that stabilize the interaction of ATP (or inhibitor) molecules with this pocket, 
consequently leading to enhanced activation (or inhibition) of EGFR compared to wild-type EGFR. These mutations 
consist of missense mutations within the nucleotide triphosphate binding domain (P-loop, exon 18) of the tyrosine kinase 
(G719S and G719C) or within the activating loop (A-loop, exon 21) (L858R and L861Q). Also in-frame deletions have 
been detected with or without the insertion of a serine residue (exon 19), that are clustered in region 746–759; for 
instance, E746–A750, L747–T751insS, L747–P753insS. These mutations in the EGFR kinase domain have until 
now been reported in relationship to the sensitivity and resistance to EGFR tyrosine kinase inhibitors in non-small-cell 
lung cancer patients. (right) Deletions have been found in the EGFR extracellular domain. Recent studies have shown 
that ~40% of glioblastomas express EGFRvIII, a constitutively active genomic EGFR deletion variant (6–273) (56). 
Other EGFR mutations reported in glioblastomas include the deletion of exons 14–15, which results in the expression of 
a deletion-mutant partly lacking domain IV (521–603) (57). The functional role of the latter mutant is unclear. Adapted 
from (58).
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proach using mAb, tyrosine kinase inhibition is not strictly EGFR-specific and some cross-reactivity with 
other ErbB family members, for example HER2, may occur (60). EGFR inhibition by TKI may be revers-
ible or irreversible, depending on the compound. Reversible binding compounds such as gefitinib and 
erlotinib selectively compete with ATP for binding to the EGFR ATP-binding pocket. Compounds such 
as PD 183, 805 and CI-1033 irreversibly bind to a cysteine residue close to the entrance to the ATP-bind-
ing site (61, 62). At present, it is not fully understood whether the mechanism of action of TKI is limited 
to enzyme inhibition only. For CI-1033, which selectively targets all ErbB family members, a secondary 
mechanism has been reported. This compound also modifies the physiological receptor internalization-
degradation pathway, thereby accelerating receptor endocytosis and subsequent intracellular degradation 
of HER2 molecules (63).
Gefitinib has shown activity in several pre-clinical models for breast, ovarian, prostate, colon and lung 
cancer (64). Phase I-II clinical studies indicated gefitinib monotherapy to produce clinically meaningful 
response rates (19% of patients responded) in heavily pretreated NSCLC patients (65, 66). However, in 
a large randomized trial including advanced NSCLC patients only 10% of patients responded to gefitinib 
and failed to show significant improvement in survival (67). This led to restriction of gefitinib approval in 
2004 by the U.S. FDA. Presently, gefitinib is not available in the U.S., Canada, or most European coun-
tries, but remains approved in India, Japan and China (68). In the U.S., erlotinib has essentially replaced 
gefitinib (except for patients that have a proven response to gefitinib). Clinical studies with erlotinib docu-
mented its activity as single agent in NSCLC, head and neck, ovarian, and pancreatic cancers (69-71) and 
the drug is currently indicated for the treatment of advanced NSCLC and pancreatic cancer (72).

1.3.2 Monoclonal antibodies directed against the EGF receptor

1.3.2.1 Antibody structure and isotypes
The basic structure of an immunoglobulin molecule consists of a pair of identical heavy chains and a 
pair of identical light chains, which are connected via multiple disulfide bonds. The heavy chains are 
composed of variable and constant regions, divided in four domains: V

H
, C

H
1, C

H
2 and C

H
3. The light 

chains are composed of a variable region (V
L
) and a constant region (C

L
), and constitute the Fab fragment, 

together with the heavy chain V
H
 and C

H
1 regions. The Fab fragments bind antigen, specifically via the 

complementarity-determining regions (CDR) located in the Fab arm tips. On treatment with the enzyme 
papain, antibodies are degraded into two identical Fab fragments and an Fc fragment (crystallizable frag-
ment) without antigen-binding activity (73). The antibody Fc fragment is the tail region of an antibody 
and composed of the C

H
2 and C

H
3 domains of both heavy chains. It is the Fc fragment that allows antibod-

ies to activate the immune system via interaction with cell surface receptors, called Fc receptors (FcR), 
and proteins of the complement system (an overview of antibody structure is shown in Figure 3).
Light chains of antibodies are grouped into two types, termed  and . Sixty percent of antibodies in 
humans are of the  type. There are also several basic classes of heavy chains, designated , µ, ,  and  
corresponding to IgG, IgM, IgA, IgD, and IgE, respectively. Each heavy chain class can be combined with 
either a  or  light chain. The  heavy chain can be further divided into four isotypes, IgG1, IgG2, IgG3, 
and IgG4, based on minor differences in amino acid sequence. These isotypes can be distinguished by 
the size of the hinge region separating the variable and constant regions, and by the number or positions 
of disulfide bonds linking the two heavy chains (73). These relatively small differences in structure may 
substantially impact the biological activity of antibody isotypes (74). For instance, IgG3 antibodies have a 
relatively short serum half-life (7 days versus approximately 21 days for the other IgG isotypes) probably 
due to different interactions between the isotypes and the neonatal Fc receptor (FcRn) that regulates im-
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munoglobulin homeostasis. Within each isotype, the overall structure and function of immunoglobulins 
may also be influenced by their glycosylation. The choice for an IgG subclass represents a key factor in 
the development of therapeutic mAb, since it determines many of the drug’s properties (biological prop-
erties of IgG isotypes are summarized in Table 1). Currently, most of the mAb in clinical development 
belong to the IgG1 subclass, which have a long half-life and can activate immune-effector functions.

Table 1 | Biological properties of human IgG isotypes.

 IgG1 IgG2 IgG3 IgG4

Mean serum level in adults (g/L) 7.0 3.8 0.5 0.6
Proportion of total IgG (%) 43-75 16-48 1.7-7.5 0.8-11.7
Serum half-life (days) 21 21 7 21
Complement activation:
C1q binding ++ + +++ –
Binding to Fc receptors:
FcRI (CD64: monocytes, macrophges, neutrophils, dentritic cells) ++ – +++ +
FcRIIa (CD32a: monocytes, macrophages, neutrophils,
eosinophils, platelets, Langerhans cells) ++ (*) +++ –
FcRIIb (CD32b: monocytes, macrophages, neutrophils,
eosinophils, B-cells, mast cells) ++ – +++ +
FcRIIIa (CD16a: macrophages, NK cells, eosinophils,
dendritic cells, Langerhans cells, T cells) ++ – ++ +
FcRIIIb (CD16b: neutrophils) + – + –

*Binding is dependent of FcRIIa polymorphism.
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1.3.2.2 Antibody effector functions
Antibodies can exert various effector mechanisms. Some mediated by binding of the antibody Fab frag-
ment to the target antigen, others induced by activation of immune effector functions via the antibody’s 
Fc fragment. These mechanisms are summarized in Figure 4 and explained below. Immune effector func-
tions include two major mechanisms: antibody-dependent cell-mediated cytotoxicity (ADCC) and com-
plement-dependent cytotoxicity (CDC).
In ADCC, IgG antibodies bind to antibody-coated target cells. Immune effector cells such as macro-
phages, granulocytes and natural killer cells (NK) can interact with the antibody Fc fragments via Fc 
receptors (74). As a result, mAb-coated tumor cells can be phagocytosed by macrophages or undergo lysis 
by granulocytes or NK cells. ADCC is mediated by the release of cytotoxic granules, such as granzymes, 
granulysin, and perforin.
Fc receptors can bind specific immunoglobulin subclasses depending on their subtype. Correspondingly, 
Fc receptors of the ,  and  subtypes selectively bind IgA, IgG and IgE antibodies, respectively. FcR 
expressed on leukocytes include the high-affinity FcRI (which can bind monomeric IgG) and low-af-

Figure 3 | Classification of therapeutic EGFR mAb.
Progress in genetic engineering has facilitated the development of fully human therapeutic mAb. The basic structure of an 
immunoglobulin G (IgG) molecule consists of a pair of light chains (green/blue) and a pair of heavy chains (gray/blue). 
The light chains are composed of two separate regions, one variable region (V

L
) and one constant region (C

L
). The heavy 

chains are composed of four sub-regions: V
H
, C

H
1, C

H
2 and C

H
3. The antigen-binding site is composed of complementarity-

determining regions (CDR) located in the variable fragment portion of the antigen-binding fragment (Fab). The antibody 
Fc domain is composed of the C

H
2 and C

H
3 regions of both heavy chains. Chimeric mAb such as cetuximab are genetically 

engineered mAb with murine variable regions (V
L
 and V

H
) and constant regions derived from a human source. Humanized 

therapeutic mAb closely match the human germline sequence except for CDR, which are murine. Adapted from (58).
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finity FcRII and FcRIII (which interact only with IgG aggregates or immunecomplexes), each having 
several isoforms. FcRI, FcRIIa, FcRIIIa and FcRIIIb contain activation domains that can initiate 
cytotoxic responses by immune cells. FcRIIb, which can be expressed by B cells, macrophages, and 
monocytes, can trigger inhibitory signals. The balance between activating and inhibitory FcR modulates 
ADCC-mediated cytotoxic responses (75). The ability of mAb to trigger ADCC depends on their relative 
affinity for FcR. IgG1 and IgG3 antibodies bind well to FcR, while IgG4 and IgG2 antibodies interact 
only weakly. In humans, a natural heterogeneity has been observed for several FcR. FcR differ between 
different individuals, this is termed FcR polymorphism. Some of the polymorphisms, for FcRIIa,  
FcRIIIa, and FcRIIIb, have been reported to result in  differential affinity for IgG antibodies [reviewed 
in (76, 77)].
Another immune effector function is CDC. This is an immune defense mechanism that involves comple-
ment proteins from the blood and serves to protect individuals from invading pathogens. IgG3 as well as 
IgG1 antibodies can effectively trigger the classic complement cascade. When clustered on the cell surface 
of (tumor) cells, both isotypes bind complement protein C1q, which leads to activation of a proteolytic 
cascade. C1q fixation on cell surfaces initiates the formation of the proteolytic product C3b near the site of 
complement activation (73). Deposition of C3b controls formation of the C5–C9 membrane attack complex 
(MAC) that can insert into the cell membrane and lyse (tumor) cells. IgG2 antibodies are less efficient in 
activating the complement cascade, whereas IgG4 antibodies completely lack complement activity (78).
The enzymatic activity of C3b, and consequent MAC formation, are regulated by various membrane pro-
teins that are over-expressed on many tumor cells (79). These include, CD35 (complement receptor type 
I), CD46 (membrane cofactor protein), and CD55 (decay accelerating protein), which inhibit the catalytic 
activity of C3b, and CD59, that inhibits MAC formation. Expression of these complement control pro-
teins on tumor cells has been reported to inhibit IgG-mediated tumor cell lysis (80). The contribution of 
CDC to the anti-tumor activity of mAb may, thus, depend on the expression of these complement control 
proteins (81). However, even though C3b is inhibited by complement control proteins, its presence on 
the cell surfaces may be recognized by effector cells expressing receptors for C3 fragments (C3bR). 
This may then lead to interaction with FcR-mediated phagocytosis or ADCC (79, 82, 83). Through this 
mechanism, C3b acts as an opsonin and facilitates (synergistic) interactions with FcR-mediated phago-
cytosis or ADCC by NK cells or macrophages (84). This immune effector mechanism is referred to as 
complement-dependent cell-mediated cytotoxicity (CDCC). Other components that are activated during 
complement activation are cytokines, such as C3a and C5a that can attract immune cells and facilitate 
inflammatory responses to efficiently eliminate tumor cells.
Depending on the epitope against which an antibody is directed, antibody–antigen binding may neutralize 
circulating molecules or cell surface receptors. Antibody binding to a receptor may also prevent receptor 
activation by ligands, or promote receptor activation. Modulation of the biologic activity of target pro-
teins is thought to play an important role in the mechanism of action of cancer therapeutic antibodies. By 
modulating receptor signaling, mAb have the potential to “normalize” growth rates, activate apoptosis or 
programmed cell death pathways and sensitize cells to cytotoxic agents.
The HER2 mAb trastuzumab has been described to down regulate HER2 expression on tumor cells (85). 
Another anti-HER2 antibody Pertuzumab (2C4) sterically hinders HER2 recruitment in heterodimers 
with other ErbB family members. This latter mechanism results in inhibition of signaling by HER2-based 
heterodimers (85).
Direct apoptosis induction may act as an anti-tumor mechanism employed by mAb. The CD20 antibody 
Rituximab has been demonstrated to induce apoptosis in tumor cells, and it has been proposed that this 
mechanism contributes to its clinical performance (86).
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The development of the hybridoma technology by Drs. Köhler and Milstein in 1975 (87) allowed the 
production of isolated murine or rat antibodies with high affinity and specificity for a target. Initial work 
showed murine mAb directed against tumor antigens to be effective in animal models, but translation of 
these findings into clinical settings proved problematic (79, 88). The poor results with murine antibodies 
in clinical settings were attributed to their short antibody half-life, the immunogenicity of murine proteins 
in the human host, and suboptimal immune effector functions initiated by these reagents (81). Many of the 
early limitations were overcome by development of chimeric or humanized mAb (79, 81, 88).
A chimeric antibody consists of murine variable regions fused to the constant domains of a human  
antibody (78). Humanized antibodies contain only murine CDR, that are grafted into a human antibody 
framework. Fully human antibodies contain no murine sequences and are commonly generated from  

Figure 4 | Mechanisms of action of tumor-directed antibodies.
Monoclonal antibodies (mAb) bind to a target molecule on tumor cells with high specificity and may modulate downstream 
signaling by triggering antigen down regulation and blockade of ligand–receptor interactions. MAb can also activate the 
classical complement pathway and induce complement-dependent cytotoxicity (CDC). Complement factor C1q interacts 
with the mAb C

H
2 constant region, which leads to activation of a proteolytic cascade resulting in the formation of membrane-

attack complexes (MAC) inducing lysis of tumor cells. C3b a product that is generated during this cascade, acts as an 
opsonin to facilitate phagocytosis and cytolysis through activation of the C3b receptor (C3bR) on natural killer (NK) cells 
or macrophages (84); this immune effector mechanism is referred to as complement-dependent cell-mediated cytotoxicity 
(CDCC). In addition, immune cells may interact via Fc receptors (FcR) with the C

H
2 regions of (clustered) mAb on tumor 

cell surfaces. Consequently, FcR-dependent phagocytosis or cytolysis may be triggered by cells such as granulocytes, 
macrophages or NK cells by inducing antibody-dependent cellular cytotoxicity (ADCC) (81). Adapted from (58).
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human immunoglobulin transgenic mice (89, 90), immortalized human B-cells (91), or virological meth-
ods called phage display (92). Because most (or all) the murine amino acids have been replaced in these 
molecules, the chimeric, humanized, and human antibodies are predicted to be less immunogenic and to 
have improved serum half-lives (79) (Figure 3).
Monoclonal antibodies against EGFR were first designed in the late 1980s, most of the human IgG1 
isotype. The antibodies currently approved for clinical use are cetuximab (brand name Erbitux) and 
panitumumab (brand name Vectibix). Zalutumumab, matuzumab (EMD-72000), nimotuzumab (h-R3) 
and IMC-11F8 are presently evaluated in late-stage clinical studies. Table 2 contains an overview of their 
current development status, properties and indications. Table 3 presents an overview of the clinical devel-
opment of zalutumumab.

Table 2 | EGFR monoclonal antibodies currently evaluated in the clinic. BC, breast cancer; PC, pancreatic cancer; GC, gastric 
cancer; EC, esophageal cancer; SCCHN, head and neck squanous cell carcinoma; CRC, colorectal cancer; NSCLC, non-
small cell lung cancer; GB, glioblastoma multiforme; AC, anal cancer; LC, liver cancer; S, sarcoma

Manufacturer Antibody Binding Epitope EGFRvIII ADCC Indications Name

Merck KgaA Chimeric 110–10 M Domain III Yes ++ SCCHN, CRC, Cetuximab
 IgG1     NSCLC, PC,
      GC, AC, GB,
      AC, LC
Amgen Human 110–10 M Not Yes – NSCLC, CRC Panitumumab
 IgG2  reported
Genmab Human 110–10 M Domain III Yes +++ NSCLC, Zalutumumab
 IgG1     SCCHN
YM Humanized 110–9 M Not Not Not NCSLC, CRC Nimotuzumab
BioSiences, IgG1  reported reported reported
Oncosciences
Merck KGaA Humanized 310–10 M Linked to Not ++ NSCLC, Matuzumab
 IgG1  EGFR reported  EC, GC
   binding
   site
ImClone Human 310–10 M Not Not +/++ Solid IMC-11F8
 IgG1  reported reported  tumors

Table 3 | Zalutumumab clinical development.

2005 Zalutumumab in Patients With Recurrent or Metastatic HNSCC* Phase I/II
2006 Zalutumumab awarded fast track status from FDA

Ongoing studies
Head & Neck cancer
2007 Zalutumumab in Combination With Chemotherapy and Radiotherapy in Phase I/II combination study
 Head and Neck Cancer
2007 Zalutumumab in Patients With Non-Curable Head and Neck Cancer Phase III pivotal study
 DAHANCA 19†: The Importance of the EGFR-Inhibitor
2007 Zalutumumab for the Outcome After Curative Radiotherapy for HNSCC Phase III pivotal study
Non Small Cell Lung Cancer
2007 Zalutumumab in Combination With Chemo-Radiation in a Certain Phase II combination study
 Type of Lung Cancer

*Head and neck squamous cell carcinoma. †Study driven by Danish Head and Neck Cancer Study Group.
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1.3.3 Comparison mAb and small-molecules
Monoclonal antibodies differ from TKI in their mechanisms of action. The mechanisms that underlie the 
therapeutic effects of TKI are not linked to activation of immune responses against tumor cells. Monoclo-
nal antibodies however not only exert direct inhibitory effects on tumor growth but also have the ability to 
activate immune mechanisms such as antibody-dependent cell cytotoxicity (ADCC), complement-depen-
dent cytotoxicity (CDC) and complement-dependent cell-mediated cytotoxicity (CDCC) (81).
Antibodies target the extracellular (ligand-binding) domain of EGFR. The primary mechanisms of action 
of EGFR mAb are currently believed to include competitive antagonism for the ligand binding site, and 
down-regulation of EGFR expression. Upon antibody binding mAb-receptor complexes are internalized 
and targeted for degradation. By this mechanism EGFR mAb down regulate EGFR expression and attenu-
ate EGFR-driven signaling pathways.
For cetuximab, recent studies provided a structural basis for its mechanism of action (39). Cetuximab 
binding to EGFR domain III prevent EGFR from adopting the extended conformation by steric hin-
drance. Cetuximab consequently blocks EGFR ligand binding as well as receptor activating conforma-
tional changes.
In addition to ligand binding blockade, we observed zalutumumab in this thesis to efficiently lyse EGFR 
over-expressing tumor cells by engagement of ADCC via mononuclear leukocytes as well as granulocytes 
(Chapters 2 and 5). The clinical significance of ADCC by EGFR mAb is currently not fully understood. A 
report by Clynes et al. (93) however, demonstrated anti-tumor responses in FcR-chain-deficient mice to 
be substantially reduced, indicating FcR-mediated effector mechanisms to contribute to mAb therapy.
Activation of CDC has not been observed for EGFR mAb in vitro. The threshold to activate CDC has been 
demonstrated to require at least 10 times more mAb on the cell surface than for ADCC (94). This obser-
vation suggests most IgG1 mAb to engage ADCC during treatment. In this thesis however, we observed 
complement activation for the EGFR mAb zalutumumab, yet no complement-mediated tumor cell lysis 
(Chapter 2). It seems likely that complement activation by EGFR mAb is relatively weak and counterbal-
anced by complement control proteins expressed on tumor cells.
Other mechanisms of action have also been reported for EGFR mAb, such as induction of inappropriate 
signaling and interference with receptor dimerization, more research is however needed to fully appreci-
ate their therapeutic significance (95, 96).
MAb and TKI differ in a number of pharmacological properties. EGFR mAb are large proteins (~150 
kD) and are normally administered intravenously, in contrast to TKI which are small synthetic molecules 
(~500 Da) and can be taken orally. There are marked differences between these two classes of agents 
in a number of pharmacokinetic properties. According to the FDA labeling, mAb half-lives in blood 
(for cetuximab 3.1–7.8 days; for panitumumab 3.6-11.9 days, allowing for dosing every 7, or 14 days, 
respectively) are much longer than those of small-molecule agents (gefitinib, ~48 hrs; erlotinib, ~36 hrs; 
allowing for once-daily dosing). Further, pharmacokinetic studies demonstrated plasma concentrations of 
TKI to vary substantially between patients (97).
It is to be expected that pharmacodynamics and degradation profiles for TKI (chemical compounds) 
demonstrate more heterogeneity between patients, than for mAb (proteins). Because of their inability 
to pass through cellular membranes, mAb can only act on cell surface expressed molecules (or secreted 
molecules) (98). TKI however can pass through cell membranes and act on targets in the cytoplasm, re-
gardless of their cellular location (97).
In general, TKI seem to have a lower target specificity than therapeutic mAb (99). This lower specificity 
implies a risk of increased toxicity, in that TKI may inhibit various signaling pathways at certain plasma 
concentrations.
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1.3.3.1 Adverse events
In general, adverse events related to EGFR directed therapies are mild. The most frequently observed 
adverse events are cutaneous (e.g. rash, acne, dry skin and pruritus) (100), gastrointestinal symptoms (e.g. 
diarrhea, nausea, vomiting and anorexia) and other manifestations (e.g. fever, chill and asthenia) (101, 
102). Currently available EGFR therapies do not discriminate between wild-type EGFR (wtEGFR) ex-
pressed in normal tissues and receptors on tumor cells. The most common symptom associated with both 
classes of anti-EGFR agents is an acneiform skin rash. This skin rash results from the effects of EGFR 
inhibitors on skin keratinocytes, not from drug-related allergic reactions (103). This skin rash can be dose-
limiting, and resolves in the majority of the patients within four weeks after treatment (104, 105). Di-
arrhea however, is not common in patients treated with mAb and is more frequently observed in patients 
treated with TKI (67, 106, 107) and can be dose-limiting. Unlike TKI, mAb may trigger allergic reactions 
such as anaphylactic reactions and urticaria (a cutaneous allergic reaction that primarily causes rash and 
pruritus). Usually these manifestations are manageable and not clinically limiting (104). Notably, several 
studies have shown a positive correlation between skin rash and clinical outcome in EGFR-targeted thera-
pies with cetuximab and erlotinib, although this observation was less consistent for gefitinib (108). Skin 
rash might thus represent a surrogate marker for evaluation of the efficacy of anti-EGFR agents.

1.3.3.2 Response rates
Small-molecule inhibitors gefitinib and erlotinib achieved objective responses in 10–20% of pre-treated 
patients with NSCLC (65, 70, 109, 110). In a large, randomized, placebo-controlled phase III clinical trial 
(67, 106), erlotinib significantly improved the survival of patients with NSCLC. Gefitinib in contrast, did 
not significantly prolong survival. As for therapeutic mAb directed against EGFR, both pre-clinical and 
clinical studies have documented efficacy of mAb in monotherapeutic settings in patients with NSCLC, 
colorectal cancer and other solid tumors with average response rates in the 10-20% range. Between the 
two classes of EGFR inhibitors limited differences in overall response rates to monotherapies have been 
found, which is supported by studies that show the cytotoxic activity and modulation of downstream 
EGFR signaling to be comparable between TKI and mAb. To improve the response rates of these drugs, 
therapeutic strategies involving combinations with radiotherapy, chemotherapy and other anti-cancer 
agents are currently assessed.

1.4 Determinants of tumor response in EGFR-targeted immunotherapy

To optimize EGFR-targeted antibody therapies it is important to understand which determinants play a 
role in the realization of tumor responses. At present much is unclear about these factors. Although the 
identity of most determinants is unknown, their origin may be sub-divided in three elements of EGFR-
targeted therapy; the applied drug, patient characteristics and tumor etiology.
First, factors related to the drug itself (and drug administration) have been associated with modulation of 
therapeutic efficacy in pre-clinical studies, for instance antibody affinity, EGFR binding epitope, immu-
noglobulin isotypes, level of antibody glycosylation and mAb dose levels and regimens. During pre-clini-
cal development some of these drug-related properties have been screened for in large antibody libraries. 
For example, epitope-related features like overlap of antibody binding-site with ligand binding site on 
growth factor receptors to compete with ligand binding. Generally, antibodies of the IgG1 isotype are 
selected for clinical development since this subclass can activate the classical complement pathway and 
interacts with FcR more potently than IgG2 or IgG4 isotypes, and has a long serum half-life. Presently, 
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attempts are made to design mAb with specific pharmaceutical properties by antibody engineering. For 
example, several strategies are being explored to enhance antibody-mediated immune effector functions 
and antibody half-lifes [reviewed in (98)], usually by increasing the binding of the antibody Fc tail to ac-
tivating FcR, complement component C1q or rescue of degradation via the neonatal Fc receptor. Studies 
evaluating amino-acid substitutions in the C1q-binding site of antibodies revealed mutants that possess 
increased CDC (111). Other studies changed the amino-acid sequence or glycosylation of the C

H
2 region 

of mAb to improve interaction with FcR (112-114).
For effective drug employment sufficient distribution into tumor tissue is required. Using biodistribution 
analyses and mathematical modeling, Crombet et al. (115) calculated that at sub-saturating doses, tumor-
specific biodistribution of EGFR mAb is optimal for mAb with a K

D
 between 10-8-10-9 M. Yet, blockade 

of EGFR signaling is most effective at receptor-saturating mAb concentrations (Chapter 2). This requires 
significant plasma mAb concentrations, and impedes tumor-specific tissue biodistribution. Moreover, re-
lated to EGFR expression in normal tissues the clearance of EGFR-targeted antibodies is enhanced by an 
additional, EGFR-mediated route of degradation. This extra degradation route is most prominent at low 
antibody concentrations in plasma (Chapter 4) and requires sufficient plasma drug levels to saturate this 
mechanism. Furthermore, EGFR is often over-expressed in tumors, while mAb biodistribution is slow 
due to aberrant vascularization at tumor sites. This effect may impair drug efficiency at low mAb plasma 
concentrations.
The therapeutic efficacy of EGFR targeted antibodies may well be influenced by patient-related char-
acteristics. For example, FcR polymorphisms in patients may affect the binding of therapeutic anti- 
bodies and the engagement of immune-effector activity (93). A recent study by Zhang et al, (116) reported 
FcRIIa-131R/H and FcRIIIa-158V/F polymorphisms to be independently associated with prolonged 
progression free survival in colorectal cancer patients. Comparable observations have been reported for 
CD52 mAb alemtuzumab (Campath) and HER2 mAb trastuzumab (Herceptin) (93, 117, 118), which 
supports the contribution of FcR-mediated ADCC to mAb clinical effects. Another factor contributing  
to effective immunotherapy is the “fitness” of the patient’s immune system. Previous radio- or chemo-
therapy regimens may well decrease effector cell numbers e.g. NK cells, monocytes or granulocytes  
which then affect engagement of FcR-mediated mechanisms. The observation that several therapeutic 
antibodies (trastuzumab, rituximab, alemtuzumab, CD2 mAb, CD25 mAb) lost their efficacy in mice 
lacking activating FcR expressing cells emphasizes the significance of these cells (93). In addition,  
any protein therapeutic is potentially immunogenic during prolonged administration. At present mouse-
human chimeric, humanized or fully human antibodies are applied to increasingly minimize immuno- 
genicity.
Finally, factors intrinsic to the etiology of a tumor may modulate its response to anti-EGFR therapy. These 
factors are at present poorly understood. In the past, the degree of EGFR expression in the tumor has been 
correlated with a poor patient prognosis (8, 48). Related to this observation, studies have tried to correlate 
EGFR expression levels to clinical responses. No causal relationships have been found in clinical studies 
(119), although pre-clinical reports suggest EGFR expression to be crucial for cetuximab activity (120, 
121). Moroni et al. (122) showed that eight out-of-nine panitumumab or cetuximab responders with color-
ectal cancer had an increased EGFR copy number. The evaluation of EGFR amplification status by fluo-
rescence in situ hybridization (FISH) may therefore help to select patients for EGFR-targeted therapies.
The presence of autocrine ligand production in tumors may affect responses to therapy. Continuous EGFR 
stimulation causes tumor cells to become EGFR-dependent, and renders them susceptible to EGFR-tar-
geted therapies (123). Likewise, mutations in the EGFR kinase domain that impact EGFR signaling, have 
been correlated with clinical responses to EGFR TKI. Additionally, a small retrospective study in 30 
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colorectal cancer patients by Zhang and colleagues (124) suggested cyclinD1 and EGF polymorphisms to 
be associated with cetuximab efficacy.
In addition, recent studies reported mutant forms of the second messenger protein K-ras to correlate with 
poor responses in NSCLC patients to TKI, as well as EGFR mAb (125, 126). K-ras acts downstream in 
the EGFR signaling pathway. Consequently, upon oncogenic activation of ras, EGFR becomes less im-
portant for tumor cell growth. The prevalence of K-ras mutations in NSCLC is 20-30% (127, 128) and 
seems associated with (ex) smokers (129). Current evidence suggests K-ras mutations to represent an 
indicator of resistance for all EGFR inhibitors (EGFR mAb as well as TKI). Overall, these studies point 
out that patients’ genetic makeup may substantially influence the sensitivity of their tumors to EGFR-
targeted therapy.
A better understanding of EGFR targeted therapeutics in the context of therapeutic mechanisms of action, 
patient heterogeneity and tumor etiology may lead to the design of new screening assays for patient strati-
fication and more effective combination therapies. Targeted mAb and TKI should be further studied so 
that the properties of both classes of agents can be fully exploited to maximize efficacies. Optimization of 
their integration with standard therapeutic arsenals (surgery, chemo- and radiation therapy) will continue 
to improve the prospects of cancer patients.

1.5 Outline of thesis

The epidermal growth factor receptor represents a 170 KDa transmembrane growth factor receptor (7, 
130). EGFR over-expression is common in a large number of solid tumors and has been correlated with 
poor prognosis (8, 48). 
Over the past decades the epidermal growth factor receptor has become a recognized target in cancer 
therapy. Currently four drugs targeting EGFR are approved for treatment of various malignancies (131). 
At least 17 others are currently in pre-clinical development. The rationale to develop targeted therapies 
originates from the limitation of conventional cytotoxic therapies to discriminate between tumor and 
healthy cells (132), causing a number of side effects. Unlike standard chemotherapy, EGFR inhibitors 
target cancer cell growth and survival pathways more selectively, providing increased efficacy to modern 
therapeutic arsenal.
At present, EGFR inhibitors are divided in two classes; small molecule tyrosine kinase inhibitors that tar-
get the intracellular EGFR tyrosine kinase domain and monoclonal antibodies targeting the extracellular 
ligand-binding domain of EGFR. Both agents are designed to inhibit EGFR signaling and achieve this by 
diverse mechanisms of action. As for all cancer drugs, their therapeutic potential is determined by their 
ability to act selectively against tumor cells. The potential to act within a therapeutic window not only re-
lies on drug-related properties, but also on patient-related and tumor specific factors; e.g. polymorphisms 
in the immune system or therapeutic target expression levels in the tumor. The sum of these elements de-
termines clinical efficacy and patient outcome. To apply EGFR-targeted therapy it is, therefore, important 
to have a thorough understanding of how these elements interact.
This thesis addresses aspects related to efficacy of anti-EGFR immunotherapy with a special focus on za-
lutumumab, a novel fully human EGFR mAb. The Introduction is focused on EGFR biology, clinical an-
tibodies directed against EGFR, and drug, patient and tumor-related characteristics that possibly influence 
EGFR therapy. Drug-related elements such as mechanisms of action, impact of glycosylation and mAb 
affinity are discussed. Also patient-related factors such as FcR polymorphisms and tumor-associated 
factors including EGFR expression levels, EGFR mutations and oncogenic mutations are addressed.
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The following chapters address in more detail the human monoclonal EGFR antibody zalutumumab and 
its therapeutic efficacy In Chapters 2 and 3 zalutumumab’s mechanisms of action are studied in detail. 
In Chapter 4 the relationship between EGFR expression in normal- and tumor tissue and pharmacokinet-
ics, biodistribution and mechanisms of action is examined. Chapter 5 is focused on variation in immu-
noglobulin glycosylation and the impact on antibody-binding to FcR, and immune effector mechanisms. 
Further, the influence of intracellular EGFR mutations on anti-EGFR immunotherapy is addressed in 
Chapter 6. These EGFR mutations modulate EGFR signaling and were found to affect the therapeutic 
efficacy of TKI gefitinib (Iressa) and erlotinib (Tarceva). Chapter 7 presents a general discussion.
Some of the questions that will be addressed in this thesis are:
– Why is EGFR an attractive target for cancer therapy?
– How can antibodies modulate EGFR activation and signaling?
– Which mechanisms of action have clinical relevance for EGFR-targeted immunotherapies?
–  How does endogenous EGFR expression in normal tissues affect EGFR mAb clearance and mecha-

nisms of action?
–  What is the impact of changes in antibody glycosylation on FcR-mediated effector mechanisms in 

EGFR therapy?
–  How do somatic EGFR mutations, that impact EGFR signaling, affect EGFR mAb immunotherapy?
–  Which patients benefit from EGFR therapy, and what opportunities should be explored to further im-

prove the clinical responses to EGFR (immuno) therapies?
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Abstract

Epidermal growth factor receptor (EGFR) over-expression is common in a large number of solid tumors 
and represents a negative prognostic indicator. Over-expression of EGFR is strongly tumor-associated, 
and this tyrosine kinase type receptor is considered an attractive target for antibody therapy. Here, we 
describe the evaluation of monoclonal antibody (mAb) 2F8, a high avidity human mAb (IgG1-kappa) 
directed against EGFR, developed using human immunoglobulin transgenic mice. Monoclonal antibody 
2F8 effectively blocked binding of epidermal growth factor (EGF) and transforming growth factor alpha 
(TGF-alpha) to the EGFR. At saturating concentrations, 2F8 completely blocked EGFR signaling and 
inhibited the in vitro proliferation of EGFR over-expressing A431 cells. At much lower concentrations, 
associated with low receptor occupancy, 2F8 induced efficient antibody-dependent cell-mediated cyto-
toxicity (ADCC) in vitro. In vivo studies showed potent anti-tumor effects in models with A431 tumor 
xenografts in athymic mice. Ex vivo analysis of the EGFR status in tumor xenografts in 2F8 treated mice 
revealed that there are two therapeutic mechanisms. First, blocking of EGFR signaling, which is most ef-
fective at complete receptor saturation and therefore requires a relatively high antibody dose. Secondly, at 
very low 2F8 receptor occupancy, we observed potent anti-tumor effects in mice, which are likely based 
on the engagement of immune effector mechanisms, in particular ADCC. Taken together, our findings 
indicate that ADCC represents an important effector mechanism of this antibody, which is effective at 
relatively low dose.
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Introduction

The EGFR represents a 170 kDa type 1 transmembrane receptor over-expressed in a large number of hu-
man tumors, including carcinomas of the head and neck, breast, colon, prostate, lung, and ovaries. The 
degree of over-expression has been correlated with a poor clinical prognosis (1, 2). Expression of EGFR 
is frequently accompanied by the production of EGFR-ligands such as TGF-alpha, or EGF by tumor 
cells, suggesting that an autocrine loop participates in malignant transformation. Blocking the interac-
tion between EGFR and its ligands may, therefore, affect tumor growth and possibly tumor cell survival 
(3). There is a growing interest in EGFR-targeted anti-cancer strategies for treatment of various cancers, 
including non-small-cell lung cancer, head and neck cancer, colon cancer and pancreas cancer. The two 
main classes of compounds which are currently tested in clinical trials are the small molecule tyrosine 
kinase inhibitors and mAb (4).
Different working mechanisms are supposed to operate in mAb-mediated immunotherapy of cancer. In 
the 1980s, most investigators accepted that opsonization of cancer cells and subsequent activation of 
immune effector mechanisms was the main mechanism leading to depletion of cancer cells. However, it 
is becoming increasingly clear that anti-cancer mAb are particularly effective when they interfere with, 
or alter, cellular signaling (5, 6). Monoclonal antibodies directed to the EGFR ligand binding domain 
might, potentially, block the interaction with EGF, TGF-alpha, and concomitantly modulate its signaling 
properties. A number of EGFR blocking mAb have been tested in vitro, and in murine xenograft models 
(7-9). Murine EGFR blocking mAb such as 225 and 528 could prevent tumor formation in athymic mice 
(10, 11) and co-administration of chemotherapeutic agents improved tumor eradication (12, 13), which 
established EGFR as a promising target for antibody therapy.
Murine mAb, however, do not constitute ideal therapeutic agents, as repeated treatment with these mol-
ecules frequently triggers allergic reactions and human anti-mouse antibody (HAMA) responses in pa-
tients (14, 15). This has led to the development of humanized mAb. One of these is IMC-C225, a chimeric 
version of the murine 225 mAb, in which the murine antibody variable regions were linked to human IgG 
constant regions (16). To minimize immunogenicity, ideally human antibodies should be used for immu-
notherapy (17). Yang et al. reported the development of mAb E7.6.3, a human IgG2 mAb generated using 
human transgenic mice (18). We employed HuMAb mice to generate fully human IgG1-kappa anti-EGFR 
mAb. These are genetically engineered mice in which the gene clusters encoding murine antibody heavy 
and light chain genes have been inactivated, resulting in absence of murine antibodies. Subsequently, 
DNA segments containing large parts of the human heavy and (kappa) light chain gene clusters were 
introduced. The human DNA segments are fully functional, and undergo isotype switching and affinity 
maturation. HuMAb mice can be immunized with human target proteins and produce high avidity anti-
bodies in a way analogous to wild type mice (19-21). 
Here, we present the in vitro and in vivo characterization of mAb 2F8 that was selected from a panel of 
anti-EGFR antibodies for further development based on performance in functional in vitro assays. The 
studies focus on the dose-effect relationships to dissect the importance of different potential therapeutic 
mechanisms, acting at different antibody concentrations.

