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Abstract—General properties of the family of tyrosine kinase ERBB receptors are considered in connection with their role
in the generation of cascades of signal transduction in normal and tumor cells. Causes of acquisition of oncogene features
by genes encoding these receptors and their role in tumorigenesis are analyzed. Anti-ERBB monoclonal antibodies
approved for therapy are described in detail, and mechanisms of their antitumor activity and development of resistance to
them are reviewed. The existing and the most promising strategies for creating and using monoclonal antibodies and their

derivatives for therapy of cancer are discussed.
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Such integral cellular processes as division, prolifer-
ation, differentiation, and apoptosis in eukaryotic cells
are finely coordinated with the involvement of protein
phosphorylation and dephosphorylation under the influ-
ence of protein kinases and protein phosphatases. About
one third of proteins encoded by the human genome are
phosphorylated, and disorders in phosphorylation of var-
ious proteins can cause a failure in the complicated sys-
tem of intracellular signal transduction and result in
pathological transformation of cells.

Abbreviations: ADCC, antibody-dependent cell cytotoxicity;
BC, breast cancer; EGFE, epidermal growth factor; EGFR, epi-
dermal growth factor receptor; ERBB, avian erythroblastic
leukemia viral oncogene homolog B (also EGFR/HER);
ERKSs, extracellular signal-regulated kinases; GPCRs, G-pro-
tein coupled receptors; HER, human epidermal growth factor
receptor; IGF-IR, insulin-like growth factor 1 receptor; JNKs,
c-Jun-N-terminal protein kinases; mAbs, monoclonal antibod-
ies; MAPKSs, mitogen-activated protein kinases; NLS, nuclear
localization signal; NRG, neuregulin; NSCLC, non-small cell
lung cancer; PI3K, phosphatidylinositol-3-kinase; PTEN,
phosphatase and tensin homolog; RTK, receptor tyrosine
kinase; SCCHN, squamous cell carcinoma of head and neck;
STATs, proteins of signal transduction and activators of tran-
scription; TGFa and TGFp1, transforming growth factors o
and B1; VEGF and VEGFR, vascular endothelial growth factor
and its receptor.

* To whom correspondence should be addressed.

Protein kinases are involved in the signal transduction
from the cell membrane to the nucleus. The first trans-
membrane protein shown to have tyrosine kinase proper-
ties was epidermal growth factor receptor EGFR (ERBBI,
HERI1). Now mammals are known to have at least 58
receptor tyrosine kinases (RTK), which are subdivided
into 20 families [1-3]. These cellular receptors have a com-
mon structural scheme: the intracellular part is represent-
ed by rather conservative subdomains of tyrosine kinase,
which are separated by a transmembrane domain from the
receptor inherent extracellular part of the molecule [4].
The extracellular domains of RTKs have significant differ-
ences, which promote the selective activation of RTKs
through interactions with a number of natural ligands.

We have under consideration the family of RTKSs that
in mammals is represented by four receptors, ERBB1-4.
Normally, ERBB receptors are involved in growth, differ-
entiation, migration, and apoptosis of epidermal cells.
Disorders in the regulation of ERBB receptors lead to
uncontrolled growth of cells characteristic of some epi-
dermal tumors. The signaling network initiated by inter-
action of the ERBB family receptors with ligands and its
key elements regulating the direction and rate of the sig-
nal transduction play an important role in pathogenesis of
tumor diseases.

Overexpression of ERBB receptors in many tumor
cells as compared with cells of the normal tissues seems to
be promising for successful use of these receptors as tar-
gets for diagnosis of diseases and a selective affecting the
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tumor by monoclonal antibodies (mAbs) [5, 6]. At pres-
ent around 30 mADb preparations are approved for clinical
application, and the most of them are specific for surface
cellular receptors including ERBB [6, 7]. We have con-
sidered some clinical aspects of using mAbs for therapy of
oncologic diseases, molecular mechanisms that deter-
mine their efficiency, and also causes of appearance of
resistance to treatment with anti-ERBB antibodies and
approaches to overcome it. The prospects of creating and
using anti-ERBB monoclonal antibodies of the new gen-
eration in the treatment of tumor diseases are discussed.