Materials and Methods

Cell lines. A431 cells, an EGFR over-expressing epidermoid cancer cell line, were from the DSMZ 
(Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany; Cell line number 
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ACC 91). BxPC-3 cells (pancreas cancer) and MDA-MB-468 cells (breast cancer) were from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA). HN5 cells (head and neck cancer, LICR-LON-HN5) 
were a kind gift from Dr. C.J. Dean (Institute of Cancer Research, Sutton, Sur-rey, UK). SK-RC-29 
cells (kidney) were a kind gift from Dr. E Oosterwijk (University Hospital Nijmegen, The Netherlands). 
Cells were cultured in RPMI 1640 medium (Biowhittaker, The Netherlands), supplemented with 10% 
heat-inactivated fetal calf serum (FCS; Wisent Inc., St.-BRUNO, Canada), 50 IU/ml penicillin, 50 µg/ml 
streptomycin, and, for BxPC-3, 2 mM L-glutamine. Cells were detached by using trypsin-EDTA in phos-
phate-buffered saline (PBS). For in vivo tumor studies, cells were always used in log-phase, and tested for 
EGFR expression and potential mycoplasm contamination before each experiment. 

Antibodies. Human IgG1 kappa anti-EGFR mAb were generated by immunizing HuMAb mice [Me-
darex, (20)]  with alternating A431 cells and purified EGFR (Sigma, St Louis, MO) administration. Out of 
46 anti-EGFR mAb, six were able to block the interaction between EGFR and its ligands EGF and TGF- 
alpha. Monoclonal antibody 2F8 was selected for its potency to block the interaction between EGFR and 
its ligands EGF and TGF-alpha. The antibodies were purified using protein A affinity chromatography, 
followed by size exclusion chromatography on an HR200 column (Pharmacia, N.J.) and were formu-
lated in PBS containing Tween 80 and Mannitol. 2F8 Fab fragments were made using papain digestion. 
M225, a murine IgG1 anti-EGFR monoclonal antibody, was produced using hybridoma cells obtained 
from ATCC (#HB-8508). Polyclonal human IgG (huIgG), purified from single donor plasma, was used 
as control.

ELISA. 2F8 concentrations were determined using an ELISA in which purified EGFR (Sigma, St Louis, 
MO) was coated to 96-well Microlon ELISA plates (Greiner, Germany), 50 ng/well. After blocking plates 
with ELISA buffer (PBS supplemented with 0.05% Tween 20 and 2% chicken serum), samples, serially 
diluted in ELISA buffer, were added and incubated for 1 h at room temperature (RT). Plates were subse-
quently incubated with peroxidase labeled goat anti-human IgG Fc-specific immunoglobulin (Jackson, 
West Grace, PA) and developed with 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; Ro-
che, Mannheim, Germany). Absorbance was measured in a microplate reader (Biotek, Winooski, VT) at 
405 nm. For binding studies of 2F8 and 2F8-Fab fragments the same ELISA was used, with the exception 
of peroxidase-conjugated rabbit-anti-human kappa light chain (DAKO, Glostrup, Denmark) as detecting 
antibody.

Flow cytometry. A431 cells were incubated with serial dilutions of mAb in FACS buffer (PBS supple-
mented with 0.05% BSA and 0.02 % sodium azide), for 30 min at 4°C. Subsequently, cells were washed 
and incubated in the dark with fluorescein isothiocyanate (FITC)-conjugated F(ab’)2 fragments as sec-
ondary antibodies: goat anti-human kappa light chain–FITC (Becton and Dickinson, Aalst, Belgium) or 
goat anti-mouse IgG–FITC (Protos/De Beer, Burlingame, CA), for human and mouse mAb, respectively. 
Samples were analyzed on a FACSCalibur (Becton Dickinson).

Cell ELISA for assessing inhibition of ligand binding. A431 cells were cultured overnight in 96 well 
flat-bottom plates, 104 cells per well. The attached cells were gently washed with ice-cold culture medium 
and incubated for 30 min at RT with 3-fold serial dilutions of intact anti-EGFR mAb’s or with unlabeled 
EGF (EGF, Molecular Probes, Leiden, The Netherlands). Thereafter, 20 µl biotin-conjugated EGF (EGF-
BT, Molecular Probes) was added at a final concentration of 25 ng/ml and cells were further incubated for 
1 hr at RT. Plates were washed and fixed with 0.5% glutaraldehyde in PBS for 10 min at RT. Thereafter, 
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wells were washed and blocked with PBS supplemented with 50 mM glycin, 1% BSA and 0.05% Tween-
20 in PBS, for 30 min at RT. Wells were incubated with HRP-conjugated Streptavidin (DAKO) for 1 hr at 
RT. The assays were developed with freshly prepared ABTS solution for 30 min at room temperature in 
the dark. Absorbance was measured at 405nm.

EGFR Phosphorylation. A431 cells were dispensed in 24-well plates (Greiner), 5x104 cells/well, in cul-
ture medium. After 24 h cells were replenished with starvation medium (culture medium containing only 
0.5% FCS) and were further incubated overnight at 37°C and 5% CO2. Subsequently, serum deprived 
sub-confluent cells were pre-incubated for 30 min with various concentrations of antibodies. Then, EGF 
(Molecular Probes) or TGF-alpha (Peprotech, Rocky Hill, NJ) was added to the wells at a concentration 
of 20 ng/ml, and cells were incubated for 15 min at 37°C, 5% CO2. Cells were put on ice to stop the lig-
and-induced stimulation and were washed twice with ice cold PBS. Cells were dissolved in 1x reducing 
SDS-PAGE sample buffer, 100ºC, and cell lysates were collected in vials and stored at –20°C until further 
assessment for the presence of phosphorylated EGFR and total EGFR by immunoblotting.

Immunoblotting. Cell lysate samples were diluted in SDS-sample buffer and boiled for 5 min at 100ºC 
and subjected to electrophoresis on a SDS-PAGE 4-15% acrylamide gel (Criterion Precast gels 4-15%, 
Bio-Rad Hercules, CA). Proteins were transferred to the nitrocellulose membrane by blotting using a blot 
buffer containing 20% methanol. All conditions and buffers were as recommended by the manufacturer. 
Blots were processed for immunostaining with rabbit anti-phospho-EGFR antibodies (Tyr 1068; Cell 
Signaling Technologies, Beverly, MA) and rabbit anti-EGFR antibodies (Cell Signaling). In short, blots 
were incubated for 1 h at RT with blocking buffer (Tris buffered saline [TBS], supplemented with 0.1% 
Tween-20 and 5% Top-Block [Fluka, Zwijndrecht, Netherlands]). Thereafter, blots were washed and 
incubated with primary antibodies 1:1000 diluted in blocking buffer at 4°C overnight. Blots were washed 
and incubated for 1 h at RT with HRP-conjugated goat anti-rabbit IgG antibody (Cell Signaling Technol-
ogy) 1:2000 diluted in blocking buffer. Blots were washed and incubated with 10 ml chemiluminiscent 
detection substrate solution (Super Signal West Dura Extended Duration Substrate, Pierce) for 5 min. 
Thereafter, blots were placed between two sheet-protection sheets and exposed in GeneGnome Imager 
(Syngene, Frederick, MD).

Cell Growth Inhibition. Tumor cell growth in vitro was evaluated by measuring vital cell mass using a 
MTT assay. The MTT assay involves the intracellular reduction of the water soluble MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to an insoluble formazan. Anti-EGFR antibody dilu-
tions were added to cell cultures in 96 well flat-bottom tissue culture plates (2000 cells/well). Plates were 
incubated at 37°C, and 10 µl of MTT labeling solution 1 (Roche) was added either directly (t=0 days) or 
after 96 h (t=4 days) of incubation. Four h after addition of MTT labeling solution 1, the formed insoluble 
formazan was solubilized by adding 100 µl of MTT solubilization buffer (Roche). After overnight incuba-
tion at 37°C, the absorbance was measured at OD 562 nm, reference 630 nm in a microplate reader. 

Complement dependent cytotoxicity (CDC). A431 cells were dispensed in 96-well V-bottom plates 
(Greiner), 1x105 cells/well, in RPMI 1640, supplemented with 1% BSA and 0.02% azide. Cells were 
incubated with various concentrations of anti-EGFR antibodies at 4°C for 30 min. Subsequently, human 
serum was added and cells were incubated at 37°C for another 20 min. Cells were washed thrice with ice-
cold FACS buffer and cells were incubated with 50 µl FITC-conjugated rabbit anti-human C3c (DAKO), 
in FACS buffer, at 4°C in the dark for 30 min. Cells were washed thrice and resuspended in 300 µl FACS 
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buffer. Just before analysis on a FACSCalibur, 3 µl of To-PRO3 iodide, 1:4000 diluted in DMSO, was 
added for detection of cell death.

Isolation of peripheral blood mononuclear cells from blood. Buffy coats from standard blood dona-
tions (Sanquin Blood Bank, Utrecht) were diluted by adding PBS and were carefully placed on top of 
10 ml Lymphocyte Separation Medium (Bio Whittaker) in 50 ml tubes. Tubes were centrifuged at 800 g 
for 20 min at RT. Thereafter, the peripheral blood mononuclear cells (PBMC) were recovered from the 
plasma-Lymphoprep interface and were washed several times with RPMI (RPMI 1640, Bio Whittaker) 
until the supernatant was clear. 

Antibody dependent cell-mediated cytotoxicity (ADCC). The capacity of mAb to induce effector cell-
dependent lysis of tumor cells was evaluated in Chromium-51 (51Cr) release assay. Target cells (2-5 x 106 
cells) were labeled with 100 µCi Na

2
51CrO

4
 (Amersham Biosciences, Uppsala, Sweden) under shaking 

conditions at 37°C for 1 h. Cells were washed thrice with PBS and were re-suspended in culture medium 
1x105 cells/ml. Labeled cells were dispensed in 96 wells plates (5 x 103, in 50 µl/well) and pre-incubated 
(RT, 30 minutes) with 50 µl of 10-fold serial dilutions of mAb 2F8 or M225 in culture medium, ranging 
from 20 µg/ml to 0.02 ng/ml (final concentrations). Culture medium was added instead of antibody to 
determine the spontaneous 51Cr release, triton X-100 (1% final concentration) was added to determine 
the maximal 51Cr release. Thereafter, PBMC were added to the wells (5 x 105/well) and cells were incu-
bated at 37°C overnight. The next day, supernatants were collected for measurement of the 51Cr release 
by determination of the counts per minute (cpm) in a gamma counter. Percentage of cellular cytotoxicity 
was calculated using the following formula: % specific lysis = (experimental release (cpm) – spontaneous 
release (cpm))/(maximal release (cpm) – spontaneous release (cpm)) x 100 where maximal 51Cr release 
determined by adding triton X-100 to target cells, and spontaneous release was measured in the absence 
of sensitizing antibodies and effector cells.

Mouse tumor xenograft models. Nude Balb/c mice (NuNu) were purchased either from Harlan (Horst, 
The Netherlands) or from Charles River (Maastricht, The Netherlands) and all experiments were per-
formed with 8-12 week old female mice. Mice were housed in a barrier unit of the Central Laboratory 
Animal Facility (Utrecht, The Netherlands) and kept in filter-top cages with water and food provided ad 
libitum. All experiments were approved by the Utrecht University animal ethics committee.
Mice participating in experiments were checked thrice a week for signs of toxicity and discomfort includ-
ing level of activity, skin abnormalities, diarrhea and general appearance. We used a well-established 
subcutaneous tumor xenograft models using EGFR-over-expressing human tumor cell lines (9). Briefly, 
tumor cells were inoculated in the right flank of mice (3-5 x 106 cells). Tumors grew uniformly and could 
easily be measured by vernier calipers. Tumor volumes were scored as length x width x height (in mm3). 
Monoclonal antibodies were injected intraperitoneally (i.p.) according to the study protocol. At the end 
of part of the experiments, tumors were excised for subsequent analysis of cells for EGFR expression, 
EGFR phosphorylation and occupancy of EGFR by 2F8. Part of the tumor was immersed in ice-cold 
FACS buffer and cells were isolated by passage through a cell-strainer and stained with anti-IgG-FITC 
(with and without pre-incubation with saturating concentrations of 2F8) for subsequent analysis by flow 
cytometry. Other parts were snap frozen for immunoblotting or immersed in TissueTek and snap frozen in 
liquid nitrogen for subsequent immunohistochemical analysis. Furthermore, heparinized blood samples 
were drawn from the retro-orbital plexus for determination of plasma 2F8 concentrations. 
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Immunoblotting. For analysis of the EGFR status of tumor xenografts, biopsies were first homogenized 
in lysis buffer containing: 100mM NaCl, 10mM TRIS, pH 7.4, 1% Triton X-100, 0.1% SDS, 0.5% deoxy-
cholate, 10% glycerol, 1mM EDTA, 1mM EGTA, 1mM NaF, 20mM Na

4
P

2
O

7
, 2mM Na

3
VO

4
, protease 

inhibitor cocktail tablet (Roche), 1mM PMSF added prior to use. EGFR protein was immunoprecipitated 
from the pre-cleared lysate with sepharose4B-conjugated 528 mAb, a mouse anti-EGFR mAb, which 
does not compete with 2F8. Precipitated protein was solubilized in reducing sample buffer and run on 
SDS-PAGE as described above. Blots were stained for total EGFR protein amount and phosphorylated 
EGFR with polyclonal rabbit-anti-EGFR and mouse-anti-phosphorylated tyrosine (P-Tyr-100) respec-
tively and for human IgG with peroxidase-conjugated goat anti-human-IgG. Mouse-anti-rabbit-IgG and 
goat-anti-mouse IgG antibodies were used as secondary antibodies. Chemiluminescent detection was 
performed as described above.

Immunohistochemistry. Cryocut sections from frozen tumor xenograft biopsies were fixated with ac-
etone. Endogenous peroxidase and endogenous biotin activities were blocked, as well as aspecific binding 
sites. Sections were stained for the presence of 2F8 using consecutive incubations with rabbit-anti-human 
IgG gamma chain (DAKO). Staining for EGFR was done with the same antibody after pre-incubation of 
the sections with a saturating concentration of 2F8 (10 µg/ml). Phosphorylated EGFR was detected using 
rabbit anti-phospho-EGFR (Tyr 1068; Cell Signaling Technologies) as primary antibody. For all stain-
ings biotinylated goat-anti-rabbit IgG (DAKO) was used as secondary antibody and peroxide-conjugated 
streptavidinABC complex (DAKO) as conjugate. Presence of HRP was detected by adding amino-ethyl-
carbazole (Sigma) development solution, resulting in a red staining. Sections were counterstained with 
haematoxylin and were covered with glycergel.

Statistical analysis. Data analysis was performed using GraphPad PRISM vs. 3.02 (Graphpad Software 
Inc.) unless indicated otherwise. Binding curves were analyzed by fitting sigmoidal curves with vari-
able slope using non-linear regression. Group data were reported as mean ± standard deviation (SD) or 
standard error of the mean (SEM). Differences between groups were analyzed using analysis of variance. 
Levels of significance were indicated. Significance was accepted at the p<0.05 level.

Results

Binding characteristics
First, we investigated binding using flow cytometric analysis of EGFR overexpressing A431 cells. MAb 
2F8 was found to bind to membrane-associated EGFR with an EC

50
 of about 1 µg/ml (7 nM). In compari-

son, we observed a similar avidity for mouse mAb M225, an EC
50

 of 0.5 µg/ml (4 nM). Next, we evaluated 
whether mAb binding to the receptor leads to effective inhibition of ligand binding. To this end, subcon-
fluent monolayers of A431 cells were pre-incubated with 2F8, 2F8 Fab, mouse anti-EGFR mAb M225, 
control IgG or unlabeled EGF, in concentrations ranging from 0.3 to 20 µg/ml for the antibodies and 10 
times lower for EGF. Figure 1 shows the inhibition of binding of biotinylated EGF by 2F8. The concentra-
tion of half maximal inhibition (IC

50
) was calculated to be about 2 µg/ml for intact 2F8 (14 nM). Table I 

gives an overview of the binding parameters for 2F8, showing that the IC
50

’s for inhibition of ligand bind-
ing by 2F8 and 2F8-Fab fragments are in accordance with the EC

50
’s for binding. Furthermore, it can be 

seen that the EC
50

 and IC
50

 values of intact 2F8 were about three times lower than that of Fab fragments. 
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MAb 2F8 may thus bind at least partly bivalently to the cells. The mouse IgG1 mAb M225 against EGFR, 
which was evaluated for comparison, showed similar binding characteristics (Figure 1). 

Table 1 | Summary of EC
50

 and IC
50

 values of mAb 2F8 from three distinct experiments

  2F8 in
  Nanomolar
  Concentration
Assay  (mean ± SD)

2F8 binding to A431 cells (FACS) EC
50

  7 ± 2
2F8-Fab binding to A431 cells (FACS) EC

50
 20 ± 3

2 F8 inhibition of EGF binding to A431 cells (ELISA) IC
50

 14 ± 1
2F8-Fab inhibition of EGF binding to A431 cells (ELISA) IC

50
 35 ± 7

Figuur 1 | Inhibition of EGF binding to EGFR-expressing A431 cells. A431 cells were cultured overnight in 96 well 
culture plates and were incubated with 3-fold serial dilutions of intact mAb 2F8 (), 2F8 Fab fragments (), mouse mAb 
M225 (), control human IgG () or with unlabeled EGF (). Thereafter, biotin-conjugated EGF was added (25 ng/ml 
final concentration) and cells were further incubated. Cells were fixed and wells were incubated with HRP-conjugated 
streptavidin. Results are expressed as mean ± SD, n=3.
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Figuur 2 |  Inhibitory effect of mAb 2F8 on ligand-induced EGFR phosphorylation. Serum deprived sub-confluent 
A431 cells were pre-incubated with various concentrations (0, 0.2, 2 and 20 µg/ml) of mAb 2F8. Thereafter, cells 
were stimulated for 15 min with either EGF or TGF-alpha, 20 ng/ml. SDS-PAGE was performed with cell lysates; gels 
were blotted and immunostained with rabbit-anti-EGF-R antibody (upper panels) and with rabbit-anti-phospho-EGFR 
antibody (against phospho-tyrosine 1068; lower panels). Thereafter, blots were incubated with HRP-conjugated anti-
rabbit antibody and detection was achieved by incubation with a chemiluminescent substrate solution. The percentage of 
tyrosine phosphorylation was calculated using an imager. Data from a representative experiment out of three performed 
are shown.

Figure 3 | Growth inhibition of EGFR expressing A431 cells by mAb 2F8. The A431 cells were incubated with various 
concentrations of mAb 2F8 (), positive control antibody M225 (), and human IgG as negative control (), for 4 
days. Thereafter, vital cell mass was determined by measuring conversion of MTT into formazan. The absorbance was 
determined with a microplate reader using a 562 nm filter with a 630 nm reference filter. Data from multiple wells in one 
experiment are presented and expressed as mean ± SD, n = 3.
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Inhibition of EGFR signaling and cell proliferation

Blockade of ligand binding is expected to prevent receptor activation and, therefore, we evaluated the 
ability of mAb 2F8 to block ligand-induced receptor phosphorylation using immunoblotting. When A431 
cells were incubated with increasing concentrations of TGF-alpha, effective EGFR phosphorylation was 
found to occur at TGF-alpha concentrations above 5 ng/ml, with maximum stimulation at 50 ng/ml. 
Pre-incubation of cells with 2F8 at a saturating concentration of 20 µg/ml prevented EGFR-Tyr 1068 
phosphorylation induced by subsequent addition TGF-alpha up to 50 ng/ml, without decreasing the total 
amount of EGFR. Figure 2 shows the concentration-effect relationship for inhibition of TGF-alpha or 
EGF-induced (20 ng/ml) phosphorylation. Inhibition was detectable at 0.2 µg/ml (1.3 x 10-9 M) and maxi-
mum inhibition was reached at 20 µg/ml (1.3 x 10-7 M). This closely corresponds to the concentrations 
needed for inhibition of ligand binding as shown in Figure 1.
Stimulation of EGFR by its natural ligands enhances cell proliferation, and this also occurs in EGFR over-
expressing A431 cells under in vitro culture conditions. In the present study, the capacity of 2F8 to inhibit 
proliferation of A431 cells was determined in vitro using an MTT assay. A431 cells were cultured in the 
presence of various concentrations of 2F8 or M225. Measurement of the vital cell mass after 4 days of 
culture demonstrated that proliferation is inhibited in a concentration dependent manner (Figure 3), with 
a maximum inhibition of approximately 50%. For both antibodies tested, the IC

50
 values for inhibition of 

cell proliferation were about 10-8 M (1.5 µg/ml) which is similar to the IC
50

 values for inhibition of EGF 
binding to EGFR expressing A431 cells. We also assessed proliferation inhibition of other EGFR over-
expressing cell lines.  Proliferation of HN5, MDA-MB-468 and BxPC-3 cells was inhibited by 80, 60, and 
15%, respectively, at a 2F8 concentration of 10 µg/ml (data not shown). The difference in inhibition ef-
ficiency observed between these cell lines likely reflects an underlying difference in autocrine EGF/TGF 
production, and/or the level of EGFR over-expression. 

Activation of immune effector mechanisms

Besides blockade of signaling, therapy by anti-EGFR antibodies may also operate by inducing immune 
effector-mediated killing of tumor cells. We, therefore, tested whether 2F8 can induce CDC and/or ADCC 
of EGFR-expressing target cells.
To find out whether engagement of the complement system may contribute to anti-tumor effects of mAb 
2F8, we studied C3 deposition on A431 cells in the presence of 5% human serum, using flow cytometry. 
C3c deposition after pre-incubation of A431 cells with 2F8 only slightly increased compared to that in 
the absence of 2F8. In this assay cytotoxicity was detected using To-PRO3 iodide, which is not able to 
enter live cells but can do so in cells having leaky membranes where it becomes highly fluorescent after 
binding to DNA. It was observed that 2F8, induced a concentration-dependent increase in the number of 
To-PRO3 iodide positive cells, even in the absence of serum. Although this indicated a cytotoxic effect, 
there was no evidence for a role of complement, since there was no increase after addition of serum and 
there was no correlation between To-PRO3 positivity and C3 deposition.
Next, we evaluated the capacity of 2F8 to induce ADCC of A431 cells. Freshly isolated human PBMC 
were used as effector cells and 51CR-release for assessing cytotoxicity. Remarkably, we observed no 51CR-
release upon incubation without adding effector cells. Apparently, 2F8 alone induces cellular damage suffi-
cient to permit To-PRO3 to enter the cells, but which does not lead to lysis and concomitant release of 51Cr, 
which is known to bind to intracellular proteins. In the presence of effector cells, it was consistently found 
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that 2F8 is a very potent inducer of ADCC. Figure 4 shows the results from a representative experiment. 
Table II summarizes the observed maximal specific lysis of A431 target cells together with the established 
EC

50
 values, observed in three distinct experiments, performed with PBMC isolated from three different 

donors. The observed variation in maximal specific lysis (42-91%) between the three experiments can be 
explained by individual differences in PBMC activity. In addition, we assessed ADCC induction for BxPC-
3 cells, which exhibited a 10 fold lower EGFR expression level compared to A431 cells as determined 
by FACS analysis. In a comparative experiment, using the same effector cells, we observed equally high 
specific lysis (data not shown). Notably, for both cell lines, ADCC induction occurred at extremely low an-
tibody concentrations; EC

50
 values were 0.007, and 0.011 µg/ml for BxPC-3, and A431, respectively. Thus, 

the EC
50

 of mAb 2F8 for ADCC was about 100-times lower than that for receptor binding on target cells. 
This means that very low receptor occupancy by 2F8 was already sufficient to induce ADCC and suggests 
that ADCC might play an important role in anti-tumor activity of this antibody in vivo. As was expected 
from literature (9, 22), the murine IgG1 antibody M225 was not capable to induce ADCC.

Anti-tumor activity in murine tumor xenograft models. 

The in vitro experiments described above, demonstrated two potential mechanisms for depletion of tumor cells. 
We further evaluated their potential therapeutic roles using a mouse tumor model, which is more relevant to the 
clinical condition than the in vitro assays since it includes: three-dimensional tumor growth, control by growth 
factors, tumor vascularization, distribution of the mAb in the body, and presence of immune effector systems. 
However, it is well known that in these tumor models minor differences in experimental conditions may affect 
the tumor growth. For unknown reasons, we observed marked differences in A431 tumor growth rates using 
Balb/c Nu/Nu mice from two different suppliers. In mice obtained from Harlan subcutaneous A431 tumors 
showed a moderate growth rate, whereas very aggressive tumor growth was observed when using mice form 
Charles Rivers. While it is not evident which model mimics best the tumor growth in patients, we took the oppor-
tunity to evaluate 2F8 in both models.  In addition, we studied the anti-tumor activity of mAb 2F8 in inhibiting 
tumor growth of kidney cell (SK-RC-29) and pancreas cell (BxPC-3) xenografts.

Preventive treatment of tumor growth.
Using the A431 moderate growth model, we first evaluated the capacity of mAb 2F8 to prevent tumor 
formation. On days 1, 3, and 5 after tumor cell inoculation we administered mAb 2F8 i.p. at three different 
doses: 3, 1.5 or 0.75 mg/kg on day 1, followed by three times lower doses on days 3 and 5. While mice 
in the control huIgG group developed steadily growing tumors, reaching a volume of about 400 mm3 by 
day 30, all mice treated with mAb 2F8 were fully protected against tumor growth (data not shown). MAb 
2F8 was also able to inhibit tumor growth of SK-RC-29 xenografts which have a 15-fold lower expres-
sion level of EGFR per cell (18). Here, treatment of mice with a dose of 4 mg/kg loading dose on day 1, 
followed by 2 mg/kg doses twice per week, resulted in a strong reduction of tumor growth. While mice in 
the control group developed tumors with a volume of about 1500 mm3 by day 30, the mice treated with 
mAb 2F8 grew tumors of only about 300 mm3 (data not shown, n=6 per group).

Therapeutic treatment of tumor growth.
Because the experiments with A431 xenograft showed mAb 2F8 to be capable of preventing tumor for-
mation at a very low total dose, we first evaluated the effect of mAb 2F8 on established tumors in this 
model (Figure 5A). Mice with subcutaneous A431 tumors were randomly allocated to treatment groups 
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(n=6) and treatment with either mAb 2F8 or mouse mAb M225 started on day 12 when tumors reached a 
size of approximately 100 mm3. Two different dosing regimens were used. In two separate experiments, 
single cycle treatment, which started with a loading dose of 3 mg/kg, followed by two doses of 1 mg/kg 
on days 14 and 16. In two other experiments, maintenance treatment, with the same loading dose but with 
continued 1 mg/kg doses twice per week until day 40. As illustrated in Figure 5A, mAb 2F8 was capable 
of eradicating established A431 xenograft tumors at a total dose of only 5 mg/kg, administered in three 
doses (divided over a 7-day period). Single cycle treatment with mAb M225 or treatment with irrelevant 
antibodies did not result in tumor eradication, while maintenance treatment with mAb M225 had a minor, 
but temporary effect.
In the aggressive tumor model, we also observed marked growth inhibition on treatment of established 
tumors, but no tumor eradication. In a first series, treatment was started on day 13 when tumors had 
reached an average volume of 100 mm3 by i.p. injection of a loading dose (12.5 mg/kg) of either mAb 
2F8, mAb M225 or irrelevant human IgG1 at day 13, followed by subsequent i.p. injections of 5 mg/kg 
twice per week (days 16, 20, 23, 27, 30, 34, 37, 41, 44 and 48). On day 36, mice in the control group had 
tumor volumes of 1130 ± 85 mm3 (mean ± SEM, n=6) and were sacrificed for ethical reasons. 2F8 treat-
ment reduced tumor growth by 60 % (450 ± 97 mm3 on day 36) and was about two times more effective 
than mouse mAb M225. Figure 5B shows the results of a second series of experiments in the aggressive 
model. Here 2F8 was administered using different dosing schemes, 2 doses at a two weeks interval, rang-
ing from 10 to 100 mg/kg. Also this experiment showed 2F8 to give marked growth reduction at a dose of 
10 mg/kg, and that there is a clear dose-response relationship.
To evaluate the ability of mAb 2F8 to inhibit tumor growth in an aggressively growing tumor expressing 
lower levels of EGFR per cell, we performed experiments on xenografts of the pancreas cell line BxPC-3 
(10-fold lower EGFR expression than A431 as measured by FACS analysis). Similar to A431, this cell 
line was highly sensitive to ADCC as discussed above.  As described for A431, we observed significant 
reduction of tumor growth at a dose of 10 mg/kg mAb 2F8 (two doses given on days 15 and 42). Meas-
ured on day 50, control mice grew xenografts of about 1500 mm3, whereas mAb 2F8-treated mice showed 
a >50% reduction, with tumors of about 700 mm3 (data not shown, n = 6 per group). 

Figuur 4 | Monoclonal antibody 2F8 
induced ADCC as measured in a chromium-
release assay. 51CR-labeled target cells were 
pre-incubated with 10-fold serially diluted 
mAb 2F8 () or M225 (), ranging from 
0.00002 µg/ml to 20 µg/ml. Culture medium 
was added instead of antibody to determine 
the spontaneous release, 5% triton X-100 
was added to determine the maximal lysis. 
Thereafter, human PBMC were added to 
the wells (ratio target:effector cells = 1:100) 
and cells were incubated at 37°C overnight. 
Data from multiple wells in one experiment 
are presented and expressed as mean ± SD, 
n=4.
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Table II | Summary of percentages of maximal lysis and accopanying EC
50

 value of mAb 2F8-induced ADCC of A431 cells 
in vitro*

  [ADCC]

Exp. Max. specific lysis (%) EC
50

 (µg/ml) EC
50

 (nM)
A 91 0.0092 0.06
B 42 0.0180 0.12
C 49 0.0003 0.002

*Results of three independent experiments.

Figure 5 |  Efficacy of mAb 2F8 in tumor xenograft models using Balb/c mice Panel A: Treatment of establised A431 
tumor xenografts in the moderate model. On day 12, when tumors reached an average volume of 100 mm3, mice were 
randomly allocated to treatment groups and treated with 2F8 (: single cycle, ▲: maintenance) or with murine anti-
EGFR mAb M225 (: single cycle, : maintenance). Dosing was in the single cycle schedule on days 12 (3 mg/kg), 14 
(1 mg/kg) and 16 (1mg/kg); in the maintenance schedule dosing was on day 12 (3 mg/kg), continued by 1 mg/kg on days 
14, 16, 19, 22, 26, 29, 33, 36 and 40. Furthermore, a control group  was included receiving single cycle treatment with 
irrelevant hulgG (). Arrows indicate treatment days for the single cycle treatment and the maintenance schadule. Panel 
B:  Treatment of established A431 tumor xenografts in the aggressive model. On day 20, when tumors had anaverage 
volume of 100 mm3, mice were randomly allocated to four treatment groups and treated with various doses of 2F8: 0 (), 
10 (), 30 (▲) or 100 () mg/kg body weight. One day 34 a second dose was given (arrows indicate treatment days). The 
data are presented as mean tumor volume ± SEM, 6 mice per group
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Effect of treatment on the EGFR status in vivo

To find out how the in vivo effect of mAb 2F8 treatment correlates with receptor blocking, we studied the 
EGFR status in tumor xenografts during treatment for 2F8 receptor occupancy and for receptor phospho-
rylation. Eighteen mice with established A431 tumors, ranging in size from 300 to 700 mm3, were treated 
with various doses of mAb 2F8: 0, 3, 10, 30 or 100 mg/kg body weight. Two days after the single dose, 
blood samples were taken and the tumors were excised for analysis. 
We observed that the plasma concentration was linearly related to the dose, with an apparent distribution 
volume of about 150 ml/kg, which is within the expected range (23). To examine whether the presence 
of the tumors affected the pharmacokinetics of mAb 2F8, we assessed antibody plasma concentrations 
in time in mice with or without A431 tumors. Both types of animals showed similar antibody half-lives 
of about 10 days (data not shown) which is the expected antibody half-life in nude mice, having low 
plasma IgG levels (24).  Tumors of this size therefore did not appreciably affect pharmacokinetics of the 
antibody in this model. Receptor occupancy was determined by flow cytometric measurement of 2F8 
binding to cells isolated from the xenograft using a cell strainer. 2F8 binding after saturating all receptors 
by pre-incubation of isolated cells from the same sample at a 2F8 concentration of 20 µg/ml, was taken as 
100% saturation level. It was found that the occupancy was also about linearly related to the dose. Con-
spicuously, 100% saturation in vivo was only observed after the highest dose, corresponding to a plasma 
concentration of more than 600 µg/ml. This is well above the 2F8 concentration of 10 µg/ml, which is 
sufficient for saturation in vitro. Receptor saturation was also determined by immunoblotting of immuno-
precipitates of the receptor and this yielded similar results (Figure 6A).  Concomitantly, EGFR phosphor-
ylation, which was 30-40% of maximum in tumors from untreated mice, was also only drastically reduced 
at the highest 2F8 dose. The results were consistent with the immunohistochemical findings as shown in 
Figure 6B. Staining tumor sections from mice from the different treatment groups for the presence of 2F8, 
using polyclonal anti-human-IgG antibodies, showed a clearly darker staining after a dose of 100 mg/kg 
than after a dose of 10 mg/kg. Staining for EGFR (anti-human-IgG after pre-incubation of the sections 
with 2F8) revealed that necrotic parts of  the tumors were free of the receptor. The EGFR positive areas 
corresponded to the areas where also 2F8 binding was observed, indicating that in vivo 2F8 binds to all 
EGFR expressing cells in the tumors. Staining for EGFR phosphorylation, using antibodies specific for 
phospho-tyrosine 1068, showed less staining at the highest dose, although it should be emphasized that 
this technique does not permit  accurate quantification. More importantly, it showed that phosphorylation 
was rather homogeneous throughout the tumor, indicating that inhibition by 2F8 occurred evenly in all 
areas of the tumor.

vanbueren_binnenwerk.indd   46 17-12-2007   17:23:16



47

 
CHAPTER 2

Figure 6 | Analysis of A431 tumor xenografts (about 500 mm3) from mice treated with a single mAb 2F8 dose of 
0, 10, 30 or 100 mg/kg. Two days after dosing blood samples were taken for determination of plasma concentration, 
and tumors were excised for analysis of EGFR occupancy and EGFR phosphorylation. Panel A: Analysis of EGFR 
immunoprecipitated from tumor lysates (left 5 lanes) and cultured A431 cells (right 3 lanes) using immunoblotting. 
Upper row was stained for EGFR, the second row for phosphorylated EGFR (mouse-anti-phosphorylated tyrosine, P-Tyr-
100) and the lower row for 2F8 using anti-human IgG. Panel B: immunohistochemical analysis of frozen sections of the 
tumor xenografts from mice treated with different doses of mAb 2F8. Sections were stained for presence of 2F8, using 
anti-human IgG (left panels), for EGFR, using anti-human IgG after pre-incubation of sections with 2F8 at saturating 
concentration (middle panels) and for phosphorylated EGFR (Tyr 1068, right panels).
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Discussion

We evaluated a human IgG1-kappa mAb, 2F8, directed against human EGFR, in several in vitro assays 
and in vivo in murine xenograft models. Our study showed that the EC

50
 of intact 2F8 for binding to cells 

was about 3 times lower than that of 2F8 Fab fragments which indicates that 2F8 binds, at least partly, 
in a bivalent way to EGFR expressing cells. Bivalent binding implies that 2F8 may dimerize EGFR, an 
event that represents the basis of receptor activation after ligand binding. Since 2F8 binding did not in-
duce EGFR phosphorylation, it can be concluded that the mAb binds to the receptor in a way that does 
not lead to activation.
The 2F8 binding characteristics to cells were in accordance with the observed EGFR blocking effects in 
vitro. Half-maximal blocking of EGF binding occurred at a mAb concentration of about 2 µg/ml. This 
again, corresponded to the observed effect on ligand-induced receptor activation in vitro, as assessed by 
measuring EGFR phosphorylation at high (20-50 ng/ml) ligand concentrations, i.e. leading to maximal 
phosphorylation. Half-maximal inhibition of phosphorylation was observed in the concentration range of 
0.2 – 2 µg/ml. Inhibition of A431 proliferation in vitro, in standard culture medium without addition of 
ligands, also showed a half-maximal effect at 1 – 2 µg/ml.  
Since engagement of immune-effector systems is one of the potential therapeutic mechanisms of anti-
cancer antibodies, we evaluated the induction of CDC and ADCC by 2F8. Since mAb 2F8 is an IgG1, we 
expected triggering of CDC. However, although mAb 2F8 was shown to have a functional C1q binding 
site, as evidenced by C1q binding to the antibody coated to ELISA plates (data not shown), we observed 
only little C3 deposition on 2F8-coated A431 cells in the presence of human serum. There was a cytotoxic 
effect, as detected by To-PRO3 staining, when A431 cells were incubated with saturating concentrations 
of 2F8, but this cytotoxicity appeared to be completely serum-independent. Thus, 2F8 antibodies on the 
A431 cells do not seem to trigger complement-mediated lysis, despite a high density of EGFR target mol-
ecules. The explanation could be that 2F8 molecules bound to EGFR on cells are not exposed in a proper 
way to efficiently interact with the complement system. Similarly, it has been observed that the induction 
of complement-mediated lysis of T cells is strongly dependent on antigen specificity (6, 25).
The lack of CDC is in sharp contrast with the potent induction of ADCC. In this assay, 2F8 alone did not 
induce 51Cr-release, but it induced 40-90% lysis of A431 cells in the presence of PBMC from different 
human donors. Importantly, ADCC was achieved at very low antibody concentrations. Maximum specific 
lysis of target cells was already observed in the concentration range of 0.02 to 0.2 µg/ml, which gives less 
than 5% receptor occupancy. As illustrated in Figure 7, ADCC occurred at antibody concentrations, which 
are about two orders of magnitude lower than those needed for measurable receptor blocking.
Based on the EGFR inhibitory activity and potent ADCC induction we expected strong anti-tumor effects. 
To assess the in vivo efficacy, we employed a murine xenograft model, which has also been extensively 
used to evaluate the anti-tumor effects of other anti-EGFR mAb (8). We set up two models using athymic 
Balb/c mice from different suppliers, which displayed different tumor growth rates and we took the op-
portunity to test 2F8 both in rather moderately growing and in aggressively growing tumor xenografts. 
Monoclonal antibody 2F8 was able to prevent the outgrowth of A431 tumors when administered at a total 
dose of only 1.25 mg/kg, divided over 3 injections in a 5 day period (data not shown). While indicative of 
therapeutic potential, eradication of well-established tumors is more relevant. Excitingly, in a moderate 
model, mAb 2F8 induced complete tumor regression in mice bearing established tumors, at a total dose 
as low as 5 mg/kg (given over 6 days; Figure 5A). Also in an aggressive model, 2F8 showed potent anti-
tumor effects, albeit that much higher dosing was needed for growth arrest.
Interestingly, in our study the mouse mAb M225 was less effective in both models at a low dose, which is 
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consistent with previous reports of other investigators about the effective dose of this antibody. High dos-
es of more than 300 mg/kg of mAb M225 were needed to stop tumor growth of A431 xenografts in mice 
when applied as monotherapy (7, 12). Since the EGFR blocking activities in vitro were not stronger than 
those of M225, the higher efficacy of mAb 2F8 in inhibiting tumor growth in vivo must be linked to other 
molecular properties. We wondered whether it could be related to the IgG subclass differences, since mAb 
2F8 represents a human IgG1 antibody, which can effectively interact with Fc-gamma receptors whereas 
mAb M225 is of the mouse IgG1 isotype, which interacts poorly (22, 26). This was evidenced in our 
study by the complete lack of ADCC induction by M225 in an in vitro assay using human PBMC. This 
seems not to be related to species differences, since it has been reported that M225 could also not recruit 
anti-tumor activity by mouse peritoneal macrophages in a tumor xenograft model, whereas the anti-EGFR 
mAb 528, which is of the mouse IgG2a subclass, did (9). This suggests that M225 can only act via its 
receptor blocking activity and is not able to recruit immune effector cells. This is consistent with a study 
of Goldstein (7) showing that, at the same plasma level, M225 F(ab’)

2
 fragments, which completely lack 

immune effector functions, were equally effective as the intact antibody in inducing tumor regression.
Because of the high doses needed for maximum anti-tumor effects, we wondered how this would relate to 
receptor saturation with mAb 2F8. In the analysis of the EGFR status in the tumor xenografts we observed 
that appreciable EGFR saturation occurred only at plasma concentrations that were two orders of mag-
nitude above the concentrations sufficient for maximum saturation in vitro. Furthermore, we observed 
in the in vivo studies that EGFR phosphorylation was also only blocked at complete receptor saturation, 
which is consistent with the in vitro observations. This made clear that at the dose levels used in the treat-
ment experiments (Figure 5), EGFR blockade could not have played a major role in anti-tumor effect of 
2F8. In other words, mAb 2F8 was effective in vivo despite low receptor occupancy, which implies that 
other potent mechanisms were acting. As illustrated in figure 7, potent anti-tumor effects in vivo already 
occurred at minimal receptor occupancy, without evidence for receptor blocking. This corresponds to 
the difference between the concentration-effect relationships for ADCC and receptor blocking in vitro. 
Therefore, our experiments suggest a significant role for ADCC in the observed anti-tumor effects at 
low dose in vivo. The importance of ADCC is supported by observations on mAb C225, a chimeric hu-
man-mouse version of M225, which is of the human IgG1 subclass and consequently capable to interact 
with Fc-gamma receptors. IMC-C225 exhibited an improved anti-tumor activity in animal models with 
established A431 xenograft tumors, compared to M225 (7). 
The question arises why such high plasma concentrations are required for saturation of the receptor. We 
speculated on several potential mechanisms, which are not mutually exclusive. First, it could be that 
ligands, present in high concentrations in the interstitial space of the tumors, compete with 2F8 for recep-
tor binding. However, this is not likely to be the major reason since our analysis of the EGFR status in 
the xenografts indicated less than 40% phosphorylation in untreated mice. Second, it could be that local 
interstitial concentrations are far below the plasma concentration. This could be due to a limited delivery 
by the poorly developed vascularization, which is a hallmark of tumor tissues. On itself, poor delivery is 
not expected to cause low local concentrations since the plasma half-life of intact IgG is also very long 
(27). However, it will do so when there is a sink due to uptake of antibody by cancer cells. It is known that 
EGFR continuously recycles and is rapidly internalized after activation (28) and there are some indica-
tions that this may lead to concomitant uptake of anti-EGFR antibodies. In vitro, induction of receptor 
internalization after M225 binding to EGFR expressing cells has indeed been observed (29). In phase I 
clinical studies with mAb IMC-C225 (Cetuximab), a chimeric version of M225, pharmacokinetics were 
found to be non-linear, suggesting an additional clearance pathway that becomes saturated at higher 
dose levels (16). This saturable elimination pathway could well correspond to the mAb internalization 

vanbueren_binnenwerk.indd   49 17-12-2007   17:23:23



 
Dual mode of action of a human anti-EGF receptor monoclonal antibody for cancer therapy

50

after receptor binding. The need for high plasma levels for obtaining complete receptor saturation in  
tumor xenografts seems to be a general feature of anti-EGFR antibodies. Also for the human mAb E7.6.3 
(ABX-EGF) it has been reported that a total dose of at least 60 mg/kg was needed for effective treatment 
of established A431 xenografts (30). Being of the human IgG2-kappa subtype, E7.6.3 is not expected to 
engage immune effector mechanisms (26, 31). Therefore, like is the case for M225, its anti-tumor activ-
ity will entirely depend on receptor blocking and thus on complete receptor saturation, which apparently 
only occurs at high plasma levels. If receptor internalization indeed plays a role, the plasma concentration 
needed for saturation is likely related to the receptor density and could be lower for tumor cells with lower 
expression.
It is clear from studies with small molecule tyrosine kinase inhibitors, like ZD1839 (Iressa) that block-
ing EGFR signaling represents a powerful mechanism in cancer treatment (3). Likewise, interference 
with EGFR signaling may also be an important component of the therapeutic effects of anti-EGFR mAb. 
However, taken together, our experiments indicate that at suboptimal blocking conditions, engagement of 
immune effector mechanisms can significantly contribute to tumor eradication in vivo. Also other stud-
ies indicate that interaction with immune cells may be sufficient for therapeutic efficacy of anti-cancer 
mAbs. Interaction between mAb and immune cells is mediated via receptors for antibodies, so-called Fc 
receptors. Rituxan (chimeric IgG1 mAb anti-CD20) and Herceptin (humanized mAb directed against 
Her2) were ineffective in clearing tumor xenografts in knockout mice lacking activatory Fc-receptors, 
whereas they were effective in Fc-receptor-bearing wild-type mice (32). This points at a pivotal role for 
Fc-receptor-expressing cells for effective antibody treatment of cancer. The mechanism of action of suc-
cessful therapeutic anti-cancer mAb, including Rituxan and Herceptin, in clinical patients is not exactly 
known, but there are clear indications that immune effector mechanisms play an important role (5, 33). 
Thus it is becoming increasingly clear that anti-cancer mAb should interact with immune cells to achieve 
optimal therapeutic efficacy. At present human IgG1 mAb represents the therapeutic antibody type of 
choice, because of their long biological half-life (>20 days), and capacity to effectively interact with the 
human immune system. Human IgG1 mAb are generally capable of triggering ADCC, and complement-
mediated lysis (CDC). 
In conclusion, we showed that the fully human IgG1-kappa anti-EGFR mAb 2F8 can effectively block 
EGFR signaling, and can potently induce ADCC. Interestingly, we observed that potent in vivo anti-tumor 
effects, likely based on ADCC, were already induced at dose levels far below that needed for receptor 
blocking.

Acknowlegments

The authors, whish to thank Gemma Rigter and Egon van Boxtel for excellent technical assistance, and 
Jolanda Gerritsen, Gerrard Perdok, and Ellen Broug, for their enthusiastic participation in this project.

vanbueren_binnenwerk.indd   50 17-12-2007   17:23:23



51

 
CHAPTER 2

Figure 7 | Schematic representation of dose – effect relationships for mAb 2F8 in different assays.

vanbueren_binnenwerk.indd   51 17-12-2007   17:23:25



 
Dual mode of action of a human anti-EGF receptor monoclonal antibody for cancer therapy

52

References

 1.  Salomon DS, Brandt R, Ciardiello F, Normanno N. Epidermal growth factor-related peptides and their receptors 
in human malignancies. Crit Rev Oncol Hematol 1995;19:183-232.

 2.  Gullick WJ. Prevalence of aberrant expression of the epidermal growth factor receptor in human cancers. Br Med 
Bull 1991;47:87-98.

 3.  Arteaga CL. ErbB-targeted therapeutic approaches in human cancer. Exp Cell Res 2003;284:122-30.
 4.  Sridhar SS, Seymour L, Shepherd FA. Inhibitors of epidermal-growth-factor receptors: a review of clinical 

research with a focus on non-small-cell lung cancer. Lancet Oncol 2003;4:397-406.
 5.  Cragg MS, French RR, Glennie MJ. Signaling antibodies in cancer therapy. Curr Opin Immunol 1999;11: 

541-7.
 6.  Glennie MJ, van de Winkel JG. Renaissance of cancer therapeutic antibodies. Drug Discov Today 2003;8:503-

10.
 7.  Goldstein NI, Prewett M, Zuklys K, Rockwell P, Mendelsohn J. Biological efficacy of a chimeric antibody to the 

epidermal growth factor receptor in a human tumor xenograft model. Clinical Cancer Research 1995;1:1311-8.
 8.  Masui H, Kawamoto T, Sato JD, et al. Growth Inhibition of Human Tumor Cells in Athymic Mice by Anti-

Epidermal Growth Factor Receptor Monoclonal Antibodies. Cancer Research 1984;44:1002-7.
 9.  Masui H, Moroyama T, Mendelsohn J. Mechanism of antitumor activity in mice for anti-epidermal growth factor 

receptor monoclonal antibodies with different isotypes. Cancer Res 1986;46:5592-8.
10.  Baselga J, Mendelsohn J. Receptor blockade with monoclonal antibodies as anti-cancer therapy. Pharmacol Ther 

1994;64:127-54.
11.  Modjtahedi H, Eccles S, Box G, Styles J, Dean C. Immunotherapy of human tumour xenografts overexpressing 

the EGF receptor with rat antibodies that block growth factor-receptor interaction. Br J Cancer 1993;67:254-61.
12.  Fan Z, Baselga J, Masui H, Mendelsohn J. Antitumor effect of anti-epidermal growth factor receptor monoclonal 

antibodies plus cis-diamminedichloroplatinum on well established A431 cell xenografts. Cancer Res 1993;53: 
4637-42.

13.  Baselga J, Norton L, Masui H, et al. Antitumor effects of doxorubicin in combination with anti-epidermal growth 
factor receptor monoclonal antibodies. Journal of the National Cancer Institute 1993;85:1327-33.

14.  Meeker T, Lowder J, Cleary ML, et al. Emergence of idiotype variants during treatment of B-cell lymphoma with 
anti-idiotype antibodies. N Engl J Med 1985;312:1658-65.

15.  Miller RA, Maloney DG, Warnke R, Levy R. Treatment of B-cell lymphoma with monoclonal anti-idiotype 
antibody. N Engl J Med 1982;306:517-22.

16.  Mendelsohn J, Baselga J. The EGF receptor family as targets for cancer therapy. Oncogene 2000;19:6550-65.
17.  van Dijk MA, van de Winkel JG. Human antibodies as next generation therapeutics. Curr Opin Chem Biol 2001;5: 

368-74.
18.  Yang XD, Jia XC, Corvalan JR, Wang P, Davis CG. Development of ABX-EGF, a fully human anti-EGF receptor 

monoclonal antibody, for cancer therapy. Crit Rev Oncol Hematol 2001;38:17-23.
19.  Lonberg N, Taylor LD, Harding FA, et al. Antigen-specific human antibodies from mice comprising four distinct 

genetic modifications. Nature 1994;368:856-9.
20.  Fishwild DM, O’Donnell SL, Bengoechea T, et al. High-avidity human IgGk monoclonal antibodies from a novel 

strain of minilocus transgenic mice. Nature biotechnology 1996;14:845-51.
21.  Neuberger M. Generating high-avidity human Mabs in mice. Nat Biotechnol 1996;14:826.
22.  Unkeless JC, Scigliano E, Freedman VH. Structure and function of human and murine receptors for IgG. Annu 

Rev Immunol 1988;6:251-81.
23.  Waldmann TA, Strober W. Metabolism of immunoglobulins. Progr. Allergy 1969;13:1-110.
24.  Sell S, Fahey JL. Relationship between Gamma-Globulin Metabolism and Low Serum Gamma-Globulin in 

Germfree Mice. J Immunol 1964;93:81-7.

vanbueren_binnenwerk.indd   52 17-12-2007   17:23:25



53

 
CHAPTER 2

25.   Bindon CI, Hale G, Waldmann H. Importance of antigen specificity for complement-mediated lysis by monoclonal 
antibodies. Eur J Immunol 1988;18:1507-14.

26.  Saeland E, Vidarsson G, Leusen JH, et al. Central role of complement in passive protection by human IgG1 and 
IgG2 anti-pneumococcal antibodies in mice. J Immunol 2003;170:6158-64.

27.  Kortt AA, Dolezal O, Power BE, Hudson PJ. Dimeric and trimeric antibodies: high avidity scFvs for cancer 
targeting. Biomol Eng 2001;18:95-108.

28.  Wiley HS. Trafficking of the ErbB receptors and its influence on signaling. Exp Cell Res 2003;284:78-88.
29.  Fan Z, Lu Y, Wu X, Mendelsohn J. Antibody-induced epidermal growth factor receptor dimerization mediates 

inhibition of autocrine proliferation of A431 squamous carcinoma cells. The Journal of Biological Chemistry 
1994;269:27595-602.

30.  Yang XD, Jia XC, Corvalan JR, et al. Eradication of established tumors by a fully human monoclonal antibody to 
the epidermal growth factor receptor without concomitant chemotherapy. Cancer Res 1999;59:1236-43.

31.  van der Pol W, van de Winkel JG. IgG receptor polymorphisms: risk factors for disease. Immunogenetics 
1998;48:222-32.

32.  Clynes RA, Towers TA, Presta LG, Ravetch JV. Inhibitory FC receptors modulate in vivo cytoxicity against tumor 
targets. Nature medicine 2000;6:443-6.

33.  Baselga J, Albanell J. Mechanism of action of anti-HER2 monoclonal antibodies. Ann Oncol 2001;12 Suppl 1:
S35-41.

vanbueren_binnenwerk.indd   53 17-12-2007   17:23:25



vanbueren_binnenwerk.indd   54 17-12-2007   17:23:25



C
H
A
P
T
E
R

3

The therapeutic antibody zalutumumab 
inhibits epidermal growth factor  
receptor signaling by limiting intra- and 
inter-molecular flexibility

Jeroen J. Lammerts van Bueren*, Wim K. Bleeker*, Annika Brännström†,
Anne von Euler†, Magnus Jansson†, Matthias Peipp‡, Tanja Schneider-Merck‡,
Thomas Valerius‡, Jan G.J. van de Winkel*§ and Paul W.H.I. Parren*

* Genmab BV, Utrecht, The Netherlands,
† Sidec AB, Kista, Sweden
‡  Division of Nephrology and Hypertension, Christian-Albrecht-University, Kiel,  

Germany
§  Immunotherapy Laboratory, Department of Immunology, University Medical Centre  

Utrecht, Utrecht, The Netherlands

Submitted

vanbueren_binnenwerk.indd   55 17-12-2007   17:23:25



The therapeutic antibody zalutumumab inhibits epidermal growth factor receptor signaling by limiting 
intra- and inter-molecular flexibility

56

Abstract

The epidermal growth factor receptor (EGFR) activates cellular pathways controlling cell proliferation, 
differentiation, migration and survival. It thus represents a valid therapeutic target for treating solid can-
cers. Here, we used an EM-based technique (Protein TomographyTM) to study the structural rearrangement 
accompanying activation and inhibition of native, individual, EGFR molecules. Reconstructed tomo-
grams (3D density maps) showed a level of detail that allowed individual domains to be discerned. Mono-
meric, resting EGFR ectodomains demonstrated large flexibility, and a number of distinct conformations 
were observed. In contrast, ligand-activated EGFR complexes were detected only as receptor dimers 
with ring-like conformations. Zalutumumab, a therapeutic inhibitory EGFR antibody directed against 
domain III, locked EGFR molecules into a very compact, inactive conformation. Biochemical analyses 
showed bivalent binding of zalutumumab to provide potent inhibition of EGFR signaling. The structure 
of EGFR/zalutumumab complexes on the cell surface visualized by Protein Tomography indicated that 
cross-linking spatially separates the EGFR molecules’ intracellular kinase domains to an extent which 
appears incompatible with the induction of signaling. These novel insights into the mechanisms of action 
of receptor inhibition may also apply to other cell-surface tyrosine kinase receptors of the ErbB family.

vanbueren_binnenwerk.indd   56 17-12-2007   17:23:25



57

 
CHAPTER 3

Introduction

Epidermal growth factor receptor (EGFR) is a 180 KDa glycoprotein receptor tyrosine kinase of the 
ErbB family (1). The receptor has several ligands with similar structures of which EGF and transforming 
growth factor  are the most studied. Signaling via EGFR enhances processes responsible for cell growth 
and differentiation, including promotion of proliferation, angiogenesis, cell migration, and inhibition of 
apoptosis. Activation of this growth factor receptor is tightly regulated by complex molecular mechanisms. 
Despite high levels of regulation, EGFR is frequently abnormally activated in epithelial tumors and over-
expression of EGFR has been correlated with poor clinical prognosis (2, 3).
Crystallography studies of ErbB extracellular regions led to a significant advance in our knowledge of how 
EGFR dimerization and activation is promoted by growth factor binding (4). Dimerization is mediated by 
ligand-induced receptor-receptor interactions, and a “dimerization arm” in a cysteine-rich domain II at 
the dimer interface (5, 6) plays a critical role in this process. In the monomeric resting receptor (without 
ligand bound) this dimerization arm is buried intramolecularly by interaction with domain IV and thus 
appears to “autoinhibit” receptor dimerization (7-9). Activating ligands bridge two distinct binding sites 
on the receptor (in domains I and III) and induce domain rearrangement in the extracellular region of the 
receptor, leading to homo- and/or heterodimerization and trans-autophosphorylation of the intracellular 
domain of the receptor (10) (Fig. 1).
This complex mechanism of receptor activation has triggered the development of various strategies to 
intervene in EGFR signaling, as reflected by two classes of anti-EGFR drugs that are currently used 
clinically; tyrosine kinase inhibitors (TKI) and monoclonal antibodies (mAb). TKIs represent small-
molecule inhibitors that block EGFR-kinase activity by binding to the ATP-binding pocket, thereby 
abrogating downstream EGFR signaling. The effects of TKI seem to be primarily related to enzyme 
inhibition.
For monoclonal antibodies, the mechanisms of action are more diverse and their relative contribution to 
anti-tumor activity is still being investigated. Most EGFR mAb bind to the EGFR ligand-binding domain 
and thereby compete with the ligand for receptor binding. The chimeric EGFR mAb cetuximab for example 
interacts with EGFR domain III and occludes the ligand-binding region. Cetuximab has been described  
to prevent the receptor from adopting the extended conformation required for dimerization by causing 
steric clashes between the antibody’s Fab domain and domain I of the receptor (11, 12). MAb-mediated 
EGFR down-modulation is another mechanism that attenuates EGFR signaling. Antibody bivalency 
appeared to be an important prerequisite for this mechanism (13), although it was unclear how bivalent 
antibody binding of EGFR is compatible with EGFR inactivation, without trans-autophosphorylation  
by the kinase domains. Importantly, agonistic properties are frequently observed for monoclonal 
antibodies directed against cell-surface receptors such as IGFR, C-Met, VLA-4, 

4


7
, CD28, TRAIL-R2 

or Fas (14-20).
Our previous studies have shown that zalutumumab, a human IgG1� EGFR antibody, potently inhibits 
tumor growth in xenograft models by engaging two mechanisms of action (21). Firstly, EGFR signaling is 
blocked. This was observed as a reduction in receptor phosphorylation and is most effective at saturating 
antibody concentrations. Secondly, anti-tumor effects are mediated by Fc–mediated ADCC. In the present 
report, we studied the molecular mechanisms via which zalutumumab inhibits EGFR activation. First, 
we mapped the epitope of zalutumumab on EGFR. Then, we used Protein Tomography to visualize 
EGFR conformations in EGFR over-expressing cells in its monomeric (resting), its EGF-stimulated 
conformation and its zalutumumab-inhibited conformation. This technique allowed us to observe cell 
membrane-localized EGFR molecules at a level of detail not previously obtainable, i.e. where separate 
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protein domains could be discerned. 3D analyses of resting, EGF-bound and zalutumumab-loaded EGFR 
for the first time provide a unique view of the mechanisms via which EGFR mAb block EGFR activation 
and prevent EGFR tyrosine kinase activation.

Material and Methods

Cell lines and antibodies. A431 is a squamous carcinoma cell line from the DSMZ (Braunschweig, Ger-
many; cell line number ACC 91) that over expresses EGFR at levels in excess of 1  106 receptors per 
cell (22). Cells were cultured in RPMI 1640 (BioWhittaker, Verviers, Belgium), supplemented with 10% 
heat-inactivated calf serum (Hyclone, Logan, UT), 50 IU/mL penicillin, 50 µg/mL streptomycin. Zalutu-
mumab (mAb 2F8, HuMax-EGFr), a human IgG1 EGFR mAb, was generated as described previously 
(21).
Sample preparation. Three A431 cell samples were prepared. The samples consisted of sub-confluent 
monolayers of untreated A431 cells, 50 ng/ml EGF-treated cells (biotinylated EGF, Invitrogen Carlsbad, 
CA) and 1 µg/ml zalutumumab-treated cells. EGF and zalutumumab-treated cells were incubated in at 
37°C/5% CO

2
 for 15 or 45 minutes respectively. Thereafter, cells were fixed in 4% paraformaldehyde 

(PFA) for 10 min at room temperature. After 2 hours, the cells were rinsed with 0.1 M phosphate buffer 
and postfixed in 2% PFA at 4oC until required for electron microscopy (EM).
Cryosectioning and immunolabeling. EM preparation and immunolabeling of cryosections were per-
formed essentially as described earlier (23), based on the Tokuyasu method (24). 50-70 nm ultrathin 
cryosections were collected at -120°C. Sections were retrieved with a 1.15 M sucrose/2% methylcellulose 
pickup droplet and for Protein Tomography prepared parallel-bars grids (Agar Scientific Ltd, England). 
10 nm colloidal gold (GE Healthcare, England) was added to the grids and used for geometrical alignment 
of the tilt series.

Figure 1 | Model for molecular mechanism of ligand-induced EGFR activation.
EGFR domains are shown as a cartoon (domain 1, blue; domain II, green, domain III, yellow; domain IV, red, intracellular 
tyrosine kinase domain, grey). (A) Most of the unliganded EGFR exists in an autoinhibited or tethered conformation, 
in which domains II and IV form an intramolecular interaction or tether. (B) In the remaining unliganded molecules, 
this tether is broken, and EGFR adopts a range of ‘‘untethered’’ conformations, some of which may be more extended. 
(C) Ligand binds preferentially to untethered molecules and interacts simultaneously with domains I and III, stabilizing 
the extended form in which domain II is exposed. (D) Dimerization is receptor-mediated and dominated by domain 
II interactions. In the dimer-complex the intracellular kinase domains cross-phosphorylate residues in the c-terminal 
receptor tail. Adapted  from (11).
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Sections of untreated cells were labeled for EGFR using affinity-purified polyclonal rabbit anti-EGFR 
antibodies (Cell Signaling Technologies, Beverly, MA) specific for the EGFR intracellular domain. An-
tibodies were tested for specificity in immunohistochemistry, ELISA and immunoblot. Sections of za-
lutumumab-treated cells were double-labeled for EGFR and zalutumumab. Anti-EGFR antibodies were 
detected with 3.5 nm or 5 nm colloidal gold-conjugated protein A (PAG) (Cell Microscopy Center, Uni-
versity Medical Center, Utrecht, the Netherlands), and zalutumumab was detected with gold-conjugated 
(6 nm) goat anti-human IgG antibodies (Jackson Laboratories, West Grove, PA). Sections of biotinylated 
EGF-treated cells were single-labeled for EGF. Biotinylated EGF was detected using rabbit anti-biotin 
antibodies (Dako, Glostrup, Denmark), swine anti-rabbit antibodies (Rockland Immunochemicals, Gil-
bertsville, PA) and 5 nm PAG (CMC, UMC Utrecht, the Netherlands). Briefly, nonspecific binding sites 
were blocked by incubating the sections in 0.15 M glycine in PBS followed by 1% BSA in PBS (incuba-
tion buffer). Sections were incubated with primary antibodies diluted 1:100 in incubation buffer for 1 
hour. Next, sections were washed in PBS and incubated with secondary marker in incubation buffer for 1 
hour, washed in PBS and in dH

2
O. For double-labeling, a fixation step was performed before the second 

labeling was applied. Sections were contrasted with 2% uranyl acetate (UAc) in dH
2
O, washed in dH

2
O, 

embedded in 1% polyvinyl alcohol, 0.3% UAc in dH
2
O, and air dried under cover.

EM and Protein Tomography. Protein Tomography was performed essentially as published earlier (25-27) 
using a Tecnai™ G2 Polara FEG transmission electron microscope (FEI Company, the Netherlands) run 
at 3.8 kV extraction voltage and 300 kV acceleration voltage. Low-dose tilt series were recorded with 
a cooled slow-scan camera (20482048 pixels CCD chip, pixel size 14 µm; Ultra Scan 1000, Gatan 
Inc. USA) using FEI automated tomography software. Tilt-series of micrographs were recorded at 1° 
or 2° tilt intervals in the range ± 60°, magnification 20 000x, post-magnification 1.2x final pixel size 
5.73 Å. A post-experimental high-dose, large under-focus micrograph was recorded after each tilt series. 
Geometrical refinement was performed using gold markers (average alignment error for the tilt-series 
was 6.9 Å). Density refinement was done using the COMET program (28, 29) resulting in tomograms 
(3D density maps).The tomograms were visualized using volume rendering in Sidec’s in-house software 
Ethane. To superimpose crystal structures into tomograms, tomogram iso-surface representations were 
rendered using Visual Molecular Dynamics visualization software (30) and the best fit was determined 
by visual inspection.

Results

Bivalent binding of zalutumumab without activation of EGFR
Binding studies showed intact zalutumumab antibody to exhibit a ~3-fold higher avidity for EGFR ex-
pressing cells than its Fab fragment (EC50 intact IgG: 7 nM (CI 5 to 10); Fab: 19 nM (CI 15 to 24). This 
difference indicates bivalent zalutumumab binding to occur at the cell surface. Remarkably, this antibody-
mediated cross-linking of EGFR did not result in EGFR activation, as we could not detect any induction 
of EGFR phosphorylation in starved A431 cells using an ELISA (data not shown). Instead, zalutumumab 
effectively blocked EGF-induced EGFR activation in a cell-based EGFR phosphorylation assay with an 
IC50 of ~1.3 nM and was significantly more potent than Fab fragments (IC50 10 nM) [supplemental in-
formation (SI), Fig. S1]. Also, A431 cell proliferation was more potently inhibited by intact zalutumumab 
antibody, IC50 1.5 nM versus 13 nM for Fab fragments (Fig. S1). In the interpretation of the curve shift 
it should be taken into account that an intact IgG molecule may bind two EGFR molecules. However, 
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since the maximum levels of inhibition were distinctly higher for intact zalutumumab it became clear that 
bivalent binding is important for effective blockade of EGFR activation. To obtain a better understand-
ing of the mechanisms underlying the enhancement of signaling inhibition by bivalent binding, we next 
analyzed the interaction at a molecular level.

Epitope mapping
Previously, we found that zalutumumab inhibits EGFR ligand binding (21). This suggested that zalutumu-
mab binds to an epitope located near the ligand-binding site. To investigate this further, we now evaluated 
zalutumumab binding to EGFR deletion-mutant EGFRvIII. EGFRvIII lacks amino acids 6-273, which 
comprise a deletion largely made up of domains I and II within the EGFR ectodomain. Zalutumumab 
binding to EGFRvIII was comparable to wild-type EGFR, indicating that its epitope is located in EGFR 
domain III or IV (SI, Fig. S2). Cross-blocking with cetuximab, which also binds to domain III (11), 
indicated both antibodies to compete with each other for binding (data not shown, n=3). However, mAb 
528 (another EGFR antibody) blocked cetuximab but not zalutumumab binding to EGFR - suggesting 
overlapping but non-identical epitopes. Since zalutumumab does not bind murine EGFR (21), seven out 
of 17 non-homologous amino acid residues within domain III of human EGFR were changed to the cor-
responding murine amino acid residues by site-directed mutagenesis. These EGFR point-mutants were 
used to fine-map the epitope of zalutumumab. An additional point-mutant, K465E, that is known to af-
fect cetuximab binding (31) was also included. The EGFR point-mutants were transiently expressed in 
HEK293 cells, and zalutumumab binding to point-mutants was evaluated in comparison to wild-type 
human EGFR. EGFR point-mutants expression was verified using a control mAb binding to EGFR do-
main II. Flow cytometric analyses identified four amino acids that were critical for zalutumumab binding: 
K465, M467, K443, and S418 (SI, Fig. S2). Point mutations K465E and M467I exhibited the most strik-
ing effect, with no residual zalutumumab binding (Table 1).