STRUCTURE AND BIOLOGICAL ROLE
OF RECEPTOR TYROSINE KINASES
OF THE ERBB FAMILY

A complicated network of transduction of intracellu-
lar signals mediated by ERBB1-4 receptors (avian ery-
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throblastic leukemia viral oncogene homolog B) or
EGFR/HER2/neu/HERI1-4 (epidermal growth factor
receptor/human epidermal growth factor receptor) con-
sists of several levels (Fig. 1). The first level includes vari-
ous natural polypeptide ligands (epidermal growth fac-
tors), which interact with ERBB receptors incorporated
in the cell membrane and activate their kinase activity.
Activated homo- and heterodimers of the receptors inter-
act with adaptor proteins located in the cytoplasm,
which, in turn initiate cascades of signal transduction.
The cascades including a multiplicity of proteins are unit-
ed in a complicated network. This is the second level of
the fine mechanisms regulating the rate of signal trans-
duction. On the third, the epigenetic level, the signals
reach transcription factors and repressors involved in the
regulation of expression of genes responsible for the main
processes of cell life (homeostasis, proliferation, differen-
tiation, migration, and apoptosis). This complicated sys-
tem of signal transduction is characterized by extreme

( IN’IEE:I) Extracellular space

~

?

’Eytoplasm

PI3K>@

,LF\

—

L

Cell responses

~MMW|:‘?:‘ Nm
! [

[ Cell cycle ] [Differentiation] [Proliferation] Apoptosis)

Migration ]

Fig. 1. Scheme of the signaling network of ERBB receptors. For better visualization, the signal transduction is exemplified by two functional-
ly active dimers (ERBB1/ERBBI1 and ERBB2/ERBB3) and three main descending signaling pathways (PAK/JNK, Ras/MAPK, and
PI3K/Akt). Of 11 ligands interacting with ERBB receptors, the following are shown: epidermal growth factor (EGF), transforming growth
factor-o. (TGFa), heparin-binding EGF-like growth factor (HB-EGF), and neuregulin-1 (NRG1). Monomers and some functionally active

dimers of ERBB1-4 are shown.
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stability and by ability to function independently of exter-
nal and internal perturbations. The stability of this multi-
level system is promoted by a modular structure with con-
servative core processes, a systemic control with positive
and negative feedbacks, redundancy, and, although para-
doxical, by an ability to rapidly change [4].

Interaction of ERBB receptors with natural ligands
and activation of the tyrosine kinase function. Receptors
ERBB1-4 (EGFR/HER1-4) of mammals are members
of one of 20 families of transmembrane receptor tyrosine
kinases (RTK) [1]. Similarly to the majority of RTKs,
they consist of the receptor inherent extracellular N-cel-
lular domain, the solitary transmembrane o-helical part,
and the cytoplasmic tyrosine kinase C-terminal domain
(Fig. 1). ERBB receptors are located on the cell surface as
functionally inactive monomers, which are in equilibrium
with a small population of inactive receptor domains.

In normal cells activation of the tyrosine kinase
function of ERBB is strictly regulated by natural polypep-
tide ligands (Fig. 2) that interact with the extracellular
domain of the receptor. Epidermal growth factor (EGF)
[9] was the first ligand detected, and for its discovery
Stanley Cohen was awarded the Nobel Prize in 1986. The
ligand interaction with ERBB receptors is not strictly
selective [4]. EGF preferentially binds with the ERBB1
receptor, whereas neuregulins bind with ERBB3, 4. The
ligand affinity for the receptors can be significantly differ-
ent, thus neuregulins NRG3/4 have a high affinity for
ERBB4 and neuregulins NRG13/2p for ERBB3 and
ERBB4 [4, 8]. In the absence of ligands ERBB receptors
do not have tyrosine kinase activity. Note that no natural
ligand has been found for ERBB2 (HER2/neu) (Fig. 2),
and ERBB3 even upon binding with a ligand does not
have protein kinase activity because of structural imper-
fections in the tyrosine kinase domain; therefore, these
two receptors do not work separately but form functional-
ly active heterodimers [8].

Extracellular domains of ERBB receptors (except
HER2/neu) in the absence of ligand are shown to be in a
tethered conformation supported by intramolecular
interaction of subdomains II and IV (Fig. 3, aand b) [10].
In this conformation the receptors are able only for a
reversible symmetric dimerization and do not have kinase
activity (an intramolecular auto-inhibition). The addi-
tion of the ligand to subdomains I and III induces signif-
icant conformational rearrangements in the extracellular
domain of the receptor, which passes into the open state
and is dimerized due to intermolecular interaction of sub-
domains of the same name I1/1I and IV/1V (Fig. 3b) [10].
As differentiated from the majority of tyrosine kinase
receptors in which transphosphorylation of juxtamem-
brane regions results in a further activation of the kinase
domain, ERBB receptors are known to have an allosteric
mechanism of kinase activation [11]. The addition of lig-
and to two neighboring molecules of EGFR was recently
shown not only to stabilize the dimer of the extracellular
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Fig. 2. Scheme of cross-interaction of ligands with ERBB1-4
receptors. Adapted from [8] (Wilson, K. J., Gilmore, J. L., Foley,
J., Lemmon, M. A., and Riese, D. J., 2nd. (2009) Pharmacol.
Ther., 122, 1-8) by permission of Elsevier, copyright (2009).

domains, but also to induce asymmetric conformational
changes in the juxtamembrane region of the intracellular
kinase domains of the receptor [12]. One of the kinase
domains becomes an activator, and the other acts as a
recipient that acquires the kinase activity as a result of the
asymmetric dimerization [12]. A similar mechanism of
activation has been shown for ERBB4 [11].

Note that, as differentiated from the corresponding
domains of ERBBI1, 3, and 4, the extracellular domain
ERBB2 (HER2/neu) has an open conformation (Fig. 3,
a and b) and normally is capable of producing functional-
ly active heterodimers with other ERBB receptors and
intensifying the signal without a preliminary binding with
a ligand. In some carcinomas ERBB2 is overexpressed,
which results in a sharp increase in the concentration of
this receptor on the surface of tumor cells promoting for-
mation of functionally active homo- and heterodimers of
ERBB2 and uncontrolled transduction of the signal [13].

Interaction of ERBB receptors with adaptors and sig-
naling proteins. Intracellular C-terminal domains of
ERBB receptors are the first and the most important sub-
strates of activated RTKs. Autophosphorylation of tyro-
sine residues on the C-terminus of the tyrosine kinase
domains of ERBB receptors results in formation of dock-
ing sites interacting with adaptor and signaling molecules
containing regions of homology-2 with the Src oncogene
(SH2) and phosphotyrosine-binding domains (Polo box
domains, PBD) [14] (Fig. 4). The set of tyrosine residues
phosphorylated upon ERBB1-4 activation varies depend-
ing on the receptor and at the lower degree on the ligand
[15, 16], and this determines the receptor interaction with
cytoplasmic proteins and, as a result, the signal direction
and intensity (Fig. 4). The interaction of receptors with
adaptor proteins Grb2 and Shc and such signaling pro-
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ies with different specificity. a) Structures of extracellular domains of ERBB1-4 without ligands; b) scheme of an active heterodimer forma-
tion; ¢, d) schemes of inhibitory mechanisms of receptor dimerization by antibodies specific to different epitopes of ERBB1 and ERBB2,
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Fig. 4. Scheme of interaction of adaptor proteins with phosphotyrosine residues in the C-terminal and kinase domains of the ERBB1-4 recep-
tors. Only phosphotyrosine residues involved in contacts with adaptor proteins are shown. Adapted from [15] (Schulze, W. X., Deng, L., and
Mann, M. (2005) Mol. Syst. Biol., 1, 2005-2008) by permission of Macmillan Publishers Ltd: [Mol. Syst. Biol.], copyright (2005).

teins as phospholipase Cy (PLCy), phosphatidylinositol-
3-kinase (PI3K), proteins of signal transduction, and
activators of transcription (STATS) triggers the subse-
quent cascades of signaling pathways mediating different
cellular processes [1, 4] (Fig. 1). Thus, activated ERBB
receptors are the key point in the signal transduction from
the environment into the cell.