Table 1 | Zalutumumab binding to murine-
human substituted EGFR point-mutants. The 
arrows indicate level of reduction in binding, 
(=) indicates 0-25%, (i) indicates 25-50% 
and (iii) indicates >75% reduction in 
binding, compared to wt-EGFR (n=2).

 zalutumumab
Substitution binding

S418G =
K443R i
K465E iii
M467I iii
S468N i
G471A =
N473K =
S474D =
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Protein Tomography
Protein Tomography visualized conformations of individual EGFR proteins on cell surfaces at a resolu-
tion where separate domains could be identified. Native conformations of EGFR in resting (untreated) 
cells, activated (EGF-treated) cells, and antibody-inhibited (zalutumumab-treated) cells could thus be 
compared to elucidate the underlying molecular mechanisms of activation and inhibition. The initial steps 
of Protein Tomography includes localization of gold-conjugated detection antibodies (marker gold) (Fig. 
2), and collection of tilt series. Tomograms were generated from 95 tilt series (17 of the untreated sample, 
43 EGF-treated and 35 zalutumumab-treated). Six tomograms were excluded from analyses due to empty 
marker gold particles (not coated or coated but not bound to primary antibody), or marker gold residing in 
complex interactions of connected proteins. Six tomograms of untreated EGFR, eight EGF-bound EGFR 
and six zalutumumab-bound EGFR (four monovalently bound, two bivalently bound) were selected for 
further analyses. The Protein Tomography analysis included investigating size and shape of tomograms 
and comparing them by superimposing existing crystal structures. 

Conformations of resting EGFR
Figure 3 shows three tomograms of individual resting EGFR molecules on untreated cells. The plasma 
membrane appears as a void, leaving the transmembrane part of proteins visible as a thin stalk. A number 
of EGFR conformations can be seen. In the majority of the tomograms, domains I-IV are oriented es-
sentially in one plane. Resting EGFR shows conformational flexibility in the ectodomain exhibiting both 
tethered (n=2, Fig. 3A) and “pistol-shaped” (n=4, Fig. 3B-C) variations. To enable better understanding 
of these EGFR conformations, crystal structures of EGFR domains (protein database (PDB) ID: ectodo-
main, 1nql (8); kinase domain, 2GS7 (32)) were superimposed and compared. These results showed the 
tethered EGFR conformations revealed in the tomograms to be rather similar to conformations found in 
the ectodomain EGFR crystal structure. The “pistol-shaped” EGFR, however, had a slightly more open 
or extended conformation than observed in crystal structures, i.e. its tertiary structure appeared different 
with larger distances between domains I/II and domains III/IV (resembling a half-opened “jackknife”). To 
obtain an accurate fit between “pistol-shaped” EGFR and available x-ray structures, the tethered EGFR 

Figure 2 | Electron micrograph of A431 cell sections.
(A) At 2.300x magnification, where several cells can be 
seen, an area was chosen for Protein Tomography. (B) Insert 
showing a post-image of the final experimental area at 20.000x 
magnification. 10-nm colloidal gold particles (arrowheads), 
used for alignment of the tilt series, as well as 5-nm marker 
gold particles (arrows) bound to EGFR close to the plasma 
membrane of an A431 cell, can be seen in the micrograph.
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x-ray structure had to be opened, i.e. domains I/II moved further away from domains III/IV). Protein To-
mography thus suggests that the general shape of monomeric, resting EGFR on cell surfaces is flexible, 
and can exist in either tethered or half-extended conformation.
In addition, in some tomograms we observed an extra volume extending from domain I of EGFR (see e.g. 
Fig. 3b and Fig. 5). EGFR on A431 cells is glycosylated, adding on 40 kDa to the 130 kDa of unglyco-
sylated EGFR (33). There are two glycosylated sites located on domain I (34). As Protein Tomography 
is unable to discriminate between protein and carbohydrates, it is likely that the extra volumes in the 
tomograms represent carbohydrate groups extending from domain I.

Conformation of EGF-bound EGFR
Cells were incubated with a saturating concentration of EGF. EGF-bound receptors located at the cell 
membrane were measured by flow cytometry, and found to number approx. 80% of a control prepared at 
4ºC (SI, Fig. S3). EGF-induced EGFR auto-phosphorylation was also verified by immunoblotting. Strong 
EGFR tyrosine phosphorylation was observed compared to cells incubated in culture medium only, thus 
indicating the presence of EGF-stimulated EGFR molecules (SI, Fig. S3).
Figure 4 shows a tomogram of EGF-bound EGFR. EGFR ectodomains were consistently observed as two 
ring-like structures with some flexibility at the interface between them. Superimposing the crystal struc-
ture of the EGFR homo-dimer complex of human EGF on extracellular domains I-III (PDB: 1IVO (5)) 
showed that the activated EGFR molecules display a tilted orientation in relation to each other, as well as 
an interface on domain II. In the tomogram, a small void was observed between domain III and IV likely 
caused by low electron density of this part of the receptor which could be visualized at higher contrast 
levels. Significantly, EGFR in resting, activated and inhibited states was on several occasions positioned 
in parallel with the plasma membrane rather than occupying a vertical position. For all eight identified, 
cell-surface localized EGF-EGFR protein structures, the intracellular kinase domains were observed in 

Figure 3 | Conformations of non-activated EGFR.
Shown are three out a total of six analyzed tomograms of individual cell membrane expressed EGFR on untreated cells. 
Tomograms have been cropped to include EGFR only, leaving out marker golds and antibodies. The lipid bilayer of the 
protein complex is not visualized because of the staining method used. The ribbon diagrams of the EGFR crystal structure 
PDB ID: 1nql (8) and 2GS7 (32) were superimposed into the tomograms. The ectodomain crystal structure is color 
annotated (domain I-blue, II-green, III-yellow, IV-red). Rotational flexibility (as indicated  by white arrows) of the rigid 
body containing EGFR domains I and II about the axis represented by a filled black circle (at the domain II/III junction) 
allows a better fit of all domains in the tomograms illustrating conformational flexibility within EGFR. An undefined 
volume is shown in white in panel B, and likely represents carbohydrates extending from domain I. Tomograms are also 
available as interactive 3D files and movie (tomogram C) on the CD found in the cover of this thesis (Fig. S4).
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close proximity to each other (1-2 nm), and are mainly visible as a merged volume. For structural analy-
ses, the crystal structure of the active EGFR kinase domain (PDB: 2GS2, (32)) was superimposed on the 
intracellular domains. In our study, only EGF-bound EGFR dimers were identified (n=8). Similar to our 
findings for monomeric resting EGFR, we also observed an extra volume extending from domain I on 
some of the activated EGFR structures.

Conformation of zalutumumab-bound EGFR
Cells were incubated with a zalutumumab concentration at its K

D
 to achieve approx. 50% saturation of the 

cell-surface EGFR. Under these conditions, monovalent as well as bivalent zalutumumab binding could 
be anticipated. Zalutumumab saturation and inhibition of EGF-induced EGFR phosphorylation were veri-
fied and shown to be approx. 50% and 45% respectively (SI Fig. S3). Figure 5 shows tomograms of za-
lutumumab-bound EGFR. In panel A, the zalutumumab structure can be recognized by the characteristic 
“Y-shaped” antibody, as previously observed by Sandin et al. (27), also using Protein Tomography analy-
ses. Zalutumumab binds to the top of the receptor via one Fab arm and with the Fc domain directed away 
from the cell membrane (Fig. 5). The other Fab arm is found in close proximity to glycans on domain I. 
Condensed EGFR conformations were observed for all six zalutumumab-EGFR complexes compared to 
monomeric resting EGFR. Superimposing the tethered EGFR ectodomain crystal structure (PDB: 1nql) 
showed that the EGFR conformations seen in the tomograms closely resemble the crystal model. (Do-
mains I-IV were correspondingly oriented in the same plane as observed for EGFR in untreated cells.) 
Superimposition data also revealed that the site of interaction between EGFR and zalutumumab Fab do-
mains was located in EGFR domain III in all six identified zalutumumab-EGFR tomograms.
Complexes in which zalutumumab binds two EGFR molecules were also identified and analyzed (n=2). 

Figure 4 | Conformation of EGF-bound EGFR homodimer.
(A) Tomogram of an EGF-bound EGFR homodimer identified on 
the cell membrane of A431 cells. The lipid bilayer is not visualized 
in a tomogram and appears as a void. (B) The crystal structure of 
the complex of human EGF and EGFR extracellular domains I-III 
(PDB: 1IVO (5)) was superimposed into the receptor ectodomain in 
a ribbon diagram representation. The different receptors rED1 and 
rED2 are colored brown and yellow respectively. A proposed position 
for the lipid bilayer is annotated as a shaded grey bar. The crystal 
structure of active EGFR kinase domain (PDB: 2GS2, (32)) was 
superimposed into the intracellular domains rID1 and rID2 (blue) 
(n=8). The model proposed here is consistent with ligand stabilized 
domain II-mediated interactions. The intracellular domains in the 
complex are in close spatial proximity to each other and visible as a 
merged volume. This tomogram is also available as interactive 3D 
file on the CD found in the cover of this thesis (Fig. S4).
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As Figure 5 C-D shows, zalutumumab binds one EGFR molecule with each Fab arm. In this complex, 
the antibody’s Fc domain is also directed away from the cell membrane. Furthermore, just like monova-
lently-bound EGFR, bivalently-bound zalutumumab-EGFR complexes are condensed, and resemble the 
crystal structure conformation of tethered EGFR (PDB: 1nql). In addition, the intracellular EGFR kinase 
domains were oriented relatively far from each other in the bivalently-bound tomograms: 17-32 nm com-
pared to 1-2 nm observed for EGF-bound EGFR dimers. No contact between the two kinase domains was 
observed. In summary, EGFR molecules are in a very compact conformation when bound to zalutumu-
mab and the conformational flexibility of EGFR ectodomain appears minimal. Bivalent binding leads to 
considerable spatial separation of EGFR kinase domains.

Figure 5 | Conformation of zalutumumab-bound EGFR.
Shown are tomograms of zalutumumab-bound EGFR. In the lower panels, the tethered crystal structure of sEGFR (PDB: 
1nql, shown as a ribbon representation) was superimposed into EGFR ectodomain tomograms. The crystal structure of 
human immunoglobulin 1 (PDB: (A) 1HZH (42), (B) 1IGY (43)) was superimposed into zalutumumab (green). Panel A 
and B show a tomogram of a zalutumumab molecule monovalently bound to EGFR. The complex was marked by anti-
EGFR-3.5 nm colloidal gold-conjugated protein A intracellular labeling only. Dotted line in B marks the zalutumumab 
docking site on EGFR. The EGFR ectodomain structure is condensed and resembles the tethered EGFR conformation, 
when zalutumumab is bound. (n=4). Panel C and D show tomograms in which one zalutumumab antibody molecule 
binds two EGFR molecules. Zalutumumab binds one EGFR molecule with each of its Fab arms, spatially separating the 
two receptors (n=2). The extra volume present on EGFR domain I (white) likely represents carbohydrate chains. Both 
tomograms in the Figure are available as interactive 3D files on the CD found in the cover of this thesis (Fig. S4).
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Discussion

Zalutumumab binding to EGFR is sufficient to inhibit receptor activation. However, inhibition by the 
intact antibody is known to be more potent than that by Fab fragments and therefore bivalent binding 
has been postulated to play an important role in this inhibition (13). Previous studies by Fan et al., 1994 
highlighted the importance of anti-EGFR bivalency in respect to therapeutic efficacy. We have elucidated 
the binding target of zalutumumab/EGFR interaction by fine-mapping the epitope using deletion mutant 
EGFRvIII and human-murine EGFR point-mutants, and further analyzed its structural consequences by 
Protein Tomography studies. We also studied the conformations of resting and ligand-activated EGFR to 
be able to compare receptor conformations in different states. 
Protein Tomography data revealed that resting EGFR in its natural cellular environment is a flexible mole-
cule. The tomograms shown represent “snap-shots” of the various conformations which EGFR molecules 
may occupy in time. A number of conformations of the EGFR ectodomain on resting cells were observed, 
suggesting that it is able to switch between a tethered (auto-inhibited) conformation and extended “pis-
tol-shaped” conformations. This visualization of a flexible receptor located intact on the cell surface thus 
supports models suggested previously (5, 6, 8). 
In the present study, only EGFR monomers were observed in untreated cells, in contrast to the inactive 
pre-formed EGFR dimers that have been described by others using different techniques. (35-37). In the 
tomograms of EGF-bound EGFR, the ectodomains were characterized as ring-like structures with an 
interaction interface between them. Superimposing the crystal structure of human EGF in complex with 
EGFR (PDB: 1IVO (6)) gave an accurate fit for both the size and shape of the structures, and matched the 
model of “extended” EGFR dimer formation. The high consensus between the native ring-like structures 
demonstrated that EGF-bound EGFR posses little flexibility, a parameter that cannot easily be deducted 
from crystal structures. In contrast, on the interfaces between the ring-like EGFR structures some flex-
ibility was observed. Furthermore, we observed the intracellular kinase domains to be in close proximity 
to one another for all identified EGF-bound receptors. This supports earlier reports that EGFR kinase 
activation is dependent on mutual allosteric interactions between EGFR kinase domains (32, 38). 
In contrast to the flexible conformations observed for monomeric, resting EGFR, zalutumumab-
bound EGFR conformations were condensed and appeared to be locked in one specific conformation. 
Superimposing the crystal structure (PDB: 1nql) into zalutumumab/EGFR indicates that the zalutumumab 
binding site is located on EGFR domain III. Fine mapping analyses confirmed that the binding epitope is 
situated on this domain. This mechanism resembles a mechanism earlier described for cetuximab (11). 
Binding of cetuximab may prevent EGFR from adopting the extended conformation by steric hindrance 
between the Fab arm and the N-terminal portion of domain I. Although crystallography analyses have 
suggested some conformational flexibility of cetuximab-bound EGFR, we have repeatedly observed only 
compact conformations for the zalutumumab-bound receptor.
In addition to monovalently-bound EGFR molecules, we also saw that zalutumumab bound bivalently. 
Observations that intact zalutumumab was more potent than Fab fragments suggested that the mechanism 
of EGFR inhibition by intact antibodies is more complex. Like EGFR molecules in monovalently-bound 
zalutumumab/EGFR complexes, EGFR molecules in bivalently-bound complexes were only seen in com-
pact conformations. Notably, there was no interaction observed between the two EGFR kinase domains 
in these complexes.
The distance between the kinase domains as interpreted from Protein Tomography data was approx. 17-32 
nm, and it seems that binding of zalutumumab to the EGFR ecto-domains causes this spatial separation. 
Flexibility of IgG1 Fab domains is large (27, 39) and the minimum distance between IgG Fab domains 
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as observed in several non-liganded structures is 5.5-7.0 nm. If receptor monomers interacting with bi-
valent antibody could come in this close proximity, then this could possibly result in unwanted receptor 
activation. Protein Tomography however allows us to examine the structure of bivalent antibodies bound 
to receptor associated with the cell surface imposing addition structural constraints. Significantly, we 
observed that under these conditions, bivalent antibody binding separates kinase domains sufficiently to 
impair efficient EGFR trans-phosphorylation. This observation explains the increased ability for receptor 
inactivation of bivalent antibody. This effect may further be augmented by the orientation of the EGFR 
molecules in the complex in which kinase domains are oriented away from each other in the complex. 
Both EGFR orientation and conformation in the dimer is critical for efficient kinase activation (32, 40). 
In addition, experiments using ErbB2 indicate spatial proximity of the kinase domains alone not to be 
sufficient for efficient phosphorylation (41).
In conclusion, visualizing EGFR conformations using Protein Tomography shows that antibody-mediated 
inhibition of EGFR activation by zalutumumab acts via two distinct mechanisms. 1) When zalutumumab 
binds to the EGF binding site on domain III, it inhibits EGFR activation by restricting the molecule’s 
conformational flexibility. This mechanism is primarily based on the monovalent interaction of the 
antibody Fab arm with the EGFR protein. 2) When zalutumumab binds bivalently, EGFR forms specific 
antibody cross-linked, inactive EGFR dimers by spatial separation of two EGFR molecules. As activation 
of cell signaling by (ligand-induced) dimerization of cell-surface receptors represents a general concept 
in cell biology, inhibition of receptor signaling by antibody-mediated spatial separation might therefore 
be applicable to other cell-surface receptors, e.g. ErbB family members. In addition our study highlights 
how unique structural features of a therapeutic mAb may cooperate to effect an optimal inhibition of a 
potent signaling molecule.
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Supplemental information

Material and methods
Flow cytometry. A431 cells were incubated with serial mAb dilutions in FACS buffer (PBS supplemented 
with 0.05% BSA and 0.02% sodium azide) for 30 min at 4°C. Subsequently, cells were washed and in-
cubated in the dark with FITC-conjugated F(ab’)

2
 fragments as secondary antibodies: goat anti-human 

light chain-FITC (BD Biosciences, Aalst, Belgium). Samples were analyzed on a FACS-Calibur (BD 
Biosciences).
EGFR phosphorylation assay. EGFR phosphorylation inhibition was measured in a two-step assay. Cells 
were cultured overnight in 96-wells plates in serum-free medium containing 0.5% human albumin (hu-
man albumin 20%, Sanquin, the Netherlands). Next, mAb were added in serial dilution, at a fixed final 
concentration of either 20 or 100 nM. After 60 minutes incubation at 37ºC, 50 ng/ml recombinant human 
EGF (Biosource, Camarillo, CA) was added to induce activation of non-blocked EGFR. Following an ad-
ditional 30 minutes incubation, cells were solubilized with lysis buffer (Cell Signaling Technologies) and 
the lysates were transferred to ELISA plates coated with 1 µg/ml of mouse anti-EGFR antibodies (mAb 
EGFR1, BD Pharmingen, San Diego, CA). After 2 hours incubation at RT, the plates were washed and 
binding of phosphorylated EGFR was detected using a europium-labeled mouse mAb specific for phos-
phorylated tyrosines (mAb Eu-N1 P-Tyr-100, PerkinElmer, Boston, MA). Finally, DELFIA enhancement 
solution was added, and time-resolved fluorescence was measured by exciting at 315 nm and measuring 
emission at 615 nm on an EnVision plate reader (PerkinElmer). Sigmoidal dose-response curves were 
calculated using non-linear regression (GraphPad Prism 4).
Cell growth inhibition assay. Tumor cell growth in vitro was evaluated by measuring vital cell mass us-
ing an alamarBlue assay. The alamarBlue assay involves the intracellular reduction into a fluorescent 
product. EGFR mAb dilutions were added to cell cultures in 96-well flat-bottom tissue culture plates 
(500 cells/well). Plates were incubated at 37°C and 15 µl of alamarBlue-labeling solution (Invitrogen, 
Carlsbad, CA) was added either directly (t = 0 days) or after 96 h (t = 4 days) of incubation. After four 
hours incubation at 37°C, the fluorescence was measured at 530nm excitation wavelength and 590nm 
emission wavelength in a plate reader (Bio-Tek Synergy HT Multi-detection microplate reader, Beun de 
Ronde, Abcoude, The Netherlands).
Generation of EGFR point mutants. EGFR point-mutants were generated using site-directed mutagen-
esis. Briefly, the pUSEamp EGFR (wild-type) vector (Upstate cell signaling solutions, Lake Placid, NY) 
was used as template to develop the EGFR point-mutants. Mutations were introduced by PCR using the 
QuikChange® XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to manufacturer’s 
instructions. All point-mutants were completely sequenced and tested for protein expression in cells. Plas-
mid DNA was amplified in DH5�T1R cells by standard transformation and purification methods.
We attempted to minimize significant structural changes in the EGFR protein by using human-murine 
amino acid substitution. This strategy, however, meant that evolutionary-conserved amino acids between 
the murine and human EGFR protein (e.g. many residues in the ligand binding domain) were not tested 
as potential epitope-related amino acids.
Affinity of zalutumumab to EGFR point-mutants. The affinity of zalutumumab to EGFRvIII and EGFR 
point-mutants was measured using transiently transfected HEK293 cells. Cells were grown in Freestyle 
293 expression medium with 4 mM Glutamax (Invitrogen) to a density of approximately 106 cells/ml. 
Cells were transfected according to manufacturer’s instructions using Fectin 293 reagent and Optimem 
(both Invitrogen). The next day, the cells were incubated with serial dilutions of FITC-conjugated zalutu-
mumab or zalutumumab Fab fragments in PBS supplemented with 0.05% BSA and 0.02% sodium azide 
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for 30 min at 4°C. Subsequently, cells were washed and analyzed on a FACS-Calibur (BD Biosciences). 
EGFR point-mutant expression was verified by staining transfected cells using phycoerythrin-conjugated 
EGFR antibody (mAb EGFR1, BD Pharmingen), which binds an epitope located in EGFR domain II 
(176-294 aa).

Supplementary Figures

Movies
Movies of tomograms shown in (I) Figure 3C, monomeric EGFR, (II) Figure 5A, monovalently-bound 
zalutumumab complex and (III) Figure 5B, bivalently-bound zalutumumab complex. The movies can be 
found on the CD in the cover of this thesis and viewed using standard video player software, for example 
Windows Media Player or Quicktime.

Figure S1 | Inhibition of EGFR signaling by 
intact zalutumumab and Fab fragments.
EGFR-expressing A431 cells were incubated 
with serial dilutions of zalutumumab Fab 
fragments () or intact zalutumumab (●). (A) 
EGFR kinase activation measured in an EGFR 
phosphorylation assay. Cells were incubated 
with serial dilutions of zalutumumab and 50 
ng/ml EGF. Subsequently, the cells were lysed 
and EGFR phosphorylation was analyzed 
using an EGFR capture ELISA (see Materials 
and Methods in supplemental information). (B) 
Growth inhibition was determined by measuring 
conversion of alamarBlue into a fluorescent 
product. The fluorescence was determined 
with a microplate reader at 530nm excitation 
wavelength and 590nm emission wavelength 
and represented as mean fluorescence intensity 
(MFI). Results are expressed as mean ± SD, 
n=3.
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Figure S2 |  Epitope mapping of zalutumumab.
Fine-epitope of zalutumumab was analyzed by flow cytometry analyses of transient HEK293 cell transfectants.  
(A) Binding of saturating concentrations of FITC-conjugated zalutumumab to wt-EGFR (left panel) and EGFRvIII  
(right panel). Binding to mock transfected cells is shown by the white diagram (experiment is a representative of  
three). (B) Transfectants incubated with serial dilutions of FITC-conjugated zalutumumab Fab fragments. Binding to 
wt-EGFR and EGFR point-mutants was analyzed. (C) Expression of EGFR point-mutants measured by staining with 
phycoerythrin-conjugated domain II EGFR antibody EGFR1 (data points represent means of triplicate measurements 
±SD, n=2).
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Figure S3 | Control experiments on 
zalutumumab- or EGF-treated cells analyzed by 
electron tomography.
(A) EGF cell-surface saturation was measured by 
flow cytometry. EGF-treated cells (50ng/ml) used 
for Protein Tomography analyses were incubated 
with Phycoerythrin-conjugated streptavidin and 
the MFI was measured by flow cytometry. EGF 
cell-surface saturation of EGF-treated cell sample 
was compared to cells that were treated under 
the same conditions at 4ºC, and cells incubated 
with culture medium (CM). (B) Zalutumumab 
cell surface-saturation was measured by flow 
cytometry. Zalutumumab-treated cells (1 µg/ml) 
used for Protein Tomography analyses were 
incubated with FITC-conjugated rabbit anti-
human IgG antibodies. The MFI was compared 
to cells pre-incubated with 25, 5, 0.2 and 0.04 
µg/ml zalutumumab. The EC50 was calculated 
using non-linear regression curve fitting. 
(C) EGFR phosphorylation was analyzed by 
immunoblotting. EGFR phosphorylation was 
detected using rabbit anti-phosphorylated EGFR 
antibodies (Tyr 1068). EGFR phosphorylation 
was calculated as percentage of the 50 ng/ml 
EGF-stimulated cells. Results are expressed as 
mean ± SD.
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Figure S4 | 3D interactive pdf files of tomograms.
The tomograms can be viewed in 3D by clicking on the figure of interest. Version 7.0 or later of Acrobat Reader is required 
for this feature. The latest release may be downloaded for free from http://www/adobe.com/products/acrobat. Viewing 
3D pdf-files from within a pdf-aware web-browser is not recommended. (A-C) tomograms of unoccupied, monomeric 
EGFR, (D) tomogram of EGF-bound EGFR dimer complex, (E) tomogram of monovalently bound zalutumumab-
EGFR complex, (F) tomogram of bivalently bound zalutumumab- EGFR complex. Annotation of insets: yellow, EGFR 
extracellular domain (rED); gray, EGFR transmembrane part (rTM), blue, EGFR intracellular domain (rID); green, 
zalutumumab (2F8); light yellow, glycans (Glyc); red, secondary antibody – gold (AbG).
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Addendum to Chapter 3. Some deliberations regarding the validation of  
the Sidec Protein Tomography technology

Jeroen Lammerts van Bueren

In the electron microscopy (EM) field there is currently debate whether Protein Tomography methods, as 
applied in this Chapter, are valid to study conformations of individual proteins on cells. In this addendum 
we outline the scientific validation of Protein Tomography thus far, and discuss the issues raised.
Although tomography methods already date from 1917 (1) their integration in the EM field was not until 
1968 by DeRosier and Klug (2). Their work marked the beginning of electron crystallography, which 
was developed further in the 1970s (3, 4), and established the basis of electron tomography as it is known 
today. Electron tomography (ET) is a method for three dimensional (3D) reconstruction of single objects 
from a tilt series of automated low-dose EM pictures (5-7). Initially, 3D reconstructions were computed 
from radially weighted and filtered Fourier transforms of recorded electron tilt series micrographs (8). 
This strategy resulted in a general ET method (9), to be applied to any electron-transparent object (10), 
and not restricted to symmetrical or regularly arranged objects (10-12) nor objects with preferred orienta-
tions on support grids (13, 14). Refinement of mathematical methods based on constrained maximum-en-
tropy tomography (COMET) by Skoglund and colleagues further improved fidelity of 3D reconstructions 
(15). In their publication the authors analyzed adenovirus structures using COMET, and demonstrated it 
to be in considerably better agreement with crystallographic electron density methods than conventional 
3D reconstruction methods. Recently, mathematical proof for the COMET reconstruction method has 
been published (16, 17), and further biological validation is on its way (Kornberg, R. and Sidec AB, 
unpublished data on COMET reconstruction of RNA polymerase complex). In its present state, ET has 
the potential to obtain 3D images of pleomorphic objects, such as cells, organelles or proteins, with a 
maximum calculated resolution in the range of 25–85 Å (6, 9, 15, 17-19). Resolution is dependent on 
factors such as, magnification, pixel size, post-filtering methods and precision of EM micrograph align-
ment. Combined with the quality of analyzed samples these factors determine the final quality of 3D 
reconstructions.
Sample vitrification,  is considered to be the best method to preserve macromolecules in their native con-
formations together with their spatial relationships to other molecules (20, 21), and without damage from 
ice crystals or chemical cryo-protectants. Using vitrification, water is transformed by rapid freezing into 
a glass-like phase that, in terms of its amorphous character, closely resembles liquid water. Even though 
working with vitrified samples may have advantages with respect to retaining native protein structure, 
most laboratories that practice ET favor the convenience of working with stained and resin-embedded 
specimens (22, 23). Years of research have refined the staining, dehydration and embedding protocols to 
the extent that they are easy to use and reliable for studies of cellular ultra structure (24). Staining with 
salts of heavy metals, such as uranyl acetate, affords excellent contrast and simplifies the 3D rendering of 
tomographic data sets. Furthermore, room-temperature tomography does not require the inconvenience 
of specimen preparation and handling at very low temperatures. Room-temperature handling furthermore 
allows immunolabeling of the samples which is not possible on vitrified samples. Despite its convenience 
and widespread use, these preparation methods have their limitations. Fixative agents, such as formalde-
hyde (PFA), typically act by cross-linking of molecules, which may introduce artifacts of molecules to be 
visualized. On the other hand, PFA fixation does not randomly “glue” molecules together, but is based on 
the formation of specific inter- and intramolecular bridges by cross-linking particular amino acids (25). 
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Artifacts may further arise from dehydration and exposure to organic solvents. In addition, staining with 
metal salts introduces complex combinations of positive and negative staining, which interfere with the 
accurate interpretation of molecular structures and correlations with density maps that are derived from 
high-resolution methods (X-ray crystallography and NMR) (26). 
In our study we used relatively mild EM preparation methods by fixation of cells with 4% PFA for 2 
hours, cryo-sectioning (no dehydration and embedding) and 2% uranyl acetate contrast staining. One 
could argue this sample preparation method might change native protein conformations, and this may 
well be the case to a certain extent. Nevertheless, method-related conformational changes are expected to 
be similar between the studied samples (untreated, EGF-treated, zalutumumab-treated), since EM sample 
preparation was identical for all three samples. In our study we repeatedly observed specific EGFR con-
formations for unoccupied, “resting” EGFR, EGF-bound EGFR and zalutumumab-bound EGFR. Moreo-
ver, unoccupied EGFR were identified in untreated cells as well as EGFR antibody treated cells, since 
EGFR saturation with antibody was aimed at approximately 50% saturation in the latter sample. Mor-
phologically highly identical unoccupied EGFR molecules were observed in both samples, suggesting 
interference by sample preparation to be similar between the samples. Furthermore, two distinct labeling 
strategies were applied to mark zalutumumab – EGFR complexes. A number of zalutumumab – EGFR 
complexes was identified via gold-conjugated goat anti-human IgG immunolabeling. Morphologically 
comparable complexes were observed via immunolabeling using primary antibodies directed against the 
intracellular EGFR domain. The similarity observed in zalutumumab – EGFR conformations marked 
via two distinct labeling strategies suggests immunolabeling not to affect complex conformations. The 
observed differences in EGFR conformations between the studied samples were thus likely induced by 
binding of EGF or EGFR antibody. Finally, we have recently generated a second Protein Tomography 
data set of EGFR in complex with the therapeutic antibody cetuximab. This analysis provided essentially 
similar results (not shown).
Although interference of EM sample preparation cannot be excluded from the analyses, the observed re-
sults are in agreement with numerous studies in literature and functional studies on zalutumumab (Chap-
ter 3 and (27-34)). Unfortunately, the size of our study was restricted due to the laborious and expensive 
nature of Protein Tomography technology. At present, studies validating Protein Tomography analyses of 
individual proteins on (PFA-) fixed, stained cells are not available. Analyses of control samples to obtain 
information on effects of PFA fixation on EGFR conformation in a double blind setup would, therefore, 
provide more certainty about the validity to use this technology to investigate EGFR conformations on 
cells. A cryo-electron tomography study on vitrified, PFA-fixed and non-fixed zalutumumab – EGFR pro-
tein complexes is currently planned. These studies together with studies presenting biological validation 
of COMET, may well provide broader acceptance of Protein Tomography within the EM field.
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Abstract

The epidermal growth factor receptor (EGFR) is over-expressed on many solid tumors and represents 
an attractive target for antibody therapy. Here, we describe the effect of receptor-mediated antibody in-
ternalization on the pharmacokinetics and dose-effect relationship of a therapeutic monoclonal antibody 
(mAb) against EGFR (2F8). This mAb was previously found therapeutically active in mouse tumor mod-
els by two dose-dependent mechanisms of action: blockade of ligand binding and induction of antibody-
dependent cell-mediated cytotoxicity. In vitro studies showed 2F8 to be rapidly internalized by EGFR-
overexpressing cells. In vivo, accelerated 2F8 clearance was observed in cynomolgus monkeys at low 
doses but not at high doses. This enhanced clearance seemed to be receptor dependent and was included 
in a pharmacokinetic model designed to explain its nonlinearity. Receptor-mediated clearance was also 
found to affect in situ antibody concentrations in tumor tissue. Ex vivo analyses of xenograft tumors of 
2F8-treated nude mice revealed that relatively high antibody plasma concentrations were required for 
maximum EGFR saturation in high-EGFR-expressing human A431 tumors, in contrast to lower-EGFR-
expressing human xenograft tumors. In summary, receptor-mediated antibody internalization and deg-
radation provides a saturable route of clearance that significantly affects pharmacokinetics, particularly 
at low antibody doses. EGFR saturation in normal tissues does not predict saturation in tumor tissue as 
local antibody concentrations in EGFR-overexpressing tumors may be more rapidly reduced by antibody 
internalization. Consequently, antibody saturation of the receptor may be affected, thereby affecting the 
local mechanism of action.

Effect of Target Dynamics on Pharmacokinetics of a Novel Therapeutic Antibody against the Epidermal 
Growth Factor Receptor: Implications for the Mechanisms of Action

vanbueren_binnenwerk.indd   80 17-12-2007   17:23:40



81

 
CHAPTER 4

Introduction

Fueled by technological advances enabling the accelerated development of humanized and fully human 
monoclonal antibodies (mAb), therapeutic monoclonal antibodies have emerged as a rapidly expanding 
and increasingly important class of drugs (1). Most of these antibodies target human self-proteins in order 
to interfere with processes critical to the pathology of the disease in question. Targeting of self molecules 
may have a strong impact on mAb therapeutic application, since the dynamics of the target molecule may 
significantly affect antibody pharmacokinetics and distribution. These aspects of passive antibody therapy 
have not been widely studied and are currently incompletely understood.
Characteristic for IgG is a relatively low clearance rate at low plasma concentrations and increased clear-
ance at high concentrations. This effect is caused by saturation of the neonatal Fc receptor (FcRn) that 
rescues IgG molecules from degradation after cellular uptake (2-4). Therefore, it is remarkable that the 
reverse has been observed by several investigators for a number of therapeutic antibodies, i.e. a non-linear 
clearance with an enhanced clearance at low dosing. This includes antibodies targeting EGFr, CD4, FAP, 
Her2 and CD11a (5-12). In fact, clearance of therapeutic antibodies is expected to be a dose-independent 
linear process since they are typically used at doses that hardly affect the total IgG plasma concentrations. 
Accordingly, non-linear pharmacokinetic behavior has not been observed for all therapeutic antibodies 
(13, 14), and  seems to be associated with therapeutic targets that are cell-surface-expressed self-mol-
ecules. Several investigators have proposed antibody internalization to be the cause of non-linear clear-
ance (5, 12, 15). Support for this idea comes from studies with labeled antibodies used for imaging or for 
targeting cytotoxic agents. It was found that IgG internalization and catabolism may strongly affect their 
biodistribution (16-18). However, these latter studies were performed at relatively low antibody dose. 
Therapies with labeled antibodies indeed are characterized by a high bound over free antibody ratio; i.e. 
the antibody is present at non-saturating plasma concentrations and most antibody-conjugate is bound 
to target. Since naked antibodies generally cause less side effects than their drug/radiolabel-conjugated 
equivalents, therapy with naked antibodies is typically performed at much higher mAb doses in order to 
achieve target saturation in the target tissue(s) and to engage all mechanisms of action. Therapies with 
naked antibodies therefore are characterized by a low bound over free antibody ratio; i.e. the antibody is 
present at saturating plasma concentrations and most antibody is present in unbound state. Thus, the ques-
tion remains to which extent antibody internalization may influence the pharmacokinetics and efficacy of 
passive antibody therapy.
Our previous studies have shown that 2F8 potently inhibits tumor growth in xenograft tumor models  
by engaging two possible therapeutic mechanisms of action (19). The first mechanism is blockade 
of EGFr signaling, which is most effective at receptor saturation, and therefore requires a relatively  
high antibody dose. Secondly, anti-tumor effects in mice were also observed at low 2F8 dose, corre-
sponding to very low receptor occupancy. This latter effect is believed to particularly involve Fc-medi-
ated ADCC. In the present study, we analyzed the impact of epidermal growth-factor receptor dynamics  
on the pharmacokinetic behavior of anti-EGFr 2F8 and its influence on local antibody concentrations. 
A pharmacokinetic model was developed to explain the observed non-linear clearance of 2F8 in mon-
keys. Next, we performed in vitro experiments with EGFr-expressing cells to examine the hypothesis that  
the accelerated clearance at low antibody doses is caused by receptor-mediated endocytosis and de- 
gradation leading to antibody catabolism. Finally, we addressed the question whether high EGFr  
over-expression may decrease interstitial antibody concentrations in solid tumors. Variations in levels of 
EGFr over-expression were shown to proportionally affect the rate of EGFr-mediated antibody consump-
tion.
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Materials and methods

Antibodies. 2F8, a human IgG1, kappa anti-EGFr mAb has been generated and purified as described 
(19). Human IgG1, kappa specific for keyhole limpet hemocyanin (KLH 4) developed using the same 
mouse strain, served as control. Fluorecein isothiocyanate (FITC)-conjugated antibodies were prepared 
using a standard FITC labeling procedure (Pierce, Rockford, IL, USA).

Monkey study designs. Two studies in cynomolgus monkeys (Macaca fascicularis) were conducted at 
Charles River Laboratories (UK) in accordance with the OECD Principles of Good Laboratory Practice 
(GLP). The animals were aged 14-23 months, weighed 2.0-3.2 kg. In the single dose study the animals 
were assigned to 3 treatment groups (1 male and 1 female in each group) and received a single i.v. dose 
of 2, 20 or 40 mg/kg 2F8, respectively, followed by a 35 day post dose observation period. In the multiple 
dose study the animals were assigned to 4 dose groups (6 animals each), which on days 0, 7, 14 and 21 
received i.v. administrations of respectively 0, 2, 20 or 40 mg/kg 2F8. On completion of the last dose the 
animals were kept for an additional 2 week observation period.

Mouse study design. Female nude Balb/c mice (Nu/Nu; 6-8 weeks old) were obtained from Charles 
River Laboratories (Maastricht, The Netherlands). Mice were housed in a barrier unit of Utrecht Univer-
sity’s Central Laboratory Animal Facility (Utrecht, The Netherlands) with water and food ad libitum. All 
experiments were approved by Utrecht University’s ethics committee for animal experiments.
Biodistribution of 2F8 in tumor xenografts was studied in well established tumor models with human 
EGFr (over-)expressing cell lines. Tumor xenografts were induced by subcutaneous inoculation of 5 x 
106 A431 or SW480 cells, or 107 BxPC-3 cells in the right flank. When tumors reached a volume of about 
0.5 ml, mAb were administrated in a single intraperitoneal dose. Two days later, mice were sacrificed and 
tumors were excised for analyses of tumor cells for occupancy of EGFr by 2F8. Tumors were immersed 
in ice-cold FACS buffer. Cells were isolated by passage through a cell-strainer, and stained with anti-hu-
man IgG-FITC (with or without pre-incubation with saturating concentrations of 2F8) for FACS analyses. 
Furthermore, heparinized blood samples were taken from the retro-orbital plexus for determination of 
plasma 2F8 concentrations. EGFr occupancy with 2F8 of xenograft tumors was calculated from the mean 
fluorescence intensities (MFI) as a percentage of the maximum 2F8 occupancy using the formula:
[(MFI

measured 2F8 occupancy
 – background)/(MFI

maximum 2F8 occupancy
 – background)]  100%

Pharmacokinetic analyses. A mono-exponential curve-fit was used to determine elimination half-life of 
2F8 pharmacokinetics in mice after a single intraperitoneal dose. For the monkey studies a different ap-
proach was chosen, since mono- or bi-exponential curve-fitting appeared to be inappropriate (see supple-
mental data: http://cancerres.aacrjournals.org/cgi/data/66/15/7630/DC1/1).

Cell lines. A431, SW480 and BxPC-3 cells, were cultured in RPMI 1640 (Biowhittaker, The Nether-
lands), supplemented with 10% heat-inactivated calf serum (Hyclone, Logan, UT), 50 IU/ml penicillin, 
50 µg/ml streptomycin, and, for BxPC-3, 2 mM L-glutamine. Cells were detached using trypsin-EDTA 
treatment. For in vivo studies, sub-confluent cells were tested for EGFr expression and mycoplasma con-
tamination before each experiment.

Antibody internalization analyzed by FACS. To determine cell-surface bound 2F8 in time, A431 cells 
were incubated with 20 µg/ml of 2F8 or 10nM EGF5-biotin (Invitrogen, Carlsbad, CA) on ice for 30 min. 
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Cells were rinsed thrice, split in two pools and either warmed to 37ºC to allow internalization, or left 
on ice. Timed samples were taken in triplicates. Internalization was stopped by transferring cells to ice-
cold FACS buffer. Cell-surface bound IgG was stained using rabbit anti-human IgG FC F(ab’)

2
–FITC 

antibodies (DAKO, Glostrup, Denmark). EGF-biotin was stained using phycoerythrin-conjugated strep-
tavidin (DAKO) and samples analyzed by FACS (FACSCalibur, BD, Franklin Lakes, NJ). The 2F8 inter-
nalization rate, represented by the half-life (t½) of the curve, was determined using one phase exponential 
decay curve fitting.
Intracellular accumulation of 2F8 was measured by incubation of cells with FITC-conjugated 2F8 at 
37ºC or 4ºC and timed samples were taken in triplicates. Fluorescence of extracellular-bound 2F8-FITC  
was quenched by addition of 2 mg/ml ethidiumbromide (FLUKA, Buchs, Switzerland) prior to acqui-
sition. The 2F8-FITC internalization rate, defined as the ‘internalization half-life’ (t½) represented by 
doubling time of the intracellular FITC signal, was determined using one phase exponential decay curve 
fitting.

Antibody internalization and lysosomal targeting analyzed by confocal microscopy. A431 cells were 
seeded in chamber slides and cultured over-night to attach. FITC-conjugated 2F8 or – anti-KLH was 
added and incubated for 10 min, 4 or 16 hours. Cells were placed on ice, rinsed with PBS and fixed  
using 4% paraformaldehyde 10 minutes. Cell membranes were stained with rhodamine-conjugated wheat 
germ agglutinin (WGA; Molecular Probes, Leiden, The Netherlands). Analyses were performed using a 
Leica TCS NT confocal laser-scanning microscope.  Alternatively, cells were incubated with FITC-con-
jugated 2F8 as described above, and permeabilized with 0.1% saponin in PBS. Cells were incubated with 
non-competing mouse anti-human EGFr mAb 528 (Merck, Nottingham, UK), to stain EGFr, or mouse 
antibodies against lysosome marker LAMP-1 (BD/Pharmingen, San Diego, CA). Next, cells were stained 
with tetramethylrhodamine-5-(and 6)-isothiocyanate (TRITC)-conjugated goat anti-mouse IgG (Beck-
man Coulter, Fullerton, CA) and analyzed using a Biorad MRC 1000 Microscope with argon/krypton 
laser.

Catabolism of 2F8 by EGFr over-expressing cells. 1 x 105 A431 cells were seeded in 6-well plates and 
incubated over-night. Monolayers were incubated with FITC-conjugated 2F8 at 37ºC (0-7 hours). Next, 
cells were rinsed with ice-cold PBS, and lysed in non-reducing sample buffer (Invitrogen). Cell lysates 
were boiled, loaded on 4-15% acrylamide TRIS-HCL SDS-PAGE gels (Biorad, Hercules, CA) and run 
according to manufacturer’s instructions.
Protein was transferred to nitrocellulose membranes (Biorad) by western blotting. Membranes were 
stained for presence of FITC using rabbit anti-FITC antibodies (DAKO) and peroxidase-conjugated goat 
anti-rabbit IgG antibodies (Cell Signaling Technologies, Beverly, MA). Membranes were incubated with 
chemiluminiscent substrate (Pierce). Chemiluminescence was measured using a GeneGnome imager and 
Genetools 3.06a software (Syngene, Cambridge, UK).

2F8 saturation and biodistribution in monkeys. In vivo saturation levels of EGFr with 2F8, was studied 
by immunohistochemistry. Tissue sections were stained with or without pre-incubation with saturating 
concentrations of 2F8. FITC-conjugated monkey-preabsorbed polyclonal sheep-anti-human IgG antibod-
ies and subsequent 3-step method using peroxidase-conjugated streptavidin – biotin was used for detec-
tion of 2F8. Peroxidase activity was detected with di-amino-benzidine. Differences in staining intensity 
indicated receptor saturation for 2F8 binding was not achieved in vivo, whereas similar staining intensity 
indicated complete receptor saturation.
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Statistical analyses. Data analyses was performed using GraphPad PRISM 4.01 software. Group data 
were reported as mean ± standard deviation (SD).

Results

Enhanced in vivo clearance of 2F8 at low plasma concentrations via EGFr-mediated endocytosis 
of 2F8
Pharmacokinetic analyses. The potential impact of physiological EGFr expression on pharmacokinetic 
behavior of 2F8 was studied in cynomolgus monkeys. 2F8 was raised against human EGFr and binds 
cynomolgus EGFr with similar avidity. The monkey study revealed a strong dose-dependency of plasma 
clearance rates as shown in Figure 1a. Clearance (CL) of 2F8 from plasma, at doses of 2, 20 and 40 mg/kg 
was 1.250, 0.270 and 0.225 ml/h/kg, respectively. In Fig.1a, 2F8 plasma concentrations achieved after 
single i.v. dosing of 2, 20 or 40 mg/kg are plotted versus time. For comparison we plotted the simulated 
time course based on the generally accepted “2-compartment model” for IgG clearance (20, 21) with lin-
ear kinetics in which  k

pi
 = k

ip
 = -0.043 hour-1, resulting in redistribution of about 50% of  the intravenously 

injected antibody into the second compartment (interstitial space). A good fit for the initial phase after 
high dose administration was obtained when V-pl was set at 35 ml/kg and the FCR at 0.0055 hour-1, which 
corresponds to an elimination half-life of about 10 days. The simulated bi-exponential time course in this 
model corresponded well with the clearance reported for a humanized anti-VEGF mAb in monkeys (13). 
For 2F8 the predicted initial 2F8 plasma concentrations corresponded reasonably well to concentrations 
achieved in monkeys treated at high dose (20 or 40 mg/kg), but, in contrast, diverged strongly at all low 
dose observations. Indeed, following a dose of 2 mg/kg, 2F8 levels declined rapidly towards plasma con-
centrations corresponding to concentrations 10 to 100 times below simulated values. Furthermore, after 
treatments at high doses, clearance accelerated when plasma concentrations fell below concentrations of 
about 50-100 µg/ml. Monkeys treated with repeated doses of 2F8 also showed non-linear clearance of 2F8 
as shown in Figure 1d. Clearance was faster after each 2 mg/kg dose than after 20 or 40 mg/kg doses.
Primate-anti-human antibody (PAHA) formation could not explain aberrant clearance of 2F8, since dif-
ferences in clearance were observed immediately following administration, whereas PAHAs were only 
detected in a single low-dose animal and only appeared on day 21. In order to simulate pharmacokinetics 
of 2F8 more accurately, we first tried to describe the observed additional clearance using the Michaelis-
Menten equation, as is frequently done in pharmacokinetic modeling. However, by applying this model, 
characterized by a maximum clearance level and a concentration at which half maximal clearance is 
obtained, we observed another deviation. The Michaelis-Menten model predicted a faster clearance at 
low antibody concentrations (e.g. 1 µg/ml in the low dose treatment) than experimentally observed. Fur-
thermore, it was not possible to find values for Vmax and Km that fitted the observed clearance at both 
low and high doses.
We speculated that deviation from bi-exponential decay at low antibody concentrations might be medi-
ated by binding of 2F8 to EGFr located in tissues. To test this hypothesis, we determined 2F8 clearance in 
mice, in which this binding component was absent (as 2F8 does not cross-react with murine EGFr (19)). 
Consistent with the above, elimination t½ observed in mice showed no accelerated clearance at low 2F8 
concentrations. In the time period from 5 hours to 21 days following i.p. administration of 2F8 in mice 
at a dose of 4 mg/kg, a mono-exponential decay in plasma concentrations was observed. A t½  of 8.8 ± 
2.6 days (mean ± SD, n=3) was calculated for 2F8, which is within the expected range for human IgG in 
immuno deficient mice with low levels of plasma IgG (22). It was also close to the t½  of 6.3 ± 0.9 days 
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observed for a human isotype control mAb (anti-KLH) that was co-administered with 2F8 for comparison 
(data not shown). In the absence of an EGFr-binding compartment, acceleration of 2F8 clearance at low 
plasma concentrations was therefore not observed.
Next, we improved our initial model for simulating anti-EGFr clearance in monkeys by adding an addi-
tional saturable route of clearance, which is shown in Figure 1c. To allow for binding of 2F8 in EGFr-ex-
pressing tissues, an additional compartment was added to the model which results in a rapid but transient 
initial clearance after a low dose. In the absence of an elimination route this, however, did not predict 
acceleration of clearance after plasma concentrations dropped below 100 µg/ml following treatment at 
high dose (Fig. 1b). Indeed, a much better prediction was obtained when a route of elimination was added 
to the binding compartment. This final model including both a binding compartment with a Bmax of 2 
mg/kg and a rate constant for elimination by EGFR internalization and degradation (k

deg
) of -0.005  hour-1 

(t½ = 140 hrs) provided the best prediction for all experimental data taken together, both from single and 
multiple doses, as well as high and low dose treatment (Fig. 1a, 1d; supplemental data).  In one of multiple 
2 mg/kg dose animals relatively high PAHA titers (> 1:800) were detected after day 22 (supplemental 
data), which may explain the large variation in observed concentrations in the last week in this group 
(Fig. 1d).
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Figure 1 | Pharmacokinetic model of 2F8 clearance in monkeys
(a) Plasma clearance of single dose of 2F8 in cynomolgus monkeys. 2F8 plasma concentrations are plotted on a log 
scale as a function of time after single i.v. doses of 2F8 at 2 (), 20 (▲) or 40 mg/kg (). The dotted lines represent 
the expected clearance curves of human IgG using a “2-compartment model”, with V-pl = 35 ml/kg, k

pi
 = k

ip
 = -0.043  

hour-1, and FCR = 0.0055 hour-1, which corresponds to an elimination half-life of about 10 days. The solid lines represents 
a simulation of 2F8 clearance based on the ‘Binding and Elimination’ model shown in panel (c) and further explained 
below. (b) Comparison of simulations of 2F8 plasma concentration after a single dose of 2 mg/kg or 40 mg/kg by using 
three different approaches to model the saturable route of clearance: 1. Michaelis-Menten equation (dotted lines), 2. 
Binding-only model (dashed lines) and, 3. Binding and elimination model (solid lines). All three models have the same 
basis: infused 2F8 is first distributed in a central plasma compartment of 35 ml per kg. From here, there is redistribution 
into an interstitial compartment with an apparent volume of 70 ml per kg, containing in equilibrium the same amount of 
IgG as the plasma pool. First-order elimination occurs from the plasma pool with a half-life of 10 days. For the ‘Michaelis-
Menten model’, 2F8 is in addition eliminated from the plasma pool via a saturable route described by the following 
equation V = (V

max
 x concentration) / (Km + concentration), in which Vmax is set at 0.07 mg/hour and Km at 5 µg/ml. 

For the ‘Binding-only model’, there is no saturable elimination, but from the interstitial pool 2F8 binds reversibly to a 
compartment, that can fix a maximum of  2 mg/kg with half-maximal binding concentration of 1 µg/ml. For the ‘Binding 
and elimination model’, bound 2F8 is eliminated with an elimination half-life at 140 hours. (c) Schematic representation 
of the pharmacokinetic ‘Binding and Elimination’ model used for the simulations of the monkey studies. It represents a 
plasma pool, and an interstitial pool which equilibrates with the plasma pool. The first-order elimination occurs from the 
central plasma compartment with a certain half-life. Within the interstitial pool a saturable clearance route is modeled by 
adding a binding compartment, representing EGFr-expressing cells, that equilibrates with the interstitial compartment. 
Bound 2F8 is eliminated with a certain half-life by internalization/degradation. See Table II (see supplemental data) for 
nomenclature. (d) Plasma clearance of multiple doses of 2F8 in monkeys. 2F8 plasma concentrations achieved after 
weekly i.v. dosing of 2F8 at 2 (), 20 (▲) or 40 mg/kg () are shown. The solid lines represent simulated concentrations 
using the ‘Binding and Elimination’ model with the same model parameters as in panes (a) and (b).
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In vitro internalization and degradation of 2F8 by EGFr over-expressing cells
Our pharmacokinetic studies suggested that 2F8 internalization and degradation by EGFr-expressing cells 
may significantly influence 2F8 in vivo clearance and distribution. To obtain experimental evidence for 
such a mechanism, we investigated whether in vitro binding of 2F8 to EGFr resulted in internalization and 
mAb catabolism by EGFr over-expressing cells.
After treating EGFr over-expressing A431 cells for 1 hour with FITC-conjugated 2F8, 2F8 was found at 
the cell membrane and in cytoplasmic micro-vesicles (Fig. 2a). Incubation of cells with a FITC-conjugat-
ed isotype control antibody showed no (sub)cellular staining (data not shown). Staining for EGFr in 2F8-
FITC-treated cells showed co-localization of EGFr and 2F8 in cytoplasmic vesicles (Fig. 2b). In addition, 
EGFr not in complex with 2F8 was also found intracellularly. Membrane permeabilization by saponin 
made it difficult to observe co-localization at membrane surfaces, presumably because this structure was 
in part destroyed under these experimental conditions. Non-permeabilized cells, however, clearly dem-
onstrated co-localization of both antibodies (data not shown). A control of permeabilized cells incubated 
with TRITC-conjugated goat anti-mouse IgG antibodies did not show any staining (not shown).
The EGFr-mediated internalization rate of 2F8 was quantified by flow cytometry. Measurements of cell-sur-
face bound IgG on 2F8 incubated A431 cells showed a rapid decrease in time (t½ 18 min. 95% confidence 
interval 11-43 min).  In control experiments, in which cells were incubated at 4ºC, no decrease in cell-surface 
2F8 was observed (Fig. 3a). In comparison, cells incubated with EGF-biotin showed a t½ of 9 min. (95% 
confidence interval 8-10 min, Fig. 3b), which is comparable to previous findings (23). Because decline of 
cell-surface-bound 2F8 and EGF might in part be the result of dissociation, we also measured intracellular 
accumulation of FITC-conjugated 2F8. In addition to A431 cells, BxPC3 and SW480 cells were tested which 
have approximately 10 and 20 times lower EGFr expression levels than A431 cells, respectively (Fig. 3c).
To measure intracellular 2F8 accumulation, cells were incubated with 2F8-FITC at 4ºC, and thereafter 
transferred to 37ºC to allow internalization. Prior to FACS analyses, the fluorescence signal of extracel-
lular 2F8-FITC was quenched with ethidium bromide. With this method we were able to quench extracel-
lular 2F8-FITC signals for 97% (data not shown).  During incubation at 37ºC, 2F8 rapidly accumulated 
intracellularly in all three cell lines (internalization half-life 10 min, 95% confidence interval 8-11 min.). 
When cells were incubated with 2F8-FITC at 4ºC, no intracellular accumulation of 2F8 was observed 
(Fig. 3d). Finally, because decrease of membrane bound IgG may be caused by EGFr down-modulation, 
we determined EGFr cell-surface expression using the phycoerythrin-labeled non-cross blocking mAb 
EGFR1. EGFr surface expression was shown not to be affected for all three cell lines during the course 
of the experiment (data not shown).
To assess whether receptor-mediated 2F8 internalization resulted in lysosomal degradation of 2F8, we 
analyzed 2F8-FITC-incubated cells by confocal microscopy. Cells were labeled with 2F8-FITC, and in-
cubated at 37ºC. After 4, or 20 hours cells were stained for the lysosomal marker LAMP-1. At 4 hours 
2F8-FITC was evidently internalized and observed in small cytoplasmic vesicles, but co-localization with 
lysosomes was not yet observed. After 20 hours, however, co-localization of 2F8-FITC with lysosomal 
structures was demonstrated (Fig. 4a).
Catabolism of 2F8 was examined by measuring 2F8 degradation by EGFr over-expressing cells using 
western blot analyses. Cell monolayers were incubated with 2F8-FITC for different time intervals and 
analyzed by immuno-blotting using rabbit anti-FITC antibodies. Results are shown in Figure 4b. The 
profiles shown are a graphical reproduction of the western blot band profiles. Each line represents a lane 
on the blot. After 15 min. a similar profile was observed compared to a reference sample of 10 ng purified 
2F8-FITC indicating no antibody degradation occured. In time, IgG degradation products (FITC-conju-
gated peptide fragments of increasingly smaller size) accumulated in the cells.
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Figure 2 | EGFr-mediated internalization of 2F8 by confocal microscopy. A431 cells were incubated for 1 hour with 
2F8-FITC (green). (a) Cell membranes were stained with WGA-rhodamin (red). Membranes and nuclei are marked with 
“M” and “N”. Incubation with 2F8 resulted in clustering of 2F8 in small vesicles containing EGFr (white arrows). EGFr 
located intracellularly in lysosome-like vesicles (white arrow). (b) Cells fixed with 4% paraformaldehyde, permeabilized 
with 0.1% saponin and immuno stained for EGFr (red). The yellow color indicates co-localization.

Figure 3 | 2F8 internalization by EGFr over-expressing cells analyzed. 
Panels (a) and (b): Decrease of surface EGFR-bound 2F8 (a) or EGF (b) as detected by flow cytometry. Cells were 
labeled with 20 µg/ml 2F8 (a; diamonds) or 10 nM EGF (b; squares) at 4ºC, washed, divided, and incubated at either 4ºC 
(solid symbols), or at 37ºC (open symbols). Cell surface-bound 2F8 (diamonds) or EGF (b, squares) was then detected by 
FACS as described in materials and methods.  Panel (c): Cell surface EGFr expression of A431, BxPC-3 and SW480 cell 
lines. EGFr expression levels on A431 (■), BxPC-3 (▲) and SW480 (▼) cells were measured by flow cytometry. Cells 
were incubated with serial dilutions of 2F8, and stained with FITC-conjugated F(ab’)

2
 fragments of rabbit anti-human 

IgG Fc and analysed by FACS.  Panel (d): Intracellular accumulation of 2F8-FITC analyzed by flow cytometry. A431, 
BxPC-3 and SW480 cells were incubated with 20 µg/ml 2F8-FITC (diamonds) at 4ºC (solid symbols), or 37ºC (open 
symbols). Timed samples were drawn and internalized FITC-labeled mAb was specifically quantified in the presence of 
2 mg/ml ethidiumbromide (EtBr) which quenches the fluorescence signal from the remaining cell-surface bound FITC-
labeled mAb. An irrelevant FITC-labeled human antibody against KLH was used as an isotype control (circles).
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EGFr over-expression influences interstitial 2F8 concentration in xenograft tumors.
Previously we showed a dose-dependent growth inhibition of xenograft tumors in athymic mice (19). For 
A431 tumors, we observed that an increase in 2F8 dose levels from 10 to 100 mg/kg showed increased 
tumor growth inhibition. In vitro studies showed that the maximum effect of 2F8 on A431 proliferation 
was reached at receptor saturation, suggesting maximum receptor saturation was established in xenograft 
tumors only at the highest doses (100mg/kg). We speculate that the high EGFr over-expression level of 
A431 cells, and relatively rapid internalization of 2F8 might influence local antibody concentrations in 
A431 xenograft tumors. To examine the effects of EGFr expression on 2F8 saturation in EGFr (over) ex-
pressing tumors, we analyzed this in A431, BxPC-3 and SW480 xenograft tumors in athymic mice. 2F8 
saturation analyses were performed by flow cytometry two days after 2F8 treatment. Steady state 2F8 
distribution in xenograft tumors grown for 14 days was expected to be reached one day after i.p adminis-
tration, as earlier described by Wu et al. (13, 24, 25). As shown in Figure 5a, 2F8 plasma concentrations 
required to saturate xenograft tumors were significantly higher for A431 tumors, than for BxPC-3 and 
SW480 tumors. BxPC-3 xenograft tumors showed complete EGFr saturation at dose levels approximately 
10 times lower than A431 xenograft tumors. For the low EGFr-expressing SW480 xenograft tumors 2F8 
saturation was only determined for a 5 mg/kg 2F8 dose, compared to saline control. For this cell line satu-
ration was already achieved at this low dose level. To study EGFr saturation in normal tissue, we analyzed 
skin tissue of 2F8-treated monkeys. EGFr is abundantly expressed in monkey epidermal tissue, however 
EGFr expression is low, compared to expression levels on A431, and BxPC-3 cells. Also, normal tissue 
is more accessible to antibody, related to normal tissue vascularization. Therefore, EGFr saturation was 
expected at lower 2F8 plasma concentrations, corresponding to saturating concentrations in vitro. Figure 
5b shows that EGFr saturation in normal monkey tissue was established at dose between 2-20 mg/kg, 
corresponding to plasma concentrations below 67 µg/ml 2F8.

Figure 4 | Lysosomal targeting of 2F8
(a) A431 cells were incubated for 30 minutes with 2F8-FITC (green), rinsed with culture medium to remove excess 
unbound antibody, and incubated at 37ºC for 20 hours. Cells were fixed with 4% paraformaldehyde, permeabilized 
and immuno stained for the lysosomal marker LAMP1 (red). Samples were then subjected to confocal microscopy.  
Co-localization of 2F8 and LAMP1 is shown in yellow. Nuclei are stained with DAPI (blue). (b) Monolayers of A431 
cells were incubated 0-7 hours with 2F8-FITC. Cells were rinsed with ice-cold PBS, lysed in non-reducing sample buffer 
and analyzed by SDS-PAGE followed by immuno-blot.  Purified 2F8-FITC was loaded as a control. The blot was stained 
with rabbit anti-FITC and goat anti-rabbit-HRP antibodies. Shown is a graphical reproduction of the western blot banding 
profile. Each line represents a lane on the blot. The signals are plotted as profile height versus distance traveled in the gel 
(Rf). An overlay of the Rf patterns is shown to illustrate the appearance of IgG fragments in time.
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Figure 5 | In vivo EGFr saturation of xenograft tumor- and normal tissues with 2F8.
(a) 2F8 tissue saturation in xenograft tumors. Mice with either established BxPC-3 (●, solid line), SW480 (, dotted line) 
or A431 (●, dotted line) xenograft tumors were treated with a single dose of 2F8 (0, 10, 30, or 100 mg/kg). Two days after 
dosing, tumors were removed for flow cytrometric analyses of EGFr saturation with 2F8. EGFr saturations with 2F8 on 
isolated cells are expressed as mean ± SD, n=4 and plotted against the left Y-axis. 2F8 plasma concentrations are plotted 
against the right Y-axis (, dotted line).
(b) Tissue saturation and distribution in monkeys. Tissue biopsies were collected from monkeys treated with a single i.v. 
dose of 0, 2, or 20 mg/kg 2F8. Tissue biopsies of the pharynx were immuno histochemically stained for 2F8 using sheep 
anti-human IgG, monkey pre-absorbed antibodies (red-brown staining). The upper panels show the tissue distribution and 
dose-dependent staining of stratified epithelium-expressed EGFr by 2F8. The lower panels show serial sections from the 
same tissue. These sections were pre-incubated with a saturating concentration of 2F8 to assess maximal staining. For 
morphological interpretation tissue sections were counterstained with haematoxylin.
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Discussion

In this study we obtained experimental evidence that 2F8 is internalized and degraded by EGFr-express-
ing cells. Furthermore, we showed that high EGFr expression levels in tumor xenografts results in re-
duced local 2F8 concentrations. Below, we discuss a pharmacokinetic model describing how binding, in-
ternalization and degradation result in non-linear clearance of 2F8, as observed in monkeys. Furthermore, 
we present a model explaining how, even at high mAb doses, target expression and dynamics may effect 
low local antibody concentrations in solid tumors.
First, we modeled 2F8 clearance in normal cynomolgus monkeys. Experimentally measured 2F8 plasma 
concentrations were compared to a generally accepted “2-compartment model” for IgG clearance (20, 
21) with linear kinetics. This revealed how 2F8 clearance deviated from the “linear clearance” behavior 
expected for IgG, i.e. a dose-independent clearance rate (21, 26). Notably, we observed at high doses (20 
and 40 mg/kg) acceleration of 2F8 clearance when plasma concentrations fell below approximately 100 
µg/ml. This indicated the presence of an additional route of clearance which is negligible at higher plasma 
concentrations, but becomes dominant at low 2F8 plasma concentrations. We hypothesized 2F8 also to be 
catabolized by EGFr-expressing cells in tissues, which may create an additional route of 2F8 clearance. 
Clearance of anti-EGFr mAb by binding to tissues has been hypothesized as a significant route of clear-
ance for other anti-EGFr mAb, e.g. cetuximab and hR3 (8, 27, 28). For both mAb normal tissue uptake 
was highest in the liver and skin, where EGFr is highly expressed. Indeed, introduction of an additional 
saturable route of elimination in our initial “2-compartment model” provided a good prediction for all 
experimental data (both single and multiple doses).  The best fit was obtained by modeling this saturable 
route by a reversibly bound 2F8 pool (about 2 mg per kg) from which 2F8 is slowly eliminated (half-life 
of about six days).
In vitro studies with EGFr-over-expressing cells provided a biological substrate for our PK model. We 
obtained evidence that 2F8 is rapidly internalized and subsequently catabolized by EGFr-mediated inter-
nalization and lysosomal targeting. Flow cytometry data showed uptake of 2F8 to be proportional to the 
EGFr expression level of cells, resulting in high 2F8 uptake by high EGFr-expressing A431 cells, and 
proportionally lower uptake by low EGFr-expressing BxPC3 and SW480 cells. Remarkably, FACS analy-
ses further showed that 2F8 intracellular accumulation reached equilibrium within 30 minutes (Fig. 3d). 
Under physiological conditions, EGFr is internalized upon ligand activation (29-31), and ligand-receptor 
complexes are targeted for lysosomal degradation attenuating signaling (32). A part of the internalized 
receptors is recycled to the cell-surface (33). Interestingly, anti-EGFr mAb-induced down-modulation of 
EGFr was not observed during the 2 hr time period observed in the 2F8 internalization experiment, in 
contrast to what was previously reported by Fan et al. for cetuximab (34, 35). Possibly, EGFr surface ex-
pression can, temporarily, be replenished with EGFr present in the cell, but, finally, this process results in 
EGFr down-regulation (36, 37). Immuno histochemistry and western blot analyses of 2F8-incubated cells 
confirmed that 2F8 was indeed catabolized by EGFr-expressing cells. The data suggests that EGFr-bound 
2F8 was slowly routed for lysosomal degradation, since after 20 hours not all intracellular 2F8 co-local-
ized with lysosomes. This indicates degradation to be a much slower process than internalization.
Next, we addressed the question whether in EGFr-over-expressing solid tumors, which are difficult to 
penetrate for large proteins such as antibodies (38), mAb concentrations could locally be influenced by 
receptor-mediated clearance. We, therefore, studied 2F8 biodistribution and EGFr saturation in xenograft 
tumors in mice. Since 2F8 does not cross-react to murine EGFr (19) and only binds to its cognate antigen 
expressed on xenografted tumor tissue, we assumed that tissue distribution of 2F8 would not be influenced 
by murine EGFr expression in tissues. Analyses of high EGFr over-expressing A431 xenografts showed 
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low receptor saturation at 2F8 plasma concentrations that were sufficient for complete EGFr saturation in 
normal monkey tissues. This lack of saturation could not be readily explained as, even for large molecules 
such as mAb, equilibration and distribution into xenograft tumors was expected to be complete after the 
two day period (24, 25). It is also unlikely that competition of EGFr ligands with 2F8 binding could ex-
plain the low level of saturation, as in previous studies only a small fraction of xenograft-expressed EGFr 
occurred in its phosphorylated form suggesting that only relatively low, sub-saturating, ligand concentra-
tions are present (19). This then suggests that the low saturation is due to low local 2F8 concentrations. 
Likely, the observed requirement for higher antibody dosing to achieve saturation in xenograft tumors 
compared to normal monkey tissue was caused by differences in EGFr dynamics, expression levels, and 
biodistribution kinetics. Although normal EGFr expression in monkey tissue is relatively low, compared 
to EGFr over-expression in tumors, it showed still significant catabolism of 2F8 as demonstrated by our 
pharmacokinetic experiments. However, this consumption of 2F8 could apparently be accommodated by 
rapid biodistribution of 2F8 into normal tissue preventing the local interstitial 2F8 concentrations to de-
crease. In contrast, biodistribution into solid tumors is much slower. It is known that tissue vascularization 
is immature in tumor tissues (39). Inadequate vascularization, physical hindrance of the collagen network 
in the tumor matrix and elevated interstitial pressure results in delayed biodistribution of drugs (40). At 
low antibody doses, mAb affinity, intra-tumor diffusion rates and clearance determine tumor penetration 
of antibodies (41). In high dose treatment, characterized by a large excess of free over bound antibody, 
affinity and diffusion are expected to have a minor impact on tumor penetration. In situ analyses of high 
and low EGFr-expressing xenograft tumors indeed showed that EGFr saturation with 2F8 was related to 
EGFr-expression levels. We suggest that this phenomenon is best explained by a “sink model”. The sink 
is created by a significant local consumption of mAb by internalization and degradation via its target. In 
combination with a low interstitial diffusion rate of mAb into the tumor this “sink” results in low local 
mAb concentrations in the tumor. This hypothesis fits the observation that low EGFr-expressing xenograft 
tumors show EGFr saturation with 2F8 at lower plasma concentrations than high EGFr-over-expressing 
tumors, due to a lower mAb-consuming “sink”. Taken together, this “sink” mechanism (Fig. 6) might 
influence the efficacy of anti-EGFr immunotherapy, since only at complete receptor saturation with 2F8 
both effector mechanisms (inhibition of EGFr signaling and ADCC) are predicted to be fully engaged. 
The model provides an explanation for our previous studies in which we observed significant tumor 
growth inhibition of established A431 xenograft tumors in mice at 2F8 doses resulting in 15-30% satura-
tion of tumor-expressed EGFr (10-30 mg/kg). We demonstrated that this low dose treatment was able to 
induce complete tumor regression in a moderately aggressive xenograft model. In situ analyses showed 
that EGFr phosphorylation was not inhibited, suggesting tumor growth inhibition was mainly caused by 
ADCC (19). Following high dose treatment (100mg/kg) in which saturation of tumor-expressed EGFR 
was achieved in situ, we observed complete inhibition of EGFr phosphorylation. Using an aggressive xe-
nograft model, we observed that treatment efficacy augmented in parallel to EGFr saturation with 2F8.
In conclusion, we showed non-linear clearance of 2F8 to be caused by binding of 2F8 to EGFr in tissues, 
followed by internalization and degradation. Inclusion of this mechanism in a pharmacokinetic model 
greatly improved the accuracy of simulations. Second, we conclude that local antibody concentrations 
in EGFr (over-)expressing solid tumors are reduced by antibody internalization, thereby affecting anti-
body saturation of the receptor. This is expected to influence the dose-effect relationship of anti-EGFr 
immunotherapies. It is important to take these considerations into account to optimize immunotherapy 
with anti-EGFr as well as therapeutic antibodies against other internalizing cell surface-expressed target 
molecules.
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Figure 6 | Target-mediated antibody pharmacokinetics and dose-effect relationship
The cartoon represents tissue distribution of mAb directed against EGFr in normal or tumor tissues (over) expressing the 
target antigen. Besides normal first-order clearance, self-antigen directed mAb are also catabolized in antigen-expressing 
tissues by target-mediated internalization. The gray levels indicate mAb concentration differences in each compartment. 
In normal tissue, a constant interstitial concentration of mAb is maintained by rapid vascular tissue distribution. Tumor 
tissue is characterized by aberrant vascularization. Therefore, mAb biodistribution relies, partly, on languid mAb diffusion. 
High mAb consumption by EGFr (over-) expressing cells creates locally low mAb concentrations, which results in low 
receptor saturation. Clinical efficacy of therapeutic mAb relies on dose-dependent effector mechanisms. For optimal 
therapeutic effects it is important that sufficient local mAb concentrations are achieved in tumor tissues to engage all 
potential mechanisms of action.
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Abstract