Homodimers ERBBI1 and ERBB4 can interact with
many adaptor protein and lipid kinases that are signal
transducers (Fig. 4). Thus, the homodimer ERBB1 upon
autophosphorylation of some tyrosine residues on the C-
terminus of the molecule interacts with adaptor phospho-
tyrosine-binding proteins Grb2 and Shc and activates
them via phosphorylation. Later, these proteins responsi-
ble for phosphorylation of the Ras protein trigger reac-
tions of the cascade of mitogen-activated protein kinase
(MAPK) (Fig. 1). Another direct substrate of ERBBI is
the signal transducer and activator of transcription
STATS. ERBBI1 cannot directly activate the signaling
pathway PI3K/Akt, but it can influence it by triggering
the Ras/MAPK signaling cascade.

It has been shown that EGFR/ERBBI plays a key
role in development of epithelial cells of different tissues
and organs. Knockout of the FRBBI gene induces aber-
rant proliferation, migration, and differentiation of
epithelial cells of lungs, skin, intestine, and placenta and
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causes lethal imperfections of the brain and neurodegen-
eration [17]. Another member of this family, ERBB4, is
functionally similar to ERBB1 and is associated with dif-
ferentiation of epithelial cells. As an activated dimer,
ERBB4 interacts with the adaptor proteins Grb2 and Shc,
the activator of transcription STATS, and, as discriminat-
ed from ERBBI, can activate the PI3K/Akt signaling cas-
cade [15, 18].

The ERBB3 receptor is not an autonomous member
of the family: it fails to produce homodimers having
kinase activity, but it can auto-associate into inactive
oligomers that are destroyed on the receptor binding with
a ligand (neuregulin) [19].

ERBB2 does not bind with any ligand (Fig. 2), but it
is a preferential partner for producing heterodimers with
three other members of the ERBB family and upon phos-
phorylation binds with many phosphotyrosine-binding
proteins, including the adaptor proteins Grb2 and Shc
[20] (Fig. 4). Heterodimers containing ERBB2 have a
higher affinity for growth factors than other heterodimers
due to the low dissociation rate of the receptor—ligand
complex [20], and that are also characterized by a slow
endocytosis and rapid recycling of the receptor [21].

ERBB2-containing heterodimers and especially
ERBB2/3 are the most effective signal transducers in the
cascade chains [22]. These heterodimers initiate strong
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mitogenic signals that lead to a synchronous and pro-
longed triggering of a multiplicity of signaling cascades,
promote accelerated cell proliferation and migration, and
decelerate the entrance into apoptosis. Thus, ERBB2 is a
natural enhancer in the complicated system of signal
transduction mediated by ERBB receptors.

Signal transduction cascades mediated by ERBB
receptors. Even on the level of signal transduction from
ERBB receptors to cytoplasmic proteins, it is obvious that
not a simple linear pathway of signal transduction into the
cell from the solitary receptor has been formed in mam-
mals during evolution but rather a complicated signaling
network mediated by four functionally different membrane
receptors capable of being activated upon interaction with
different ligands and of triggering different signaling path-
ways [2]. Among these pathways, it is necessary to set off
the main directions of the signal transduction whose dam-
age on different levels can result in tumorigenesis.