Antibody Fc carbohydrate fucosylation is considered critical for Fc receptor-mediated mechanisms of 
action for therapeutic antibodies. 2F8 is a human IgG

1
 EGFR antibody in clinical development, which 

blocks EGF binding, interferes with cellular signaling and efficiently mediates ADCC. Here, we inves-
tigated whether the glycosylation profile of 2F8 altered these effector functions. Thus, two well-defined 
batches of 2F8, differing in fucosylation levels of the complex-type oligosaccharides in the Fc fragment, 
were produced by means of expression in different cell lines. Both batches demonstrated similar target 
antigen binding, and inhibited EGFR phosphorylation and proliferation of EGFR expressing tumor cells 
to the same extent. In ELISA binding to recombinant human Fc receptors, low fucosylated 2F8 (2F8-
LF) demonstrated higher affinity for both FcRIIIa alloforms than highly fucosylated antibody (2F8-HF), 
while both batches demonstrated similar binding to both human FcRIIa alloforms, and to the inhibitory 
FcRIIb receptor. Low fucosylated 2F8-LF was significantly more efficient than 2F8-HF in mediating 
ADCC by MNC, which was blocked by FcRIII antibodies. However, PMN-mediated ADCC was trig-
gered via FcRII and, surprisingly, more effective for high compared to low fucosylated EGFR antibody. 
Importantly, whole blood ADCC assays were partially inhibited by FcRII blockade and revealed little 
differences in cell killing between both batches. Furthermore, ADCC was significantly enhanced with 
blood from G-CSF-primed donors, and now high fucosylated 2F8 out-performed its low fucosylated vari-
ant. In conclusion, Fc fucosylation may prove critical for therapeutic antibodies predominantly recruiting 
MNC for ADCC, while fucosylation levels may be less relevant when also PMN are recruited. 
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Introduction

The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor, which is often expressed on 
common solid cancers such as colon, lung, head and neck as well as on select non-epithelial tumors such 
as glioblastomas (1). Activation of this receptor is associated with enhanced tyrosine phosphorylation, 
increased signaling via the phosphatidylinositol 3’ kinase (PI3K), the signal transducer and activator of 
transcription (STAT), and the mitogen-activated protein kinase (MAPK) pathways (2) – leading to accel-
erated tumor cell proliferation and to a more malignant tumor phenotype. These observations suggested 
that EGFR may constitute an attractive molecule for targeted therapies. Subsequently, EGFR-specific 
monoclonal antibodies and small molecule tyrosine kinase inhibitors have been developed for clinical 
applications, some of which have obtained FDA approval (3). Recent observations in lung cancer or 
glioblastoma patients suggested that clinical responses to the currently available EGFR-directed tyrosine 
kinase inhibitors may require defined EGFR mutations (4, 5), mutations of KRAS (6) or alternative ge-
netic alterations such as those leading to inappropriate expression of PTEN (7), respectively. In contrast to 
small molecules, which act exclusively as signaling inhibitors, EGFR antibodies may recruit more diverse 
mechanisms of action – including Fc receptor-mediated mechanisms such as antibody-dependent cell-
mediated cytotoxicity (ADCC) (8). Although clinical predictors for response to EGFR-directed antibody 
therapy are poorly defined today (9), several lines of evidence suggest that ADCC may be a particularly 
important mechanism of action for antibodies in vivo (10).
Evidence for the in vivo importance of ADCC is mainly derived from studies with rituximab – the most 
intensively investigated antibody in this regard. For example, rituximab lost most of its therapeutic ef-
ficacy against xeno-transplanted human tumors in mice lacking activating Fc receptors by knock-out of 
the common FcR-chain (11). Furthermore, syngeneic B-cell depletion by murine CD20 antibodies was 
correlated with antibody isotypes and with their respective binding to activating, compared to inhibitory 
Fc receptors (12, 13). In patients, rituximab’s therapeutic efficacy was correlated with well-defined 
FcR polymorphisms affecting binding of human IgG and ability to induce ADCC in vitro (14, 15). These 
and other observations stimulated efforts to improve antibodies’ capacity to trigger ADCC, for which 
several approaches are currently pursued (16, 17). For example, NK-cell activating cytokines such as IL-
2, IFN-a or IL-12 were combined with antibodies to increase their therapeutic efficacy. Recruitment of 
T-cells may be achieved by transducing them with Fc receptors (18), or by using bispecific antibodies 
directed against e.g. CD3 and against a tumor-directed antigen (19). Other approaches aim to more ef-
fectively recruit myeloid cells such as monocytes/macrophages (20) or PMN (21, 22). Several approaches 
are followed to increase antibody binding to activating cellular Fc receptors such as NK-cell expressed 
FcRIIIa, and to decrease binding to the inhibitory FcRIIb isoform (23). At least two different method-
ologies have been established: one modifying the protein structure of the antibody Fc region by mutating 
the respective cDNAs (24, 25), while the other is based on posttranslational modifications by altering the 
glycosylation profile of antibodies (26, 27).
Glycosylation of Asn297 in the CH2 domain of antibodies has long been recognized to be critical for Fc 
receptor binding (28, 29). More detailed analyses revealed that lack of fucose at this glycosylation site 
selectively improved binding to FcRIIIa, while binding to a number of other Fc receptors appeared to 
be unaffected by this modification (26, 30). Crystallographic studies demonstrated that sugar moieties on 
antibody Fc had only minor interactions with the amino acids of FcRIIIa (31), suggesting that the sugars 
act indirectly by increasing the distance between the CH2 domains and by decreasing their mobility (32). 
Functional analyses revealed increased binding to FcRIIIa with subsequently enhanced ADCC by iso-
lated mononuclear effector cells for under-fucosylated compared to high fucosylated antibodies (26, 27, 
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30, 33). However, previous studies did not address the impact of antibody fucosylation on PMN-mediated 
ADCC, which may significantly contribute to antibody efficacy – at least for some antibodies.
In this manuscript, we describe effector functions of high and low fucosylated variants of a human IgG1 
EGFR antibody. Both variants bound similarly to EGFR, inhibited EGFR phosphorylation and efficiently 
blocked proliferation of EGFR expressing tumor cells. As expected, under-fucosylated variants were 
more efficient in binding to FcRIIIa and in the recruitment of MNC as effector cells for ADCC. Interest-
ingly, however, the high fucosylated batch was more effective in recruiting PMN, which triggered tumor 
cell lysis via FcRII and which significantly contributed to the whole blood ADCC activity of these 
antibodies.

Material and Methods

Experiments reported here were approved by the Ethical Committee of the University of Schleswig-
Holstein, Campus Kiel, Germany, in accordance with the Declaration of Helsinki. Blood donors were 
randomly selected from healthy volunteers, or from G-CSF-primed hematopoietic stem cell donors, who 
gave written informed consent before analyses.

Culture of eukaryotic cells.
A431 and HEK-293 cells (ATCC, American Type Culture Collection, Manassas, USA) were cultured in 
RPMI 1640- or DMEM-Glutamax-I medium (both Invitrogen, Karlsruhe, Germany), respectively, both 
containing 10 % FCS, penicillin (100 U/ml) and streptomycin (100 µg/ml).

Production and analysis of antibodies 2F8-LF and 2F8-HF.
Human IgG1k mAb 2F8 against EGFR was generated by immunizing HuMAb mice (Medarex, Milpitas, 
CA) (34) alternatingly with A431 cells and purified EGFR (Sigma-Aldrich, St. Louis, MO). MAb 2F8 
was selected for its potency to block the interaction between EGFR and its ligands, EGF and TGF-. 
MAb 2F8-HF was produced by the original 2F8 monoclonal hybridoma cells (derived from SP2/0). MAb 
2F8-LF was produced in a transfectoma cell line (derived from CHO-DG44 cells). Culture supernatants 
of both cell lines were purified using protein A affinity chromatography, followed by size exclusion chro-
matography on an HR200 column (Pharmacia, Peapack, NJ), and were formulated in PBS containing 
Tween 80 and mannitol. 2F8 Fab fragments were made by papain digestion. Human IgG1k, specific for 
keyhole limpet hemocyanin (KLH), developed using the same mouse strain, served as isotype control. 
Purity and monomerity were analyzed by SDS-PAGE, isoelectric focusing (IEF) and high performance 
size-exclusion chromatography (HP-SEC).

Analysis of antibody attached carbohydrate structures:
A) Matrix Assisted Laser Desorption /Ionization- Time Of Flight (MALDI-TOF) Mass Spectrom-
etry (MS) of released N-linked glycans. 100 µg IgG was digested with 1 U N-glycosidase F (Roche, 
Mannheim, Germany) to release the N-linked glycans. In some cases, samples were concomitantly incu-
bated with 3 mU neuramidase (acrobacter, Roche) to remove sialic acid residues. Positive ion MALDI-
MS was performed without further purification on a Voyager DE Pro mass spectrometer (Applied Bio-
systems, Foster City, CA) in the reflector mode using 2,5-dihydroxybenzoic acid as a matrix (DHB, 10 
mg/ml in 50/50/0.1 acetonitrile/water/trifluoroacetic acid). Peak assignment to carbohydrate structures 
was done using GlycoMod software (www.expasy.ch/tools/glycomod).
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B) N-Linked glycosylation profiling by High-pH Anion-Exchange Chromatography with Pulsed 
Amperometric Detection (HPAEC-PAD). For HPAEC-PAD analyses mAb 2F8 was incubated with N-
glycosidase F as described above. In case of b-galactosidase treatment, 1 mU ß-galactosidase (Streptococ-
cus pneumoniae, Calbiochem, San Diego, CA) was added during deglycosylation. Samples were centri-
fuged at 13,000 rpm for 10 sec before analysis by HPAEC-PAD. HPAEC-PAD analysis was performed on 
a 2 mm internal diameter CarboPac PA1 column (Dionex, Sunnyvale, CA) with CarboPac PA100 guard, 
using a linear elution gradient of 0-175 mM sodium acetate in 150 mM sodium hydroxide at a flow rate 
of 1 ml/min. PAD occurred with the quadropulse and peaks were integrated with Chromeleon Software 
(Dionex, Sunnyvale, CA). For each profile, 70 µg digest were loaded.

Cloning, expression and purification of soluble Fc receptors. Plasmid DNA from RZPD (German 
Resource Center for Genome Research, Berlin, Germany) clones containing cDNA encoding for FcRIIa 
(131R allotytpe, P12318), FcRIIb (P31994) and FcRIIIa (158V allotype, P08637) were used as PCR 
templates. Specific primers were used that generated fragments encoding each extracellular domain, in-
troduced suitable restriction sites for cloning in the mammalian expression vector pEE13.4 (Lonza Bio-
logics, Slough, UK), an ideal Kozak sequence and a C-terminal His

6
 tag. PCR fragments were cloned in 

pEE13.4, and the correct sequences of positive clones were confirmed by DNA sequencing.
The FcRIIIa-158F and the FcRIIa-131H allotype sequences were generated by PCR-based site-di-
rected mutagenesis of the FcRIIIa-158V or FcRIIa-131R cDNA, respectively, using the QuickChange 
II XL Site-Directed Mutagenesis Kit (Stratagene, Amsterdam, NL). For all FcRs, transmembrane and 
intracellular domains were replaced by DNA encoding a His

6 
tag. Consequently, the expected proteins 

comprised the extracellular domains of the FcR at their COOH termini and 6 x His at amino acid posi-
tions as follows: FcRI: His292; FcRIIa: Gly217; FcRIIb: Gly223; FcRIIIa: Ser200 (residue numbers 
include the signal peptide). Plasmid DNA was transiently transfected in HEK293F cells using 293fectin 
(both Invitrogen). Proteins were purified from culture supernatant by BD TalonTM chromatography (BD 
Biosciences, Palo Alto, CA), and their appropriate molecular weights confirmed by SDS-PAGE.

Measurement of Fc/Fc receptor interactions. ELISA plates (Greiner Bioscience, Frickenhausen, Ger-
many) were coated overnight with 5 µg/ml mAb 2F8 diluted in PBS. MAb 2F8-LF Fab fragments were 
included as negative control. Next, the plates were washed with PBS, 0.05% (v/v) Tween-20 (PBST), 
incubated with 3-fold serial dilutions of FcR protein diluted in PBST, 2% (w/v) BSA (assay buffer) and 
incubated for 1 hr at room temperature (RT). Plates were then washed again, replenished with ice-cold 
biotin-conjugated mouse anti-poly histidine antibodies (clone AD1.1.10, R&D Systems, Minneapolis, 
MN), and incubated for 1 hr at 4ºC. Subsequently, binding of FcR was visualized using peroxidase-con-
jugated streptavidin and 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) substrate. Absorb-
ance at 405 nm was measured on an EL808 ELISA plate reader (Bio-Tek Instruments, Winooski, VT). 
EC50 values were calculated with Graphpad Prism 4.03 software using 4 parameter logistic curve fitting. 
Affinity differences of FcR for 2F8-HF and 2F8-LF were expressed as the ratio: EC50

2F8-HF
 / EC50

2F8-LF

Inhibition of cell proliferation. Effects on tumor cell growth were evaluated by using AlamarBlue for 
measuring vital cells mass. MAb 2F8 dilutions were added to A431 cell cultures in 96-well flat-bottom 
tissue culture plates (500 cells/well). Plates were incubated at 37°C for 5 days, before AlamarBlue solu-
tion (Biosource, Camarillo, CA) was added. Plates were incubated for another 4 hours, transferred to 
room temperature (RT), and fluorescence of reduced AlamarBlue was measured by exciting at 528 nm 
and measuring emission at 590 nm on Synergy HT plate reader (Bio-Tek Instruments, Winooski, VT).
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Inhibition of EGFR phosphorylation. Inhibition of EGF-induced EGFR phosphorylation was measured 
using a two-step assay. Briefly, A431 cells were cultured overnight in serum-deprived medium. Cells were 
then incubated with serial dilutions of mAb 2F8 at 37ºC. After 60 minutes, 50 ng/ml recombinant human 
EGF (Biosource) was added for an additional 30 minutes. Subsequently, cells were solubilized with lysis 
buffer (Cell Signaling Technology, Beverly, MA), lysates were transferred to ELISA plates coated with 1 
µg/ml of mouse anti- EGFR antibodies (mAb EGFR1, BD Pharmingen, San Diego, CA) and incubated for 
2 hours at RT. Next, the plates were washed and binding of phosphorylated EGFR was visualized using 
a europium-labeled mouse mAb, specific for phosphorylated tyrosines (mAb P-Tyr-100, PerkinElmer). 
Finally, DELFIA enhancement solution was added, and time-resolved fluorescence was measured by 
exciting at 315 nm and measuring emission at 615 nm on an EnVision plate reader (PerkinElmer).

Flow cytometric analyses. 
For indirect immunofluorescence, cells were incubated with antibodies 2F8-LF, 2F8-HF or KLH at vary-
ing concentrations (diluted in PBA-buffer) for 30 min on ice. After washing, cells were stained with 
FITC-labeled F(ab’)2-fragments of polyclonal goat anti-mouse antibodies (Dako-Cytomation, Glostrup, 
Denmark). Cells were then analyzed on a flow cytometer (Coulter EPICS Profile, Brea, CA).

Isolation of mononuclear and neutrophil effector cells. 
Peripheral blood from healthy volunteers, or from hematopoietic stem cell donors was layered over a dis-
continuous Percoll (Biochrom, Berlin, Germany) gradient consisting of 70 % and 62 % Percoll. After cen-
trifugation, neutrophils were collected at the interface between the two Percoll layers, and mononuclear 
cells from the serum/Percoll interface. Remaining erythrocytes were removed by hypotonic lysis. Purity 
of neutrophils was determined by cytospin preparations and exceeded 95 %. MNC typically contained 
approx. 60 % CD3-positive T-cells, 20 % CD56-positive NK cells, and 10 % CD14-expressing monocytes 
– as determined by immunofluorescence staining. Viability of cells tested by Trypan blue exclusion was 
higher than 95 %.

Antibody dependent cellular cytotoxicity (ADCC) assays. ADCC assays against 51Cr-labeled target 
cells were performed as described (35). Whole blood (50 µL), plasma or isolated effector cells and sen-
sitizing antibodies at varying concentrations were added to microtiter plates (Nunc, Neerijse, Belgium). 
Assays were started by adding effector and target cells at a (E:T) ratio of 80:1, unless otherwise indicated. 
Isolated PMN were stimulated by GM-CSF (50 U/ml). After three hours at 37°C, 51Cr-release from 
triplicates was measured in counts per minute (cpm). Percentage of cellular cytotoxicity was calculated 
using the formula: 

% specific lysis = experimental cpm - basal cpm  100
                maximal cpm - basal cpm

with maximal 51Cr release determined by adding perchloric acid (3 % final concentration), and basal 
release measured in the absence of sensitizing antibodies and effector cells. Antibody-independent cyto-
toxicity (effectors without target antibodies) was observed in whole blood assays, and with mononuclear 
effector cells, but not with PMN. 
For analyses of Fc receptor involvement, F(ab’)2 fragments of blocking antibodies AT10 (FcRII, CD32), 
3G8 (FcRIII, CD16), or Ox55 (control, rat CD2) were added at 10 µg/ml before adding target cells. All 
three F(ab’)2 fragments were kindly provided by Prof. Martin Glennie (Tenovus Research Laboratory, 
Southampton, UK).
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Results

Antibody production, characterization and glycosylation analyses
To compare ADCC by MNC or PMN with either low or highly fucosylated IgG, we used a fully hu-
man EGFR antibody of IgG1 isotype. This antibody was either produced by hybridoma cells, designated 
2F8-HF, or by CHO-DG44 cells, designated 2F8-LF. For both the hybridoma and the CHO-produced 
material, we analyzed the protein and the oligosaccharide portions. There were no significant differences 
observed in the SDS-PAGE, and HP-SEC analyses. Both antibody preparations have the same amino 
acid sequence, and consisted of > 99% pure, monomeric IgG (data not shown). However, their N-linked 
oligosaccharide structures - analyzed by HPAEC-PAD and MALDI-MS – showed some major differences 
(Figure 1A). On the basis of these analyses, putative structures for peaks 1- 10 were deduced (Figure 1B). 
The most important difference is related to the level of core-fucosylation. The analysis of 2F8-LF carbo-
hydrate indicated that about 25% of the complex type glycans were not core-fucosylated on the reducing 
N-acetylglucosamine (Peaks 2, 4, 6 and 7). In contrast, for 2F8 produced in hybridoma, non-core fuco-
sylated glycans, i.e. peaks 2 and 4 were not detected, and 2F8-HF therefore was highly fucosylated.
In addition, both batches showed differences in sialylation and galactosylation. 2F8-LF mainly contained 
non-sialylated complex type glycans, which were substantially under-galactosylated. About 47 % of the 
glycans did not contain galactose, about 42 % contained only one galactose, and only 7 % was fully ga-
lactosylated. No evidence was obtained for the presence of -galactosyl or N-glycolylneuraminic acid 
(NeuGc) on 2F8-LF. Hybridoma derived 2F8-HF contained significantly more sialylated glycans (i. e. 
peaks eluting between 37 - 43 and 55 - 58 min) compared to CHO derived mAb 2F8-LF. Initial charac-
terization of these charged peaks revealed that they were mainly core-fucosylated complex type glycans 
with one (structures between 37 – 43 min) or two N-glycolylneuraminic acids (structures between 55 - 58 
min). Taken together, although the difference in the fucose content was most prominent, there were also 
differences in other monosaccharides, such as galactose and sialic acid. These differences, however, were 
reported not to contribute to ADCC efficiency (36). These literature data were confirmed by preparing 
control batches of 2F8-LF and 2F8-HF in which sialic acid and galactose were enzymatically removed 
(see below).

Antigen binding and Fab-mediated direct effector functions
In a first set of functional experiments, the antigen binding characteristics of the two antibody prepara-
tions were investigated. 2F8-LF was compared to its highly fucosylated counterpart 2F8-HF. Binding to 
purified EGFR and to native EGFR on the cell surface of A431 cells was analyzed by ELISA and indirect 
immunofluorescence staining, respectively. Both antibodies bound specifically and with similar EC50 
to purified EGFR on ELISA plates (data not shown) and to cell-surface expressed EGFR (Figure 2A) 
- demonstrating that the altered glycosylation profile did not influence antigen binding characteristics of 
the two antibody preparations. 
To address the question whether also biological effector functions mediated by the antigen binding Fab 
domains remained unaffected by altering the glycosylation profile, growth inhibition of EGFR-expressing 
tumor cells by 2F8-LF and 2F8-HF was analyzed. A431 cells, which express high levels of EGFR, were 
incubated at increasing concentrations of 2F8-LF or 2F8-HF, and tumor cell proliferation was measured. 
Both antibody preparations efficiently inhibited tumor cell growth in vitro at an IC50 concentration of 
0.19 µg/ml (95% CI 0.10 to 0.40 µg/ml). No significant differences were observed between 2F8-LF and 
2F8-HF (Figure 2B). Further, inhibition of ligand-induced EGFR phosphorylation was analyzed. A431 
cells were incubated with serial dilutions of 2F8-LF or 2F8-HF, and subsequently stimulated with recom-
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binant EGF. Both 2F8-LF and 2F8-HF inhibited ligand-induced EGFR phosphorylation similarly, at an 
IC50 concentration of 0.17 µg/ml (95 % CI 0.16 to 0.19 µg/ml) (Figure 2C). Both 2F8-LF and 2F8-HF, 
therefore, showed no significant differences in their ability to modulate EGFR signaling, which demon-
strated the antigen combining site not to be altered by modification of the glycosylation profile.
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Figure 1 | Analysis of the N-linked glycosylation profile 
of 2F8-LF and 2F8-HF. (A) N-linked glycans of 2F8-
LF (a, b) and 2F8-HF (c, d) were enzymatically released 
and analyzed by HPAEC-PAD before (a, c) and after (b, 
d) b-galactosidase treatment. The retention time (min) is 
indicated on the abscissa, the detector response (nC) is 
indicated on the ordinate. Peaks 2, 4, 6 and 7 represent 
non-core fucosylated glycans. Peaks eluting at (+) and 
(++) represent mono-sialylated and di-sialylated variants 
of neutral glycans eluting at (0). (B) Putative structures of 
neutral N-linked glycans detected on 2F8-LF or 2F8-HF. 
Explanation of symbols: squares, N-acetylglucosamine; 
closed circles, mannose; open circles, ß1,4-galactose; striped 
circle, 1,3-galactose; diamond, N-glycolylneuraminic acid 
(NeuGc); triangle, 1,6- fucose. Hex, Hexose; HexNac, 
N-acetylhexosamine; Deoxyhex, deoxyhexose; M5, 
oligomannose-5 type glycan. n.d.: Not determined.
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Figure 2 | Alteration of the glycosylation 
profile of 2F8 does not influence antigen 
binding and Fab-mediated inhibition of EGFR 
signaling. (A) Binding of 2F8-LF (●) and 2F8-
HF (), or a human  IgG1 control antibody 
(), to EGFR on A431 cells was analyzed by 
flow cytometry. A431 cells were incubated 
with varying concentrations (0.016 – 100 
µg/ml) of 2F8, and stained with polyclonal 
FITC-conjugated rabbit anti-human IgG 
serum. Each data point represents the mean 
± SEM of triplicates (error bars are smaller 
than symbols). The capacity of 2F8-LF (●) 
and 2F8-HF () to inhibit tumor cell growth 
(B), or EGF-induced EGFR phosphorylation (C) 
was evaluated. (B) A431 cells were seeded in the 
presence of varying concentrations of antibodies 
(0.002 - 30 µg/ml). After 5 days, vital cell 
mass was analyzed by measuring fluorescence 
of reduced AlamarBlue. Each data point 
represents the mean of duplicate wells. (C) A431 
cells were seeded in the presence of varying 
concentrations of antibodies (0.04 – 2.5 µg/ml), 
and subsequently stimulated with 50 ng/ml EGF. 
EGFR phosphorylation was measured in cell 
lysates of treated cells using a phospho-EGFR 
specific ELISA and time-resolved fluorescence 
(TRF). Each data point represents the mean ± 
SEM of triplicates (error bars are smaller than 
symbols). Every experiment was performed at 
least two times.
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Fc-mediated effector functions and Fc receptor binding
It is well established that the Fc glycosylation profile of antibodies may affect Fc-mediated effector func-
tions such CDC (37) and ADCC (26, 27, 30). However, in CDC assays with A431 tumor cells as targets 
and human plasma as source of complement, none of the tested antibody preparations triggered significant 
complement-mediated lysis (data not shown). This is probably attributable to the high levels of expression 
of membrane-bound complement regulators (such as CD55 and CD59) on most solid tumor cells.
In order to investigate whether the observed fucosylation differences resulted in altered Fc-mediated 
biological effector functions, the two glycosylation variants of 2F8 were compared in their capacity to 
trigger ADCC. We first analyzed MNC - in which NK cells primarily serve as effector cells. As previously 
reported by others (26, 27, 30), MNC-mediated ADCC was dramatically enhanced by reduced fucosyla-
tion, and 2F8-LF induced superior ADCC compared to highly fucosylated 2F8-HF (Figure 3A). Half 
maximal lysis was reached at about 4-fold lower antibody concentration with 2F8-LF compared to 2F8-
HF. These differences in lysis between 2F8-LF and 2F8-HF were observed at varying E:T ratios (Figure 
3B). To address the question which Fc receptors were engaged in MNC-mediated killing by the two 2F8 
batches, ADCC experiments in the presence of specific Fc receptor blocking antibodies were performed. 
For these experiments, F(ab’)2-fragments of antibodies 3G8 (blocking FcRIII, CD16), AT10 (block-
ing FcRII, CD32), or Ox55 (non-binding control) were used. Killing by isolated MNC was efficiently 
blocked by 3G8 F(ab’)2-fragments, demonstrating the involvement of FcRIIIa on NK-cells (Figure 3C). 
Killing mediated by 2F8-LF was inhibited to a lesser extent than lysis by 2F8-HF - most likely reflecting 
the higher affinity of 2F8-LF for CD16. In contrast, no inhibition of MNC-mediated killing was observed 
with AT10 F(ab’)2-fragments - demonstrating that FcRII (CD32) was not involved in 2F8 mediated 
tumor cell lysis by MNC (Figure 3C).
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Next, we performed ADCC with PMN effector cells. Notably, both 2F8-LF and 2F8-HF antibodies me-
diated efficient and significant ADCC by PMN. Compared to MNC, which triggered maximum lysis 
already at low antibody concentrations (e.g. at 0.016 µg/ml of 2F8-LF), higher antibody concentrations 
were required for efficient ADCC by PMN. Interestingly, high fucosylated antibody mediated enhanced 
maximum lysis compared to its low fucosylated counterpart, but no significant differences in the EC50 
values of 2F8-LF and 2F8-HF were observed. Thus, PMN-mediated ADCC was only marginally af-
fected by the glycosylation profiles of the antibody preparations (Figure 4A). Again, this observation was 
consistent at varying E:T ratios (Figure 4B). In contrast to MNC-mediated lysis, PMN-mediated killing 
was completely blocked by AT10 F(ab’)2 against FcRII (CD32) - demonstrating that FcRII (CD32) 
engagement was necessary for efficient tumor cell lysis by PMN. Interestingly, PMN-mediated killing 
was not inhibited, but rather stimulated by 3G8 F(ab’)2 against FcRIII (CD16) (Figure 4C). These re-

Figure 3 | MNC-mediated lysis of A431 cells is enhanced by low fucosylated 2F8-LF. To analyze Fc-mediated effector 
functions of 2F8-LF and 2F8-HF antibodies, both antibody preparations were compared in their capacity to trigger 
ADCC of A431 cells with isolated MNC effector cells. (A) Variation of antibody concentrations at a fixed E:T ratio 
(80:1). (B) Variation of E:T ratios at a fixed antibody concentration (0.016 µg/ml). (C) To define Fc receptors involved in 
MNC-mediated target cell killing, ADCC assays were performed in the presence of F(ab´)2-fragments of Fc receptor 
blocking antibodies AT10 (FcRII), or 3G8 (FcRIII), or control F(ab´)2-fragments (all at 10 µg/ml). 2F8-LF (●), 2F8-
HF (), human IgG1 control antibody (). Data from experiments with six (A), five (B), and three (C) different donors, 
respectively, are presented as mean ± SEM. * indicates significant differences in killing between 2F8-LF and 2F8-HF. # 
indicates significant blockade compared to control treated samples.
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sults with blocking antibodies and PMN effector cells were independent of the glycosylation status of the 
targeting antibodies.
In order to further analyze the Fc receptor interactions of the two 2F8 glycosylation variants in detail, 
extracellular domains of the human FcRIIa, FcRIIb, and the FcRIIIa receptors were produced as 
soluble recombinant proteins. For FcRIIa and FcRIIIa, both common allotypes – FcRIIa-131H and 
–131R, and FcRIIIa-158V and –158F were investigated. To analyze the interactions of the recombinant 
receptors with differently glycosylated 2F8 variants, antibodies were immobilized on ELISA plates, and 
increasing concentrations of the different Fc receptor preparations were added. Low fucosylated 2F8-
LF demonstrated a 5-fold increased affinity for FcRIIIa-158V, and about 15-fold enhanced binding to 
FcRIIIa-158F compared to the high fucosylated 2F8-HF. Binding to both isoforms of FcRIIa, and to 
FcRIIb was not significantly affected by altering the glycosylation profile of the antibody (Figure 5).

Figure 4 | PMN-mediated lysis of A431 cells is not altered by low fucosylated 2F8-LF.
Purified stimulated PMN served as effector population. (A) variation of antibody concentrations at a fixed E:T ratio 
(80:1). (B) variation of E:T ratios at a fixed antibody concentration (0.4 µg/ml). (C) To define Fc receptors involved in 
PMN-mediated target cell killing, ADCC assays were performed in the presence of F(ab´)2-fragments of Fc receptor 
blocking antibodies AT10 (FcRII), or 3G8 (FcRIII), or control F(ab´)2-fragments (all at 10 µg/ml). 2F8-LF (●), 2F8-
HF (), or human IgG1 control antibody (). Data from experiments with six (A), five (B), and three (C) different 
donors, respectively, are presented as mean ± SEM. * indicates significant differences in killing between 2F8-LF and 
2F8-HF. # indicates significant blockade compared to control treated samples.
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Although the difference in fucose content was most prominent, we also observed differences in other 
monosaccharides, such as galactose and sialic acid, as discussed above (Figure 1). To verify whether the 
observed affinity differences for FcRIIIa were primarily caused by differences in the fucose content, we 
first purified the high fucosylated IgG fraction present in 2F8-LF by lentil-lectin chromatography. The 
high fucosylated 2F8 fraction, bound and eluted from the column, was compared to the low fucosylated 
2F8 fraction present in the flow through. The low fucosylated flow-through fraction induced MNC-medi-
ated ADCC about 6-fold more efficiently than the high fucosylated eluted fraction, confirming that the 
fucose content indeed is primarily responsible for the improved binding to FcRIIIa. Next, to assess the 
potential contribution of sialic acid to the affinity differences observed between 2F8-HF and 2F8-LF, a 
batch of 2F8 produced in HEK-293 cells was compared to 2F8-HF in its efficiency to induce ADCC. 
Like 2F8-HF, 2F8 produced in HEK-293 cells is highly fucosylated, but lacks terminal sialic acid. Both 
batches were equally efficient in their ability to induce MNC-mediated ADCC, which showed sialic acid 
does not impact on Fc-FcR interactions. Finally, we prepared enzymatically de-galactosylated and de-
sialylated batches of 2F8-HF and 2F8-LF. HPAEC-PAD confirmed that these exo-glycosidase-treated 
batches lacked galactose and sialic acid. Binding of these exo-glycosidase-treated batches to FcRIIIa 
(158V/F), FcRIIa (131R/H) and FcRIIb in ELISA confirmed that no differences existed in the affin-
ity between the enzymatically treated mAb 2F8 batches, the mock treated material and original batches 
for binding to FcRIIa (131R/H) and FcRIIb (ratio of EC50 values of treated 2F8-HF/treated 2F8-LF: 
FcRIIa-131R; 1.0, 95% CI 0.6 to 1.6; FcRIIa-131H: 0.9, 95% CI 0.5 to 1.6; FcRIIb; 1.1, 95% CI 0.6 
to 2.1). Removal of galactose and sialic acid, however, did impact on the binding of 2F8-HF to FcRIIIa 
(158V/F) and slightly increased the differences in binding affinity between the HF and LF form (ratio of 
EC50 values of treated 2F8-HF/treated 2F8-LF: FcRIIIa-158V; 8.9, 95% CI 5.5 to 14.3; FcRIIIa-158F: 
61, 95% CI 40 to 93).
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Figure 5 | Analyses of Fc/Fc receptor interactions using recombinantly expressed extracellular domains of different  
Fc receptors. Binding profiles of 2F8-LF (●) and 2F8- HF () to various FcRs measured by ELISA. 2F8-LF  
Fab fragments (▼) are shown as a control. The mean values ± SEM and EC50 values (µg/ml) are presented. The table 
shows the ratio of EC50 values of 2F8-HF/2F8-LF. A ratio significantly different from 1 represents an affinity difference 
between the two antibody preparations to the respective FcR. Affinity differences were analyzed using a 1-way ANOVA 
test.
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Effector cell recruitment in whole blood ADCC assays
We then wanted to compare the two glycosylation variants in human whole blood as a physiological com-
bination of effector cell populations. Interestingly, only small differences in lysis were observed between 
the two antibody variants (Figure 6A). These differences were less pronounced than with isolated MNC 
(Figure 3). Since the Fc receptor involvement in MNC- and PMN-mediated tumor cell killing was dif-
ferent (MNC via CD16, PMN via CD32), we aimed to investigate the contribution of both effector cell 
populations to whole blood ADCC. However, in ADCC assays with isolated effector cells, F(ab’)2-frag-
ments of 3G8 (CD16, FcRIII) blocked ADCC by MNC completely, but rather stimulated PMN-medi-
ated killing (Figure 4C). Therefore, we could not assess the contribution of MNC directly, but rather used 
AT10 F(ab’)2-fragments to selectively block PMN-mediated killing. In these experiments, blockade of 
CD32 resulted in partial inhibition of tumor cell lysis. Control F(ab’)2-fragments did not affect whole 
blood ADCC (Figure 6B). Together, these results clearly demonstrated that PMN contributed to tumor 
cell killing in whole blood.

Figure 6 | Impact of fucosylation status on whole blood ADCC and contribution of PMN.
Tumor cell lysis at varying antibody concentrations was analyzed with whole blood from healthy (A) or G-CSF primed 
donors (C) as a physiological combination of different effector cell populations. A431 cells served as target cells. To analyze 
PMN involvement in target cell killing in whole blood, ADCC assays were performed in the presence F(ab´)2-fragments 
of FcRII blocking antibody AT10, or control F(ab´)2-fragments (both at 10 µg/ml). 2F8 antibody concentrations were 
0.4 µg/ml. Blocking experiments with blood from healthy donors (B), or from G-CSF-primed donors (D). 2F8-LF (●), 
2F8-HF (), or human IgG1 control antibody (). Data from experiments with five (healthy donors), and three (G-CSF-
primed donors) different donors, respectively, are presented as mean ± SEM. * indicates significant difference in killing 
between 2F8-LF and 2F8-HF. # indicates significant blockade compared to control treated samples.
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To further address the contribution of PMN in 2F8-mediated whole blood killing, we analyzed blood 
from G-CSF-primed donors. As demonstrated in Figure 6C, ADCC activity in G-CSF-primed blood was 
significantly enhanced compared to healthy donor blood (see Figure 6A). Blocking experiments revealed 
that killing in G-CSF-primed blood was more efficiently blocked by AT10 F(ab’)2-fragments than killing 
in healthy donor blood – indicating that the PMN contribution to tumor cell lysis was enhanced during 
G-CSF treatment. Interestingly, high fucosylated 2F8-HF was significantly more effective than low fuco-
sylated 2F8-LF under these conditions.

Discussion

In this manuscript, we extend previous observations on the impact of antibody Fc fucosylation for trig-
gering of Fc receptor-mediated tumor cell killing. Glyco-engineering of therapeutic antibodies currently 
receives particular attention, because it is thought to represent a promising approach to improve antibody 
binding to activating compared to inhibitory Fc receptors (16, 17). As previously reported for antibodies 
against other target antigens (26, 27, 33, 36), in this study also a low fucosylated human EGFR-specific 
antibody proved more effective than its high fucosylated variant in binding to recombinant FcRIIIa, 
which led to enhanced tumor cell killing in ADCC assays with MNC effector cells. However, this differ-
ence in tumor killing of the two glycovariants was most pronounced at low antibody concentrations and 
isolated MNC effector cells, but was not observed with isolated PMN and in human whole blood assays, 
respectively. While the results with isolated MNC may have been expected based on previous reports with 
antibodies against other target antigens, the latter two observations have not been reported before and 
have important implications for therapeutic antibodies with an ability to induce ADCC through PMN.
The contribution of NK cells for effector cell-mediated killing mechanisms of monoclonal antibodies is 
widely acknowledged, while a potential contribution of human PMN is less well established (38). Results 
from our own studies indicated that PMN were poor effector cells with IgG antibodies against CD20 (39, 
40), while they may constitute a significant effector population for antibodies against tyrosine kinase re-
ceptors such as HER-2/neu (21) or EGFR (41). Our previous studies suggest that signaling via the target 
antigen is critical for PMN-mediated ADCC (42). The present study is the first report demonstrating that 
a high fucosylated antibody is more effective in recruiting PMN for ADCC than its low fucosylated vari-
ant. This observation is probably explained by the Fc receptor involvement in PMN-mediated tumor cell 
lysis: while MNC-mediated killing was blocked by F(ab’)2 fragments against FcRIII (CD16), PMN-
mediated killing was blocked by F(ab’)2 fragments against FcRII (CD32), but rather stimulated by 
F(ab’)2-fragments against FcRIII (CD16). Binding of both fucosylation variants to FcRIIIa (158V/F) 
was primarily affected by fucose content, only slightly by galactose-, but not by sialic acid content. Bind-
ing of both 2F8 variants to FcRIIb iso- and to the FcRIIa-131R alloform in ELISA was very similar. 
However, high fucosylated 2F8-HF bound slightly better to the FcRIIa-131H alloform than the 2F8-LF 
variant. This may explain why FcRII-mediated killing by PMN was higher with the high than with the 
low fucosylated variant.
The small difference between 2F8-LF and 2F8-HF in whole blood ADCC at low antibody concentrations 
may be explained by NK cell killing without the contribution from PMN. Since PMN required higher 
antibody concentrations (Figure 4A), and were more effectively triggered by the high fucosylated than 
by the low fucosylated antibody (Figure 4), their contribution appeared to compensate for affinity dif-
ferences of the two antibody batches to FcRIIIa on NK cells. Thus, at antibody concentrations above 
0.08 µg/ml, lysis in whole blood probably reflected the combined action of MNC and PMN effector cells 
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– as indicated by the blocking experiments (Figure 6B). Results with blood from G-CSF-primed donors 
compared to healthy donor blood (Figure 6), demonstrated that the relative contribution of PMN to whole 
blood ADCC activity may vary with PMN numbers and their activation state (43).
Today, clinical data with glycosylation variants of therapeutic antibodies are very limited (44). Results 
from several mouse models demonstrated that improving the affinity for the activating FcRI, FcRIIIa 
and FcRIV receptors (A), and decreasing the affinity for the inhibitory FcRIIb receptor (I) – thus rais-
ing the A/I ratio - increased the in vivo activity of antibodies in mice (12, 45). In our human whole blood 
ADCC assays, only minor differences in the killing capacity of the two glycosylation variants of 2F8 were 
observed. Thus, these data suggest that only small therapeutic improvements are to be expected with gly-
coengineered antibodies – at least when PMN contribute to their ADCC activity. Ultimately, results from 
clinical trials need to demonstrate superior therapeutic efficacy of glycoengineered antibodies compared 
to their unmodified variants. It will be important to analyze the impact of fucosylation differences for 
therapeutic antibodies against different target antigens. Results from these clinical trials may also provide 
indirect evidence for the in vivo involvement of different effector cell populations.
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Abstract

The epidermal growth factor receptor (EGFR) serves as a molecular target for novel cancer therapeutics 
such as tyrosine kinase inhibitors (TKI) and EGFR antibodies. Recently, specific mutations in the EGFR 
kinase domain of lung cancers were identified, which altered the signaling capacity of the receptor and 
which correlated with clinical response or resistance to TKI therapy. In the present study, we investigated 
the impact of such EGFR mutations on anti-tumor cell activity of EGFR antibodies. Thus, an EGFR-
responsive cell line model was established, in which cells with tumor-derived EGFR mutations (L858R, 
G719S, delE746-A750) were significantly more sensitive to TKI than wild type EGFR-expressing cells. 
A clinically relevant secondary mutation (T790M) abolished TKI sensitivity. Significantly, anti-tumor ef-
fects of EGFR antibodies – including signaling and growth inhibition, and ADCC - were not affected by 
any of these mutations. Somatic tumor-associated EGFR mutations, which modulate growth inhibition by 
TKI, therefore do not impact the activity of therapeutic antibodies.
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Introduction

Monoclonal antibodies constitute a rapidly growing class of cancer therapeutics (1), which recruit di-
verse mechanisms of action for tumor cell killing (2). Among the most intensively targeted tumor-re-
lated antigens is the epidermal growth factor receptor (EGFR; (3, 4)), because increased expression or 
dysregulated function of EGFR are found in various common cancers such as lung, colon, or head and 
neck, but also on non-epithelial malignancies such as glioblastomas (5). Here, EGFR antibodies compete 
with small molecule tyrosine kinase inhibitors such as gefitinib (IressaR) and erlotinib (TarcevaR), which 
demonstrated clinical activity in lung cancer patients (6, 7). Retrospective analyses revealed several clini-
cal characteristics which correlated with response to TKI therapy: adeno- or broncho-alveolar histology, 
never smoker, Asian origin, and female gender (8). Subsequently, several studies reported that EGFR 
gene copy number and protein expression by immunohistochemistry were important predictors for TKI 
response (9). Interestingly, sequencing the exons encoding the activation loop of EGFR in tumors from 
patients responding to TKI therapy, demonstrated that somatic mutations in the intracellular domains of 
EGFR were enriched in these patient populations, compared to non-responding patients (10-13). Compe-
tition experiments and molecular modeling suggested that these mutations affect binding of gefitinib or 
erlotinib to the ATP binding site of EGFR (10, 14). Functional studies with recombinant EGFR proteins 
(15), with different tumor cell lines carrying these mutations (12), or with cells transiently transfected 
with mutated EGFR (10, 11, 16) indicated the mutated receptors to be more sensitive to inhibition by ge-
fitinib or erlotinib than wt EGFR. Importantly, tumors which initially responded to TKI therapy and then 
progressed on treatment, often expressed a secondary EGFR mutation (T790M), which rendered these 
cells TKI resistant (14, 17, 18).
Intracellular EGFR mutations were originally described as predictors for response to TKI treatment, but 
soon became apparent to also alter the biology of EGFR. Thus, NCSLC patients with intracellular EGFR 
mutations had a better prognosis irrespective of their treatment (19). Transgenic mice expressing induc-
ible L858R or del19 EGFR mutants in pneumocytes developed lung cancers, which were responsive to 
EGFR inhibition, while wt EGFR transgenic animals remained tumor free (20, 21). Furthermore, mutated 
EGFR selectively activated Akt and STAT signaling pathways, which promoted cell survival, but had 
no effect on proliferation (22). Importantly, EGFR mutated NSCLC cell lines demonstrated markedly 
increased resistance to cell death signals induced by chemotherapeutic agents or Fas-ligand (22). 
Different mechanisms of action are discussed for the therapeutic activity of monoclonal antibodies in vivo 
(2, 23). Besides Fc/Fc-receptor-mediated mechanisms (24, 25), interference with tumor cell signaling is 
considered as an important mechanism of action for therapeutic antibodies (26). For example, lymphoma 
regression by anti-idiotype antibodies correlated with their ability to induce signal transduction in tumor 
cells (27, 28). EGFR antibodies in particular have been reported to influence intracellular signaling (29, 
30). Our group previously reported that intracellular domains of target antigens can critically determine 
antibody efficacy (31). The aim of our present study was therefore to investigate the influence of lung 
cancer-derived EGFR mutations on tumor cell killing by EGFR antibodies. For this purpose we set-up an 
EGF-dependent cell line model in which the two prototypic TKI, gefitinib (IressaR) and erlotinib (Tarce-
vaR), demonstrated the expected activities. We then employed this model to analyze killing mechanisms 
of two EGFR antibodies - C225 (cetuximab, ErbituxR) (32) and 2F8 (zalutumumab, HuMax-EGFr) (33). 
Importantly, both F(ab’)- and Fc-mediated effector mechanisms of EGFR antibodies were not affected 
by primary or secondary EGFR mutations. However, growth inhibition by EGFR antibodies was only 
observed when cells were growing EGF-dependently, while ADCC occurred also under ligand-independ-
ent assay conditions.
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Materials and Methods

Blood donors
For effector cell isolation, 100 ml of blood were drawn from healthy volunteers after written informed 
consent. Experiments reported here were approved by the Ethical Committee of the University of Sch-
leswig-Holstein, Campus Kiel (Kiel, Germany), in accordance with the Declaration of Helsinki.

Antibodies and tyrosine kinase inhibitors (TKI)
2F8 (HuMax-EGFr, zalutumumab) and a human IgG1 control antibody (HuMab-KLH) directed against 
keyhole limpet hemocyanin (KLH) were from Genmab. M225 (the murine parental antibody of C225) 
was purified from tissue culture supernatants of hybridoma 225 (LGC Promochem GmbH, Wesel, Ger-
many). Cetuximab (C225) (Merck, Darmstadt, Germany), gefitinib (Astra Zeneca, Wedel, Germany) and 
erlotinib (Hoffmann La-Roche, Basel, Switzerland) were purchased. TKI were solubilized in dimethyl 
sulfoxide (DMSO), and further diluted in tissue culture medium. All EGFR inhibitors were used at clini-
cally relevant concentrations.

Culture of eukaryotic cells
Ba/F3 cells (DSMZ, The German Resource Centre for Biological Material, Braunschweig, Germany) 
were cultured in RPMI 1640-Glutamax-I medium (Invitrogen, Karlsruhe, Germany), containing 10 % fe-
tal calf serum, penicillin and streptomycin (R10+). mIL-3 was either added as recombinant mIL-3 (R&D 
Systems, Wiesbaden-Nordenstadt, Germany) at 10 ng/ml, or as supernatant from WEHI-3B cells (DSMZ; 
conc. 10 % vol/vol). Medium for transfected Ba/F3 cells additionally contained 1 mg/ml geneticin (Inv-
itrogen).

Construction of intracellular EGFR mutants
The intracellular EGFR mutations were generated by site-directed mutagenesis of the plasmid vector 
pUSE-EGFR (Upstate, Dundee, UK) harboring wt EGFR. Introduction of the respective mutations and 
the correctness of the EGFR coding region was confirmed by complete sequencing.

Stable transfection of Ba/F3 cells
Ba/F3 cells were stably transfected by nucleofection of 2 µg plasmid DNA and 2 x 106 cells using the 
Amaxa transfection system (Amaxa GmbH, Cologne, Germany) according to the manufacturers’ instruc-
tions. Forty-eight hours after transfection, cells were put under selection by adding 1 mg/ml geneticin. 
After the completion of functional studies, mutated and wt EGFR sequences were again confirmed by se-
quencing exons 18-21. All cell populations were demonstrated to express the expected EGFR sequences 
(data not shown).

MACS sorting of transfectants
Twenty million transfected Ba/F3 cells were incubated with 4 ml of EGFR mAb m225 (mIgG1) at 20 
µg/ml in PBS containing 0.5 % BSA and 25 % rabbit serum (to block non-specific binding of the primary 
antibody). After 15 min on ice, cells were washed twice with PBS containing 0.5 % BSA. The cell pellet 
was resuspended in 200 µl PBS containing 0.5 % BSA and 50 % rabbit serum. 50 µl of anti-mouse-IgG1 
magnetic beads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) were added, and cells were incu-
bated for another 10 min on ice. Cells were washed twice and separated on LD depletion columns accord-
ing to the manufacturer’s instructions (Miltenyi Biotec GmbH).
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Flow cytometric analyses
For indirect immunofluorescence, 3 x 105 target cells were washed in phosphate-buffered saline (PBS) 
supplemented with 1 % bovine serum albumin (Sigma-Aldrich Chemie GmbH, Munich, Germany) and 
0.1 % sodium-azide (PBA buffer). Cells were then incubated with antibody 2F8 or human control IgG1 at 
40 µg/ml (diluted in PBA buffer / 25 % rabbit serum) for 30 min on ice. After washing with 500 µl PBA 
buffer, cells were stained with FITC-labeled F(ab’)

2
-fragments of polyclonal goat anti-mouse antibodies 

(Dako, Hamburg, Germany). After a final wash, cells were analyzed on a flow cytometer (Coulter EPICS 
XL, Brea, CA). Relative immunofluorescence intensity (RFI) was calculated: RFI = (mean fluorescence 
intensity specific antibody) / (mean fluorescence intensity isotype control antibody). 

Determination of viable cell mass (MTT assay)
Growth inhibition of Ba/F3 transfectants was analyzed by using the MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) assay (Roche Diagnostics GmbH, Penzberg, Germany). Cells were 
washed three times in culture medium lacking mIL3. Cells were then diluted in medium containing EGF 
and/or mIL-3, and seeded at 20,000 cells per well in 96-well plates in a final volume of 100 µl. Cells were 
treated with gefitinib, erlotinib, C225 or 2F8 by addition of 25 µl of five-fold concentrated serial dilutions 
of the respective drug in culture medium lacking mIL-3. For gefitinib and erlotinib, DMSO concentra-
tions at all dilution steps were kept constant at a final concentration of 0.05 %. After 72 hours, cells were 
washed twice and resuspended in 100 µl of culture medium. MTT assays were then performed according 
to the manufacturer’s instructions.

Isolation of mononuclear effector cells (MNC)
Briefly, citrate-anticoagulated blood from healthy volunteers was layered over a discontinuous gradient 
consisting of 70 % and 62 % Percoll (Biochrom, Berlin, Germany), respectively. After centrifugation, 
MNC were collected from the serum/Percoll interface. MNC typically contained approx. 60 % CD3-posi-
tive T-cells, 20 % CD56-positive NK-cells, and only 10 % CD14-expressing monocytes – as determined 
by immunofluorescence staining. Viability of cells tested by Trypan blue exclusion was higher than 95 
%.

Immunoblotting
Ba/F3 cells were starved for three hours before treatment with either EGF [20 ng/ml] or mIL-3. Cells 
were lysed in a buffer containing 50 mM Tris (pH 7.0), 150 mM NaCL, 1 % NP-40, 0.5 % NaDOC, 1 % 
SDS, 50 mM NaF, 1 mM Na

3
VO

4
 and proteinase inhibitors. 80 µg of protein were electrophoresed on 3-

8% SDS-polyacrylamid gels (NuPage Acetat; Invitrogen) and transferred onto PVDF membranes. Immu-
nodetection was performed with the enhanced chemiluminescence system (Pierce). Polyclonal antibod-
ies against pEGFR (Y1068; BioSource International), total EGFR (Santa Cruz), and phospho-p44/p42 
(Cell Signaling) were used at a dilution of 1:1.000. Monoclonal antibodies against Erk-1 (BD Transduc-
tion) and actin (Sigma) were used at dilutions of 1:5.000 or 1:1.000. Secondary antibodies (horse-radish 
peroxidase-conjugated anti-rabbit or anti-mouse IgG, Dako) were employed at a dilution of 1:5.000 or 
1:2.000.

Antibody dependent cellular cytotoxicity (ADCC) assays
ADCC assays were performed as described (31). Briefly, target cells were labeled with 100 µCi of 51Cr 
per 106 cells for 2 hours. After three times washing with R10+, cells were adjusted to 10

5 cells/ml. MNC 
in a total volume of 50 µl, sensitizing antibodies at varying concentrations and R10+ were added to round 

vanbueren_binnenwerk.indd   121 17-12-2007   17:24:04



122

Tumor cell killing mechanisms of EGFR antibodies are not affected by the EGFR mutational  
status

bottom microtiter plates. Assays were started by adding target cells (50 µl), resulting in a final volume of 
200 µl, and an effector to target (E:T) cell ratio of 80:1. After three hours at 37°C, assays were stopped 
by centrifugation, and 51Cr-release from triplicates was measured in counts per minute (cpm). Percentage 
of cellular cytotoxicity was calculated using the formula: % specific lysis = (experimental cpm - basal 
cpm) / (maximal cpm - basal cpm) x 100 with maximal 51Cr release determined by adding perchloric acid 
 (3 % final concentration) to target cells, and basal release measured in the absence of sensitizing antibod-
ies and effector cells. 

Data processing and statistical analyses
Data are displayed graphically and statistically analyzed using GraphPad Prism 4.0. Experimental curves 
were fitted using a nonlinear regression model with a sigmoidal dose response (variable slope). For sta-
tistical analysis, the best-fit value of pairs of midpoints (log EC

50
) for EGFR mutations was compared to 

wt using the F-test. As null hypothesis “log EC
50

 is the same for data sets analyzed” was assumed; the 
alternative hypothesis was “log EC

50
 is different for data sets analyzed”. P-values were calculated, and the 

null hypothesis was rejected when p < 0.05.

Results

Establishing an EGF-dependent cellular model. To investigate the impact of the most common intra-
cellular EGFR mutations on cell killing by TKI in comparison to monoclonal antibodies, wt EGFR or 
EGFR variants carrying the primary mutations L858R, G719S, delE746-A750 deletion, or the secondary 
T790M mutation in combination with L858R were transfected into Ba/F3 cells. Ba/F3 is an IL-3-depend-
ent murine pro-B cell line, which has been used before to study signaling by growth factor receptors (34). 
After transfection and selection, EGFR expressing transfectants were enriched by magnetic cell sorting 
(MACS).
Ba/F3-wt, Ba/F3-G719S and Ba/F3-L858R cells expressed similar levels of EGFR, whereas the EGFR 
expression levels of Ba/F3-delE746-A750 and Ba/F3-L858R/T790M cells were lower (Fig. 1a). All trans-
fectants demonstrated similar cell survival in the presence of murine IL-3 (mIL-3), and grew dose-de-
pendently after adding EGF (Fig. 1b). Interestingly, the L858R/T790M transfectants grew notably faster 
than the other cells. Similarly, this mutation was more active in autophosphorylation assays (15) - indicat-
ing that the L858R/T790M mutation alters receptor functions and growth characteristics more profoundly 
than the other mutations. In the absence of mIL-3 and EGF, mutant EGFR-transfected Ba/F3 cells dem-
onstrated enhanced cell survival compared to wt- or non-transfected cells (Fig. 1b). This is in accordance 
with previous data demonstrating that cellular transformation via over-expressed wt EGFR occurs only 
after receptor activation by EGF or TGF- (35, 36). EGF, but not mIL-3, triggered Y1068 phosphoryla-
tion of transfected EGFR, while ligand-independent autophosphorylation of mutant, but not wt receptors 
was observed (Fig. 1c). Furthermore, mutant EGFR transfected cells were capable of mIL-3 independent 
long term cultivation, while wt transfectants only grew mIL-3 independent for short term (2-3 weeks, data 
not shown), which is in accordance with published data (37). Thus, we set up this ligand-dependent cel-
lular system which allowed comparative analyses of EGFR mutations in a defined cellular background.

Primary EGFR mutants are more sensitive to gefitinib or erlotinib than wt EGFR, whereas the 
T790M secondary mutation renders a primary L858R mutation TKI resistant. To examine the ef-
fects of TKI on primary and secondary EGFR mutations compared to wt EGFR, and to test whether 
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our cell line system reflects known characteristics of primary and secondary mutated EGFR, MTT as-
says were performed. Low concentrations of both gefitinib (Fig. 2a) and erlotinib (Fig. 2c) inhibited cell 
growth of Ba/F3 transfectants carrying primary EGFR mutations. In contrast, cells transfected with the 
double mutated L858R/T790M receptor were resistant to TKI inhibition. Importantly, EGFR-depend-
ence of inhibition of primary mutations was demonstrated, since the inhibitory effects of TKI could be 
completely overcome by addition of mIL-3 (Fig. 2b and d). Together, these data indicate that the observed 
growth inhibition was targeted specifically to EGFR, and not caused by “non-specific” toxicity of the 
TKI. Notably, Ba/F3 cells transfected with primary EGFR mutations proved significantly more sensitive 
to TKI treatment than wt EGFR-transfected cells. The order of sensitivity was delE746-A750 >>> L858R 
>> G719S > wt (for EC

50
 values and p values see Table A).

Figure 1 | Ba/F3 transfectants express 
similar EGFR levels and respond to 
EGF. (a) EGFR expression levels of 
Ba/F3 transfectants were analyzed. 
Indirect immunofluorescence data from 
one out of six individual experiments 
are presented. Relative fluorescence 
intensity of EGFR specific staining 
(), compared to isotype control (□) 
was calculated for all six experiments, 
and is presented in the table. (b) Vital 
cell masses were analyzed by MTT 
assays after 72 hours of incubation. 
All transfectants responded dose-
dependently to recombinant human 
EGF (p < 0.05 indicated by *; two-
tailed, unpaired student´s t-test). In 
the absence of EGF, mutant EGFR 
transfected Ba/F3 cells demonstrated 
enhanced survival (significance 
indicated by #) compared to wt or non-
transfected cells. Data presented are 
means ± SEM of three independent 
experiments. (c) In all transfectants, 
Y1068 EGFR phosphorylation was 
enhanced by EGF, but not by IL-3 
stimulation. Mutated, but not wt EGFR 
transfected cells demonstrated low 
levels of autophosphorylation in the 
absence of EGF.
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Table A | EC
50

 values for growth inhibition by TKIs

cell line EC
50

 [µM] 95% ci p-value EC
50

 [µM] 95% ci p-value
 gefitinib   erlotinib

wild type 0.90 0.80 to 1.03  0.68 0.52 to 0.88

G719S 0.35 0.31 to 0.39 < 0.0001 0.17 0.15 to 0.18 < 0.0001
L858R 0.08 0.08 to 0.09 < 0.0001 0.06 0.05 to 0.07 < 0.0001
delE746-A750 0.006 0.005 to 0.008 < 0.0001 0.006 0.005 to 0.008 < 0.0001

L858R/T790M resistant   resistant

Figure 2 | Sensititivy of primary and secondary EGFR mutations against TKI. Ba/F3 transfectants stimulated with 10 
ng/ml EGF were incubated with increasing concentrations of gefitinib (a), gefitinib + mIL3 (b), erlotinib (c), erlotinib + 
mIL3 (d), respectively. After 72 hours, vital cell masses were measured by MTT assays. Data presented are means ± SEM 
of six (for gefitinib), and four (for erlotinib) experiments. Typical steady state plasma concentrations of TKI (3, 5) are 
indicated by i. = wild type  = G719S; = L858R;  = delE746-A750;  = L858R/T790M
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Table B | EC
50

 values for growth inhibition by antibodies

cell line EC
50

 [µg/ml] 95% ci p-value EC
50

 [µg/ml] 95% ci p-value
 C225   2F8

wild type 7.85 4.45 to 13.82  6.75 4.28 to 10.65

G719S n.a. n.a. n.a. 6.01 3.65 to 9.89 0.7
L858R n.a. n.a. n.a. 5.25 2.86 to 9.64 0.6
delE746-A750 10.35 2.682 to 39.03 0.7 4.12 1.97 to 8.64 0.3

L858R/T790M 1.48 0.47 to 4.64 0.1 1.65 0.72 to 3.78 0.1

Inhibition of signaling and proliferation by EGFR antibodies is not affected by EGFR mutations. 
Therapeutic antibodies mediate anti-tumor activity via both direct and indirect mechanisms of action (2). 
To investigate whether primary and secondary intracellular EGFR mutations affect growth inhibition by 
therapeutic EGFR antibodies, the chimeric C225 antibody and the human 2F8 antibody were investigated 
for their capacity to inhibit signaling and growth of the Ba/F3 transfectant panel in the presence of EGF. 
Both antibodies efficiently inhibited EGF-binding to EGFR (33), and inhibited cell growth of the Ba/F3 
transfectants (Fig. 3a and c). Inhibition by the C225 antibody was less efficient, and EC

50
 values could 

not be determined for all mutants, because no lower plateau was reached. Importantly, growth inhibition 
by 2F8 was not significantly different for the primary EGFR mutations (EC

50
 values, Table B), which 

was in clear contrast to inhibition by TKI. In addition, both antibodies inhibited proliferation of cells 
carrying the double mutated (L858R/T790M), TKI resistant receptor (Fig. 3a and c). EC

50
 values were 

not significantly different from those observed with wt or single mutated receptors (Table B). The dem-
onstrated effects were not observed with an isotype matched control antibody (Supplemental Fig. 6), and 
could be overcome by adding mIL-3 (Fig. 3b and c) - demonstrating that the proliferation inhibition was 
EGF/EGFR-dependent. In conclusion, both TKI and EGFR antibodies demonstrated growth inhibition 
only when cell proliferation was EGF driven, but not when another growth factor signal was obtained. 
This observation is in agreement with the concept of “oncogene addiction” (38). 
Analyses of down-stream signaling demonstrated that treatment with either of the two EGFR antibodies 
reduced levels of EGFR- (Y1068) and ERK-phosphorylation similarly in both wt and mutated EGFR 
transfectants (Fig. 3e). Together, these results demonstrate – for the first time in a defined cellular back-
ground - that inhibition of signaling and growth by therapeutic EGFR antibodies is less affected by the 
three most commonly observed primary and secondary EGFR mutations in lung cancer. 
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Figure 3 | Inhibition of proliferation and signaling by EGFR antibodies is not affected by primary and secondary EGFR 
mutations. Ba/F3 transfectants were incubated with increasing concentrations of C225 (a), C225 + mIL3 (b), 2F8 (c), 2F8 
+ mIL3 (d). Typical plasma concentrations of antibodies [C225: (40); 2F8: Genmab BV, unpublished data] are indicated 
by i. After 72 hours, vital cell masses were measured by MTT assays. Data presented are means ± SEM of five (for 2F8), 
and six (for C225) experiments. (e) EGF induced signaling in the presence or absence of antibodies was analyzed by 
measuring pY1068 EGFR and pERK levels in Western blots. EGFR transfected Ba/F3 cells were incubated with 2 µg/ml 
of antibodies three hours before treatment with human EGF [20 ng/ml; 20min].  = wild type  = G719S; = L858R; 
 = delE746-A750;  = L858R/T790M
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Table C | EC
50

 values for cell-mediated cytotoxicity by antibodies. p-value: EC
50

 for wt EGFR was compared with EC
50

-
values for mutant receptors.  p < 0.05 = log EC

50
 value for mutant is significantly different from log EC

50
 for wt. ci = 

confidence interval. n.a. = not applicable; EC
50

 could not be determined, no plateau was reached.

cell line EC
50

 [µg/ml] 95% ci p-value EC
50

 [µg/ml] 95% ci p-value
 C225   2F8

wild type 0.01 0.004 to 0.01  0.01 0.008 to 0.02

G719S 0.01 0.005 to 0.03 0.5 0.01 0.006 to 0.02 0.8
L858R 0.01 0.004 to 0.02 0.5 0.02 0.011 to 0.03 0.3
delE746-A750 0.1 0.054 to 0.18 0.0001 0.11 0.061 to 0.18 <0.0001

L858R/T790M n.a. n.a. n.a. 0.13 0.033 to 0.49 0.04

Cellular cytotoxicity by therapeutic EGFR antibodies is not affected by primary and secondary 
EGFR mutations. To analyze the impact of intracellular EGFR mutations on immune cell-mediated 
killing by EGFR antibodies, both C225 and 2F8 were analyzed for their capacity to trigger ADCC. Both 
EGFR antibodies triggered ADCC against the panel of Ba/F3 transfectants with mononuclear cells (MNC) 
from healthy donors. Importantly, 2F8 and C225 mediated also significant lysis of TKI resistant Ba/F3-
L858R/T790M cells (Fig. 4). In ADCC experiments with non-transfected Ba/F3 cells or with Ba/F3 trans-
fectants and a human IgG1 control antibody (Supplemental Fig. 7), no lysis was observed - demonstrating 
cell killing to be EGFR dependent and specific. Killing of the delE746-A750 and L858R/T790M mutants 
was lower compared to the other transfectants. This may be attributable to the lower EGFR expression 
levels of these mutants, as antigen density was previously found to significantly affect ADCC. Indeed, in 
agreement with this, similar ADCC was observed for a Ba/F3-delE746-A750 mutant with a higher ex-
pression level comparable to the L858R and G719S EGFR transfectants, but which no longer responded 
to EGF (Supplemental Fig. 8). However, no significant differences were observed in the EC

50 
values for 

transfectants carrying wt, G719S or L858R mutations – indicating these common primary EGFR muta-
tions in lung cancer do not affect ADCC (Tab. C).
Previous studies demonstrated that growth inhibition by TKI and EGFR antibodies was overcome by add-
ing mIL-3, which provided an alternative growth signal to EGFR transfected BaF3 cells. Next, we wanted 
to analyze whether also ADCC is affected by the presence of mIL-3. Interestingly, both EGFR antibodies 
triggered very similar levels of ADCC in the presence or absence of mIL-3 - suggesting that ADCC oper-
ates also against non-oncogene addicted tumor cells. On the other hand, ADCC was slightly - albeit not 
statistically significant - impaired in the presence of EGF. This is probably explained by ligand induced 
receptor downregulation. In summary, these experiments further demonstrated that - in contrast to TKIs 
- monoclonal antibodies’ mechanisms of action were not affected by the mutational status of EGFR, and 
that ADCC may kill tumor cells growing via alternative pathways. 
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Figure 4 | ADCC by EGFR antibodies is not influenced by primary and secondary EGFR mutations. To analyze the 
impact of lung cancer- derived EGFR mutations on immune effector functions triggered by therapeutic antibodies, Ba/F3 
transfectants were analyzed in chromium release assays with MNC effector cells. 2F8 (a) and C225 (b). Data presented 
are means ± SEM of six (for 2F8), and five (for C225) experiments. = wild type  = G719S; = L858R;  = delE746-
A750;  = L858R/T790M

Figure 5 | ADCC by EGFR antibodies in the presence or absence of growth factor signals. To investigate the impact of 
EGF or mIL-3 on cell mediated killing by EGFR antibodies, wt EGFR transfected BaF3 cells were analyzed in chromium 
release assays with MNC effector cells. (a) 2F8 (£), 2F8 + EGF (), 2F8 + mIL-3 (). (b) C225 (), C225 + EGF (), 
C225 + mIL-3 (). Data presented are means ± SEM of five experiments.
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Discussion

In this manuscript, the influence of lung cancer-associated EGFR mutations on killing mechanisms by 
EGFR-directed antibodies was investigated. Growth inhibition and ADCC experiments demonstrated that 
both primary and secondary EGFR mutations do not affect responses to EGFR-directed antibodies in 
vitro. The presented Ba/F3 model system reflects several known characteristics of wt and mutated EGFR 
e.g. response to EGF, differential sensitivity of primary mutated vs. wild type EGFR and resistance of the 
double mutated L858R/T90M variant to TKI inhibition (Fig. 2; (14)). In contrast to studies with patient-
derived tumor cell lines (12, 39, 40), the EGFR-transfected Ba/F3 model presented here has the important 
advantage of carrying defined EGFR mutations in a defined cellular background - probably without ad-
ditional genetic changes, which are common in established tumor cell lines. Indeed, differences in the 
mutational status of EGFR, its expression level, as well as additional genetic alterations such as mutations 
of KRAS (40), may alter EGFR signaling. Studies using tumor cell lines therefore are often difficult to 
interpret. 
Our experiments investigating direct growth inhibition (Fig.3) and immune effector cell mediated mecha-
nisms of action of two EGFR directed therapeutic antibodies (Fig.4), demonstrate that both primary and 
secondary EGFR mutations - in contrast to TKI treatment (Fig.2) - do not affect responses to EGFR-
directed antibodies in vitro. So far, predictors of response to EGFR antibodies are less well established 
than for TKI. For the CD20 antibody rituximab, animal data in FcR deficient mice as well as correla-
tions between human Fc receptor polymorphisms and clinical outcomes of antibody therapy, suggest 
an important role of Fc receptor-mediated mechanisms for the therapeutic efficacy of this antibody (2). 
For EGFR antibodies, however, similar data have not been reported. Furthermore, evidence from animal 
experiments suggested that both indirect, Fc-mediated, but also direct, F(ab’)-mediated effector mecha-
nisms significantly contributed to EGFR antibody efficacy (33, 41). In support for the relevance of F(ab’)-
mediated mechanisms, panitumumab - a human IgG

2
 antibody with limited immune effector functions 

- demonstrated clinical efficacy in colorectal cancer patients (42).
Importantly, intracellular EGFR mutations not only correlated with response to TKI therapy, but also 
altered the sensitivity to chemotherapeutic agents and to Fas-ligand induced apoptosis (22). Furthermore, 
these EGFR mutations affected intracellular  signaling which is considered relevant for the efficacy of 
many therapeutic monoclonal antibodies (26). A retrospective analysis in lung cancer patients suggested 
that intracellular EGFR mutations did not correlate with cetuximab response in vivo (43). However, no 
functional data were provided to support this observation, and the sample size of this clinical study was 
too small to draw definite conclusions. Here we demonstrate that three potential mechanisms of action 
of EGFR antibodies – inhibition of signaling and proliferation, and cell-mediated cytotoxicity - were not 
affected by the most common primary or secondary EGFR mutations in lung cancer patients. Recently, 
cetuximab was reported to down-regulate expression of mutated EGFR - another potential mechanism of 
action for EGFR antibodies (44). 
EGFR-directed therapy has already become an important treatment option for many cancer patients. 
However, limited response rates and marginal survival benefits fuel the search for more effective reagents 
– both in the fields of TKI (4) and of antibodies (23). Since these novel therapies are expensive and also 
bear the risk of side effects, it has become increasingly relevant to identify patient populations with op-
timal benefit from individual approaches (45). If conclusions from the Ba/F3 model will translate into 
the therapeutic setting, our data suggest that responses to EGFR antibodies will not be determined by the 
absence or presence of mutations in the ATP-binding region of EGFR. However, the data may also have 
another clinical implication: direct growth inhibition by either TKI or antibodies is only achieved when 
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cells proliferate via EGFR, but not when they receive survival signals via other growth factor receptors 
(in the presented experiments via the IL-3 receptor; Fig. 2 and 3) – an observation which is in agreement 
with Weinstein’s hypothesis of “oncogene addiction” (38). Importantly, this hypothesis would predict that 
patients, who initially responded to TKI therapy, but progress because they acquire a secondary T790M 
mutation, may be candidates to respond to EGFR antibodies. Their tumors should have been EGFR de-
pendent, until they were rendered TKI resistant by acquiring the T790M mutation. These patients, which 
are expected to be more common in Asian populations (46), should have good chances to respond to 
second line therapy with EGFR antibodies, as our data would suggest that important killing mechanisms 
of EGFR antibodies are not affected by the mutational status of EGFR. 
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Supplementary figures

Supplementary Figure 6 | A human IgG1 control antibody does not mediate growth inhibition of Ba/F3 transfectants. 
MTT assays in the presence of increasing concentrations of a human IgG1 control antibody were performed. (a) without 
IL-3; (b) in the presence of IL-3. Data presented are means ± SEM of three experiments for assays in the absence of IL-3. 
For assays in the presence of IL-3, one of two experiments is shown with data representing means ± SEM of triplicate 
wells.

Supplementary Figure 7 | ADCC by EGFR-directed antibodies is antigen dependent. (a) Chromium release assays against 
non-transfected Ba/F3 cells in the presence of increasing concentrations C225, 2F8 or a human IgG1 control antibody 
were performed with MNC effector cells. Data presented are means ± SEM of three experiments. (b) Chromium release 
assay assays against non-transfected Ba/F3 transfectants were performed in the presence of increasing concentrations of 
a human IgG1 control antibody using MNC effector cells. Data are presented as means ± SEM of three experiments.
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Supplementary Figure 8 | The lower level of ADCC of Ba/F3-delE746-A750 may be explained by the lower expression 
level. To demonstrate that the lower expression level of Ba/F3-delE746-A750 cells, but not the mutation itself was 
responsible for the lower levels of ADCC, chromium release assays were performed against a high expressing cell line 
(Ba/F3-delE746-A750 high exp.) - expressing the mutated EGFR at similar levels as wild type, G719S and L858R 
transfected cells. MNC from healthy donors were used as effector cells. 2F8 (a), C225 (b).  Data presented are means 
± SEM of four experiments (for Ba/F3-delE746-A750 high exp. cells). = wild type  = G719S; = L858R;  = 
delE746-A750; * = Ba/F3-delE746-A750 high exp.
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The epidermal growth factor receptor (EGFR) plays a crucial role in signal transduction pathways regu-
lating key cellular functions such as survival and proliferation. Among recent advances in targeted cancer 
therapies, the applications centered around EGFR are arguably amongst the most promising and clinically 
advanced (1-5). The available set of therapeutic tools targeting EGFR currently approved by regulatory 
agencies includes two well-defined categories of drugs: monoclonal antibodies (mAb) and tyrosine kinase 
inhibitors (TKI) ((6) and Chapter 1). Clinically, these agents have demonstrated efficacy in non small 
cell lung cancer (NSCLC), colorectal cancer (CRC) and other solid tumors (7-15). EGFR mAb cetuximab 
was approved in 2004 in combination with irinotecan for the treatment of metastatic CRC non-responsive 
to irinotecan-based chemotherapy, and as single agent for patients with refractory disease and intolerant 
to irinotecan-based chemotherapy (12). Approval was granted based on a randomized clinical trial in 329 
patients with durable responses (objective response rate 12%), without evidence for an effect on survival 
in the cetuximab monotherapy arm. Similar data were obtained in clinical studies in head and neck cancer 
(SCCHN) patients treated with zalutumumab (16) or cetuximab (17). For the EGFR mAb panitumumab, 
approval was based on a randomized study that enrolled 463 patients with metastatic CRC. 19 partial 
responses (8%) were observed among the 231 panitumumab-treated patients (15).
Although notable responses have been seen in a number of pretreated patients with refractory disease, the 
average objective response rate of EGFR antibodies in a monotherapeutic setting is 10−20%. These num-
bers suggest EGFR inhibitors to exhibit anti-tumor activity in a select patient subset, with particular tumor 
characteristics or histology including a dependence on the EGFR-signaling pathway for tumor growth. To 
further optimize EGFR-therapies, markers for therapeutic activity are urgently needed to optimize treat-
ment strategies. To this point, Moroni et al. (18) showed EGFR gene amplification in responders to EGFR 
antibodies with colorectal cancer. Evaluation of EGFR amplification status using fluorescence in situ 
hybridization (FISH) may, therefore, serve to select patients in colorectal cancer therapies. Also, the oc-
currence of typical treatment-associated acneiform skin rash has been correlated with treatment efficacy. 
This relationship may well serve as surrogate marker to monitor biological efficacy and dose levels (19). 
For the EGFR TKI gefitinib, somatic mutations localized in the EGFR tyrosine kinase domain have been 
associated with clinical activity in NSCLC. All these markers are at present evaluated in clinical studies, 
and novel markers may further improve therapeutic efficacies. It is to be expected that a better understand-
ing of the mechanisms underlying EGFR-targeted therapies may well support the identification of novel 
markers of therapeutic activity.

7.1 Which mechanisms of action are clinically relevant?

Anti-EGFR antibodies may exert different mechanisms of action, either initiated by their binding to 
EGFR, or indirectly by activation of immune effector mechanisms (Chapter 2). The observation that 
F(ab’)

2
 fragments of cetuximab, which cannot activate immune effector mechanisms, were less potent 

than native cetuximab in vivo, (21) suggests both mechanisms of action to contribute to clinical efficacy. 
Notably, however, panitumumab which can not effectively stimulate immune effector mechanisms as a 
human IgG2 antibody, has been shown to inhibit tumor growth (22). This suggests mechanisms that rely 
on EGFR-binding may (at least in certain treatment regimens) be sufficient for anti-tumor activity. Along 
with blockade of ligand binding, EGFR antibodies affect receptor activation via inhibition of EGFR hete-
ro/homo dimerization and receptor down-regulation (Chapter 3 and (23)). EGFR signal inhibition results 
in blockade of signaling pathways, including the MAPK, PI3K/Akt (24-26), and Jak/Stat (27) pathways. 
Several studies demonstrated suppression of EGFR signaling to result in G

1
 cell cycle arrest  (24, 25), 
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induction of apoptosis (28-30), decreases in production of angiogenic factors (31, 32) and inhibition of 
metastases in mouse xenografts models (33).
Importantly, inhibition of EGFR signaling correlates well with antibody binding, (Chapter 2) and is 
most efficient at complete receptor saturation. In laboratory models, the anti-tumor activity of zalutumu-
mab correlated with the drug’s concentration in tumor tissue, and with (subsequent) inhibition of EGFR 
phosphorylation (Chapter 2). This data suggests drug delivery to tumor tissue to determine the degree of 
anti-tumor effects induced. As a result, insufficient dosing, and (consequently) inadequate drug delivery 
to tumor tissue may well result in suboptimal EGFR modulation. Although analyses of patient skin sam-
ples documented EGFR phosphorylation inhibition and modulation of downstream signaling molecules 
during treatment, only few studies firmly documented EGFR signaling inhibition in tumor tissue (3). 
Pharmacodynamic effects measured in well vascularised tissues, such as skin, may only have limited 
predictability for effects in poorly vascularised EGFR over-expressing tumors (Chapter 4). Higher doses 
might well be necessary to inhibit EGFR phosphorylation in tumors than predicted from skin sample 
analyses, or estimated from appearance of skin rash.
In addition to blockade of EGFR signaling, EGFR antibodies of the IgG1 subclass induce prominent 
anti-tumor effects via stimulation of FcRIIIa and FcRIIa expressing immune effector cells, such as 
macrophages, NK cells and neutrophils (Chapters 2 and 5). In addition, a study by Clynes et al. (21) 
demonstrated a reduced tumor growth inhibition in FcR-chain-deficient mice by cetuximab, supporting 
FcR expressing immune cells to also contribute to anti-tumor efficacy. Antibody dependent cell-medi-
ated cytotoxicity (ADCC) is activated at very low target saturation levels (<5%), and seems particularly 
efficient against small established tumors (Chapter 2). Moreover, a recent paper by Zhang and colleagues 
observed in a small retrospective study of 35 metastatic colorectal cancer (mCRC) patients FcRIIa-R131 
and FcRIIIa-F158 polymorphisms to be associated with increased progression free survival (PFS) upon 
treatment with cetuximab. Controversially, similar studies from Weng et al. (34) and Cartron et al. (35) 
demonstrated the FcRIIIa-158V/V genotype, which is associated with better binding of IgG to FcRIIIa, 
to correlate with better response rates in follicular lymphoma patients treated with the CD20 mAb rituxi-
mab (34, 35). Understanding the exact role of FcR polymorphisms in therapies with EGFR mAb clearly 
requires further studies. In addition, there is considerable debate on the role of ADCC in metastatic cancer 
patients, which may suffer from suppressed immune function. For that reason, EGFR antibodies which 
modulate signaling and induce immune effector functions may well be particularly effective in adjuvant 
or first line settings.
Noteworthy, complement-mediated mechanisms, such as CDC and CDCC, do not seem to contribute to 
the mechanisms of action of EGFR mAb. Although clustered human IgG1 antibodies can bind the first 
component of complement, C1q, no lysis of EGFr over-expressing A431 cells was observed with such 
antibodies (Chapter 2). These results were unexpected since for example B cells from patients with 
chronic lymphocytic and prolymphocytic leukemias express only 40,000–70,000 CD20 molecules per 
cell and are highly susceptible to CDC mediated by the CD20 mAb rituximab (36). Complement regula-
tory molecules, however, are frequently over-expressed on the surface of tumor cells, and may prevent 
complement activation (37-39). The use of combinations of antibodies that bind distinct EGFR epitopes 
might provide a means to enhance the number of IgG molecules present on tumor cell surfaces. A study 
by Spiridon et al. (40), demonstrated a mixture of murine HER2 mAb to be more effective in triggering 
CDC than individual mAb. Further evidence provided by Macor and colleagues demonstrated two chi-
meric antibodies directed against different epitopes on the folate receptor to be capable of initiating CDC 
in ovarian carcinoma cell lines only when used in combination, but did not individually (41).
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7.2 Which patients benefit most from EGFR-targeted immunotherapy?

The presence of EGFR on target cells does not correlate well with responses induced by EGFR-targeted 
therapies (42-44). An important issue that therefore remains to be solved is whether an association ex-
ists between clinical outcome upon treatment with anti-EGFR antibodies and EGFR expression levels. 
Solbach et al. (45) observed a therapeutic effect of EGFR antibodies in a human breast cancer xenograft 
tumor model when tumors expressed EGFR above a 40 fmol/mg protein threshold. Preclinical studies 
with cetuximab, panitumumab and gefitinib document inhibition of tumor growth in human cancer cells 
with varying expression levels (1, 44, 46). On the other hand, therapeutic efficacy of EGFR mAb in color-
ectal cancer patients did not correlate with EGFR expression levels in a retrospective study (12, 42). No-
tably, immunohistochemical analyses of EGFR expression levels in colon cancer patients demonstrated 
differential responses to cetuximab, and showed a number of patients that were immunohistochemically 
negative for EGFR to exhibit clinical responses to this antibody (47). Presumably, EGFR expression 
levels in these patients were below the sensitivity of the immunohistochemistry method used, yet EGFR 
on the cancer cells appeared to be activated and to contribute to tumor cell growth and survival. This 
observation suggests EGFR activation to be of importance next to the level of EGFR over-expression. 
Recent studies support the view that continuous EGFR activation causes cells to become “addicted” to 
EGFR signaling, which in turn makes them sensitive to EGFR-targeted therapy (48). Patients that harbor 
mutations that (constitutively) activate EGFR signaling may-thus-be (most) prone to respond to EGFR-
targeted therapies (49). Continuous EGFR activation can originate from autocrine ligand production. In 
vitro studies suggest EGFR over-expression to induce cell transformation only in the presence of EGFR 
ligands, and expression of EGF-like ligands often accompanies EGFR over-expression in primary tumors. 
For instance, TGF- is frequently co-expressed with EGFR in NSCLC (50), gastrointestinal stromal tu-
mors (51), and prostate cancer (52). Epiregulin and amphiregulin over-expression have been reported in 
metastatic CRC (53). In addition, co-expression of EGFR ligands has been correlated with poor patient 
prognosis (53, 54).
Constitutive EGFR kinase activation is also a consequence of EGFR gene amplification. Amplified EGFR 
expression causes low, continuous EGFR activation, possibly in a ligand-independent manner. Other 
mechanisms that cause continuous EGFR activation are expression of EGFR mutants which harbor dele-
tions such as EGFRvIII and delE746-A750 or point mutations such as, L858R, T790M, and G719S (55-
58), mutations in downstream signaling molecules (59, 60), over-expression of EGFR (trans) activating 
molecules and EGFR mutants defective in receptor downregulation [reviewed in (61)]. Figure 1 shows an 
overview of mechanisms leading to EGFR oncogenic signaling.
As discussed in Chapter 1, mutations in the EGFR kinase domain have been correlated with clinical 
responses to EGFR TKI. Thus far there have been no reports that these mutants affect antibody based 
therapies. A study by Mukohara et al. (20) and Chapter 6 show several mutant EGFR to be more sensi-
tive to TKI than to EGFR mAb, and suggest EGFR mutations in NSCLC cells to be related to changes in 
sensitivity to TKI, but not anti-EGFR antibodies. Notably, in vitro studies suggest anti-tumor responses 
by EGFR mAb not to correlate with inhibition of EGFR phosphorylation for several EGFR mutants in 
NSCLC cell lines (20, 62). Therefore, factors other than modification of EGFR phosphorylation might 
relate to anti-tumor efficacy of mAb in specific NSCLC types. If EGFR phosphorylation is not always 
linked to the sensitivity to these inhibitors, then it is possible that EGFR mAb may act via inhibition of 
downstream pathways mediated by ras and AKT, thereby producing anti-tumor effects.
Several lines of evidence support a role for AKT in EGFR-mediated cell survival (58, 59, 63). Corre-
spondingly, in vitro data suggest loss of the phosphatase and tensin homolog (PTEN) to set AKT activity 

vanbueren_binnenwerk.indd   141 17-12-2007   17:24:13



142

 
General discussion

at a high threshold level. Consequently, loss of PTEN dissociates EGFR inhibition from downstream 
inhibition of the phosphatidylinositol 3-kinase (PI3K) pathway and, thereby, may render tumor cells 
resistant to EGFR inhibitors (59, 64). In addition, K-ras mutations are frequently reported in tumors 
and are associated with poor responses to EGFR TKI (59, 60, 65-68). K-ras is a downstream mediator 
of EGFR-induced cell signaling, and ras mutations confer constitutive activation of signaling pathways 
engaged upon EGFR activation. K-ras and B-raf mutations in colorectal cancer have been shown to pre-
dict resistance to cetuximab therapy and are associated with a worse prognosis (69, 70). In NSCLC K-ras 
mutations have been detected in 15-20% of patients (68, 71). Interestingly, EGFR and K-ras mutations 
were mutually exclusive in NSCLC, suggesting that they may have (functionally) equivalent roles in 
tumorigenesis (72). Currently available data thus suggests that patients harboring tumors predominantly 
reliant in their growth on EGFR signaling, without other activating mutations downstream the of EGFR 
pathway to represent the most attractive candidates for EGFR-targeted therapies. Prognostic assays to 
identify such patients are critical to better exploit the full clinical potential of EGFR inhibitors.
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Figure 1 | Oncogenic activation of EGFR 
There are several mechanisms that can lead to EGFR oncogenic activation. (1) Over-expression of EGFR. Increased EGFR 
protein levels arise by EGFR gene amplification or increased promoter activity. High EGFR levels on the cell surface lead to 
constitutive receptor activation caused by spontaneous receptor dimerization. (2). Hetero- and transactivation. HER2 over-
expression leads to formation of EGFR-HER2 heterodimers and constitutive ligand-independent EGFR activation.  EGFR-
HER2 dimers are defective in downregulation of the dimer complexes, resulting in more potent signaling as compared with 
EGFR homodimers. In addition, EGFR can be activated via cross-talk with other cell-surface receptors such as integrins, 
tyrosine kinase receptors, G-protein coupled receptors, ion channels, cytokine receptors and other EGFR family members. 
(3) Activating mutations. EGFR mutants may contain extra- or intracellular mutations often leading to constitutive, ligand-
independent EGFR activation, or enhanced receptor tyrosine kinase activity, respectively. (4) Failure in EGFR downregulation. 
Mutations in the c-Cbl system, responsible for EGFR signal attenuation, may impair normal lysosomal degradation of 
activated EGFR. (5) Autocrine and/or paracrine growth factor loops. EGFR ligands are frequently found co-expressed with 
EGFR in cancer, and are considered to act in an autocrine/paracrine manner. Adapted from (61) and (73).

vanbueren_binnenwerk.indd   143 17-12-2007   17:24:19



144

 
General discussion

7.3 Future perspectives.

At present, several clinical trails demonstrated combinations of EGFR antibodies with conventional 
(chemo- or radio) therapies to enhance clinical responses. Combination of cetuximab with irinotecan in 
irinotecan-refractory mCRC showed increases in clinical response rates compared to cetuximab mono-
therapy (22.9% vs 10.8%), and in overall survival (8.6 vs 6.9 months) (12). Another phase II study in 
patients with mCRC using cetuximab in combination with oxiplatin-based chemotherapy in a first-line 
setting showed response rates over 70% (74). In addition, combination of radiotherapy with EGFR an-
tibodies in SCCHN patients demonstrated improvement of clinical survival, and prolongation of overall 
survival (75, 76). Additive effects have also been reported for other EGFR antibodies in combination 
with standard treatment regimens (77-80), and most combinations increased both clinical efficacy and 
overall survival, with minimal increases in toxicity. Despite these promising clinical advances, patients 
frequently develop resistance to EGFR inhibitors.
As discussed above, molecules downstream of EGFR, such as Akt and ras may render tumors insensitive 
to EGFR-targeted therapy (59, 63, 69, 70). In addition to combinations of anti-EGFR therapies with anti-
ras therapies, there are indications that agents that block the PI3K/Akt/mTOR pathway show synergistic 
anti-tumor effects. A recent report by Wang et al. (81) demonstrated PTEN-deficient glioblastoma cells 
to be sensitive to mammalian target of rapamycin (mTor) inhibition and EGFR-targeted combination-
treatment. Further, Li and colleagues (82) observed Akt inhibition by perfosine to enhance cetuximab’s 
anti-tumor activity in PTEN-deficient cells.
It is clear that not only the EGFR pathway, but also other receptor-signaling pathways contribute to tum-
origenesis and that redundancy can thus be expected. Previously, six essential alterations in cell function 
have been proposed to manifest malignant cell growth: evasion of apoptosis, sustained angiogenesis, lim-
itless replicative potential, tissue invasion and metastasis, resistance to anti-growth signals, and self-suf-
ficiency in growth signals (83). Numerous studies of cell lines and xenograft tumor models demonstrated 
EGFR-targeted therapies to interfere with all six of these alterations; complete tumor regression, however, 
has rarely been observed (84, 85). Likewise, certain patient subsets have been found refractory to EGFR-
targeted treatments, despite EGFR over-expression on their tumors.
Previous reports demonstrated over-expression of other transforming molecules in EGFR-therapy re-
sistant tumors. For example, insulin-like growth factor receptor 1 (IGFR-1) over-expression has been 
documented to cause resistance against TKI as well as the anti-HER2 antibody trastuzumab (86, 87). 
Notably, IGFR-1 acquired resistance could be overcome by co-targeting resistant cells with EGFR TKI 
and anti-IGFR-1 antibodies. A report by Engelman et al. (88) showed that in 4 out-of-18 NSCLC pa-
tients resistance to EGFR treatment was mediated by amplification of the proto-oncogene c-MET. c-MET  
amplification triggers activation of the PI3K/AKT pathway via HER3, rendering the tumor cells resistant 
to gefitinib. These cells were also resistant to gefitinib and a specific c-MET inhibitor (PHA-665,752)  
mono-treatment, whereas combination treatment resulted in significant growth inhibition (88). Cetuxi-
mab-resistance has, furthermore, been associated with increased secretion of the pro-angiogenic fac-
tor VEGF (89). EGFR mAb down regulate VEGF expression and microvessel density in tumors (31). 
Tumor escape via enhanced VEGF expression provided a rationale for combination of EGFR inhibitors 
with agents targeting angiogenesis, such as the anti-VEGF mAb bevacizumab in patients with recurrent 
NSCLC (90).
Combination of anti-EGFR therapies with conventional (chemo- or radio) therapies, inhibitors of down-
stream signaling molecules, agents targeting oncogenic molecules or combination of mAb-based thera-
pies seem to represent the next phase in clinical development of EGFR-targeted therapies. It is anticipated 
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that evaluation of appropriate combinations will improve clinical outcome and move the field of EGFR-
targeted therapies forward.

7.4 Conclusion & perspectives

At present, the field of EGFR-targeted therapy is evolving rapidly as better insights in EGFR biology and 
clinical trial data become available. Although objective clinical responses have been frequently observed 
during EGFR-targeted therapies, many patients develop therapy resistance. Accordingly, further research 
on mechanisms of action, appropriate dosing and treatment schedules, and a better understanding of the 
development of tumor cell resistance is crucial to further optimize therapeutic treatment regimens.
Oncogenesis in most solid tumors represents a multistep process with molecular pathogenesis that is not 
related to deregulation of a single target. It is, therefore, unlikely that a single targeted strategy would 
yield an optimal therapeutic outcome. Combination treatments targeting (redundant) receptors or down-
stream signaling molecules are expected to result in better therapeutic efficacy. Prognostic assays to 
stratify patients responsive to EGFR therapy will further optimize future clinical development of these 
agents. These developments will hopefully lead to better prospects for cancer patients and their families 
in the future.
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The epidermal growth factor receptor (EGFR) is a tyrosine kinase cell surface receptor involved in impor-
tant cellular signaling pathways. Aberrant EGFR activation drives tumorigenesis, and EGFR over-expres-
sion is observed in many human cancers. At present, EGFR inhibition represents a validated strategy for 
cancer therapy. A number of EGFR inhibitors are currently approved for clinical use, and can be distin-
guished in two classes: tyrosine kinase inhibitors (TKI) and monoclonal antibodies (mAb).
The aim of this thesis was to characterize the mechanisms of action of EGFR-targeted antibodies, and to 
identify patient, tumor or drug-related factors that modulate their therapeutic efficacy. Special focus is 
given to zalutumumab, a novel fully human EGFR-targeted antibody.
The first chapter contains an introduction to EGFR biology and its role in tumorigenesis (Chapter 1.2), 
including an evaluation of EGFR as target in cancer therapy. The EGFR-targeted drugs currently in clini-
cal development are reviewed, focusing on their mechanisms of action (Chapter 1.3). The chapter further 
addresses factors that modulate therapeutic efficacy of EGFR-targeted mAb intrinsic to the various drugs, 
patient characteristics or tumor etiology (Chapter 1.4).
Chapter 2 addresses the development and therapeutic mechanisms of zalutumumab. In vitro studies dem-
onstrated zalutumumab to effectively block EGFR signaling and induce Ab-dependent cell-mediated cy-
totoxicity (ADCC). Blockade of signaling was most effective in vivo at complete receptor saturation, and 
required relatively high Ab doses. At low receptor occupancy, anti-tumor effects were likely based on the 
engagement of ADCC.
The structural basis for inhibition of native EGFR molecules was studied in Chapter 3 using Protein 
Tomography, an electron microscopy-based technique. Zalutumumab binding to EGFR domain III 
was demonstrated to abrogate intramolecular flexibility as well as ligand binding, and “locked” EGFR 
molecules into an inactive conformation. Further, zalutumumab-mediated EGFR cross-linking affected 
intermolecular EGFR interactions, spatially separating the EGFR molecules’ intracellular kinase domains 
to an extent which appears incompatible with the induction of signaling.
The study described in Chapter 4 demonstrates patient and tumor related characteristics may impact 
therapeutic efficacy of EGFR mAb. We showed zalutumumab to be rapidly internalized by EGFR over-
expressing cells. EGFR-mediated zalutumumab internalization was observed to accelerate its plasma 
clearance in cynomolgus monkeys at low doses but not at high doses, resulting in nonlinear pharma-
cokinetics. As a result, EGFR saturation in normal tissues does not predict saturation in tumor tissue, as 
local antibody concentrations in EGFR over-expressing tumors may be more rapidly reduced by antibody 
internalization. Consequently, antibody saturation of EGFR may be affected, thereby affecting the local 
mechanisms of action of therapeutic EGFR mAb.
In Chapter 5 we investigated whether the glycosylation profile of zalutumumab, a drug-related property, 
impacted effector functions. Fab-domain mediated effector functions (e.g. blockade of EGFR signaling) 
were not affected by differences in antibody glycosylation, in contrast to Fc-mediated effector functions. 
Low fucosylated zalutumumab appeared more efficient in FcRIII-mediated ADCC by mononuclear 
cells, than fully fucosylated zalutumumab. However, granulocyte-mediated ADCC, was found to be trig-
gered via FcRIIa and, showed to be initiated, more effectively with high, compared to low fucosylated 
EGFR antibodies. Importantly, whole blood ADCC assays were partially inhibited by FcRIIa blockade 
and revealed little differences in cell killing between both batches of zalutumumab. Fc fucosylation may, 
thus, prove critical for therapeutic antibodies predominantly recruiting MNC for ADCC, while fucosyla-
tion levels are likely less relevant when PMN play a significant role in therapeutic effects initiated by 
EGFR mAb.
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In Chapter 6 we investigated the impact of tumor-derived EGFR mutations (L858R, G719S, delE746-
A750, T790M) on the anti-tumor activity of EGFR antibodies. These mutations were previously de-
scribed to alter EGFR kinase activity, and correlated with clinical responses to TKI therapy. In vitro 
analyses demonstrated mAb mediated anti-tumor effects, including EGFR signaling and growth inhibi-
tion, and ADCC not to be affected by any of these mutations. Somatic tumor-associated EGFR mutations 
are, therefore, not expected to impact the activity of therapeutic antibodies.
In conclusion, in most solid tumors oncogenesis represents a multistep process with molecular pathogen-
esis that is not centered on deregulation of a single target, multiple elements may modulate therapeutic 
efficacy during cancer treatment. It is therefore unlikely that a single targeted strategy yields an optimal 
therapeutic outcome. Prognostic assays to stratify patients responsive to EGFR therapy (as mono-treat-
ment or combination treatments) will facilitate the future clinical development of such agents. A thorough 
understanding of the various factors that modulate effect of antibody therapies are expected to yield better 
prospects for cancer patients and their families.
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De epidermale groei factor receptor (EGFR) is een tyrosine kinase receptor op het celoppervlak die be-
trokken is bij belangrijke signaleringsprocessen. Verstoorde EGFR activatie kan leiden tot tumorgenese. 
EGFR overexpressie wordt dan ook waargenomen op veel tumoren. Op dit moment vormt het remmen 
van EGFR een gevalideerde strategie voor kankertherapie. Een aantal EGFR remmers zijn momenteel 
goedgekeurd voor klinisch gebruik en te onderscheiden in twee klassen: tyrosine kinase remmers (TKI) 
en monoklonale antistoffen (mAb).
Het doel van dit proefschrift was om de werkingsmechanismen van antistoffen gericht tegen EGFR te ka-
rakteriseren en om patiënt-, tumor-, en medicijn gerelateerde factoren te identificeren die therapeutische 
werking van deze antistoffen beïnvloeden. Hierbij is speciale aandacht gegeven aan zalutumumab, een 
nieuwe volledig humane antistof gericht tegen EGFR.
Het eerste hoofdstuk geeft een inleiding in EGFR biologie en haar rol in tumorgenese (Hoofdstuk 1.2), 
en bespreekt EGFR als aangrijpingspunt voor kankertherapie. Het hoofdstuk geeft een overzicht van de 
diverse EGFR remmers die op dit moment in klinische ontwikkeling zijn, met nadruk op verschillen in 
hun werkingsmechanismen (Hoofdstuk 1.3). In hoofdstuk 1 worden verder een aantal factoren die de 
therapeutische activiteit van EGFR antistoffen moduleren beschreven. Deze kunnen gerelateerd zijn aan 
het gebruikte medicijn, de karakteristieken van patiënten, of tumor etiologie (Hoofdstuk 1.4).
Hoofdstuk 2 evalueert de ontwikkeling en therapeutische werkingsmechanismen van zalutumumab. In 
vitro studies laten zien dat zalutumumab effectief EGFR signalering kan remmen en antistof afhankelijke 
cellulaire toxiciteit (ADCC) kan induceren. Blokkering van signalering in vivo bleek het meest effectief 
bij volledige receptor verzadiging met antistof, en vereiste relatief hoge antistof doseringen. Remming 
van tumorgroei bij heel lage receptor bezetting was waarschijnlijk gebaseerd op inductie van ADCC.
De moleculaire basis voor remmen van EGFR werd onderzocht in Hoofdstuk 3 met behulp van Protein 
TomographyTM, een techniek gebaseerd op electronenmicroscopische analyse. Zalutumumab binding aan 
domein III van EGFR bleek zowel de intramoleculaire flexibiliteit van EGFR als de binding van EGFR 
liganden te verhinderen, en “vergrendelde” EGFR moleculen in een inactieve vorm. Verder bleek zalutu-
mumab gemedieerde EGFR crosslinking de intermoleculaire EGFR interacties te verstoren. We vonden 
dat zalutumumab de intracellulaire EGFR kinase domeinen ruimtelijk positioneert in een vorm die niet 
in staat is tot signalering.
Een studie beschreven in Hoofdstuk 4 laat zien dat patiënt- en tumor gerelateerde factoren de therapeuti-
sche effectiviteit van antistoffen kunnen beïnvloeden. We vonden dat zalutumumab snel werd geïnterna-
liseerd door EGFR op tumor cellen. Ook bleek internalizatie van zalutumumab via EGFR de klaring van 
zalutumumab uit plasma te versnellen in cynomolgus apen. In tegenstelling tot hoge doseringen, leidde 
dit bij lage doseringen van EGFR antistoffen tot een niet-lineaire pharmacokinetiek. Deze waarneming 
betekent dat de verzadiging van EGFR met antistof in normale weefsels slechts een gedeeltelijke voor-
spellende waarde geeft voor EGFR verzadiging in tumoren. Dit omdat de lokale antistof concentraties in 
EGFR over-expresserende tumoren snel verlaagd kunnen worden door antistof internalizatie via EGFR. 
De verzadiging van EGFR met antistof kan dus beïnvloed worden, waardoor de lokale activiteit van 
EGFR antistoffen in tumoren wordt aangetast.
In Hoofdstuk 5 hebben we onderzocht of het glycosyleringsprofiel van zalutumumab, een medicijn-ge-
relateerde eigenschap, invloed had op de therapeutische activiteit van de antisof. In tegenstelling tot Fc-
domein gerelateerde effecten, werden Fab-domein gerelateerde effecten (bv. blokkering van EGFR sig-
nalering) niet beïnvloed door verschillen in antistofglycosylering. Een zalutumumab batch van een laag 
fucosyleringsniveau bleek effectiever in het induceren van ADCC via FcRIII met mononucleaire cellen 
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(MNC), dan een volledig gefucosyleerde equivalent. ADCC geïnduceerd via granulocyten (PMN) bleek 
echter te lopen via FcRIIa en was effectiever met een volledig gefucosyleerde EGFR antistof. Fucosy-
lering van het antistof Fc domein bleek voornamelijk kritisch te zijn voor therapeutische antistoffen die 
ADCC teweegbrengen via mononucleaire cellen (zoals NK cellen), en minder relevantie te hebben voor 
processen waarbij granulocyten betrokken zijn.
In Hoofdstuk 6 is onderzocht wat de invloed is van een aantal tumor-specifieke EGFR mutaties (L858R, 
G719S, delE746-A750, T790M) op de therapeutische effectiviteit van EGFR antistoffen. Van deze muta-
ties werd eerder vastgesteld dat ze de kinase activiteit van EGFR beïnvloeden en daarmee de therapeuti-
sche effectiviteit van EGFR tyrosine kinase remmers. In vitro analyses laten zien dat antitumor activiteit 
van EGFR antistoffen, zoals effecten op EGFR signalering, tumorcel groei en ADCC, niet beïnvloedt 
worden door deze EGFR mutaties. Het is daarom niet te verwachten dat somatische, tumor-gerelateerde, 
EGFR mutaties de activiteit van therapeutische antistoffen zullen beïnvloeden.
Samenvattend kan gezegd worden dat oncogenese in de meeste solide tumoren een proces is dat bestaat 
uit meerdere stappen. De pathogenese van kanker wordt niet verklaard uit de ontsporing van één enkele 
moleculaire factor, mede daardoor kunnen vele factoren therapeutische behandeling beïnvloeden. Het is 
daarom niet te verwachten dat kankertherapie gericht op het behandelen van één enkele factor optimale 
resultaten oplevert. De ontwikkeling van voorspellende testen, voor selectie van behandelbare patiënten, 
voor EGFR mono-, dan wel combinatietherapie zal de verdere ontwikkeling van deze middelen sterk 
optimaliseren. Een grondig inzicht in de diverse factoren die de effectiviteit van antistoftherapieën beïn-
vloeden zal naar alle verwachting leiden tot betere vooruitzichten voor kankerpatiënten en hun families.
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2F8 zalutumumab/HuMax-EGFr
2F8-HF high fucosylated 2F8 antibody
2F8-LF low fucosylated 2F8 antibody
Ab antibody
ADCC antibody-dependent cell-mediated cytotoxicity
CDC complement-dependent cytotoxicity
CDCC complement-dependent cell-mediated cytotoxicity
cpm counts per minute
CRC colorectal cancer
DMSO dimethyl sulfoxide
E:T ratio effector to target cell ratio
EGF epidermal growth factor
EGFR EGF receptor
EMEA European Agency for the Evaluation of Medicinal Products
FACS fluorescence activated cell sorting
FcR Fc receptor
FcRn neonatal Fc receptor
FDA United States Food and Drug Administration
FISH fluorescence in situ hybridization
FITC fluorescein isothiocyanate
GPCR G protein coupled receptor
huIgG human IgG
IGFR insulin-like growth factor receptor
IgG immunoglobulin G
KLH keyhole limpet hemocyanin
mAb monoclonal antibody
MACS magnetic cell sorting
mCRC metastatic CRC
MFI mean fluorescence intensity
mIgG mouse IgG
MNC mononuclear cells
mTOR mammalian target of Rapamycin
NK  natural killer cell
NSCLC non small cell lung cancer
PAG colloidal gold-conjugated protein A.
PAHA primate anti human antibodies
PBS phosphate buffered saline
PDB protein database
PFS progression free survival
PI3K phosphatidylinositol 3-kinase 
PMN polymorphonuclear phagocytes
PTEN phosphatase and tensin homolog
RFI Relative immunofluorescence intensity
RT room temperature
SCCHN squamous cell carcinoma of the head and neck
t ½  half-life
TKI tyrosine kinase inhibitor
TRITC tetramethylrhodamine-5-(and 6)-isothiocyanate
VEGF vascular endothelial growth factor
WGA wheat germ agglutinin
wtEGFR wild-type EGFR
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