Signaling pathway Akt/PI3K, or a survival pathway
(Fig. 1). In response to stimulation with growth factors or
various external stresses (thermal shock, ischemia,
hypoxia, hypoglycemia, oxidative stress), the serine-thre-
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onine kinase Akt influences cell proliferation and apopto-
sis [23]. The Akt/PI3K signaling cascade starts from
interaction of phosphorylated tyrosine residues of ERBB
(Fig. 4) with the regulatory domain p85 of PI3K kinase
[24, 25]. As a result of a conformational rearrangement,
the catalytic domain p110 of PI3K kinase becomes enzy-
matically active. Then PI3K kinase catalyzes the transfor-
mation of phosphatidylinositol diphosphate (PIP2) to
triphosphate (PIP3) necessary for the subsequent phos-
phorylation of Akt under the influence of protein kinases
PDK and S6K.

The key role in regulation of the Akt cascade belongs
to phosphatase and tensin homolog PTEN, which
dephosphorylates an excess of phosphatidylinositol-3-
phosphate to the diphosphate (PIP3 — PIP2), inhibiting
phosphorylation of Akt and preventing the signal trans-
duction.

Kinase PI3K can also be activated by proteins Ras
(see below) and through other signaling pathways
(VEGFR, cytokines, insulin) [24, 25] (Fig. 5).

Further, kinase Akt is involved in many various
events, and they all display antiapoptotic and proliferative
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Fig. 5. Scheme of overlapping signaling pathways activated by membrane receptor protein kinases ERBB1-4, IGFIR, VEGFR, and
cMET/HGFR. Points of action of antitumor therapeutic agents are indicated.
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effects and contribute to metabolic processes, protein
synthesis, regulation of transcription and cell cycle, and
also of apoptosis [23]. Akt exerts its influences through
phosphorylation of many various substrates, including the
mammalian target of rapamycin (mTOR), transcription
factors FKHRLI1 and nuclear factor-kappa B (NF-«xB),
cycle checkpoint kinase-1 (Chkl), and also apoptosis
proteins: BCL2 antagonist of cell death (BAD), caspase-
9, and apoptosis signal-regulating kinase-1 (ASK1) [26].

Proteins of the Akt signaling cascade (Akt, PI3K,
PTEN) are important prognostic markers of oncologic
diseases and targets for therapeutic interventions [27].

Signaling pathway Ras/ERK/MAPK as a pathway of
cell proliferation and differentiation (Fig. 1). Mitogen-
activated protein kinases (MAPKSs) belong to the class of
serine-threonine protein kinases, and they are activated
in response to various external exposures and transmit
signals from the cell surface to the cell nucleus. MAPKSs
are subdivided into three main families: extracellular sig-
nal-regulated kinases (ERKSs), c-Jun N-terminal protein
kinases (JNKSs), and p38 kinases. ERK1 and ERK2 act as
a central component of the Ras/ERK/MAPK signaling
cascade responsible for cell growth and differentiation. In
addition to receptors of the ERBB family, this cascade
can be activated by G-protein coupled receptors
(GPCRs) and by other RTKs. Activation of ERKSs is trig-
gered as a result of interaction of an activated ERBB
receptor with the adaptor proteins Shc and growth factor
receptor bound protein-2 (Grb2), which, in turn, attract
for further events the son of sevenless protein (SOS) (Fig.
1). The resulting complex provides for the replacement of
GDP bound with the Ras protein by GTP and the activa-
tion of Raf kinase, which activates a three-step cascade of
successive phosphorylation of MAP kinase kinase kinase
(MAP3K/MEKK), MAP kinase kinase (MAP2K/
MEK), and MAPK (Fig. 1). In turn, MAPK activates
ERKI1 and ERK2 via phosphorylation on threonine and
tyrosine residues in the conservative motif TEY [28].

Some members of the Ras/ERK/MAPK signaling
pathway (proteins of the Ras and Raf families) were ini-
tially identified as protooncogenes, and they are impor-
tant prognostic markers of oncologic diseases and targets
for therapeutic interventions.

Signaling pathway JNK/SAPK, or the stress pathway
(Fig. 1). Members of the INK/SAPK family play the
major role in regulation of cell responses under condi-
tions of stress or inflammation and also during neuronal
differentiation and during apoptosis [29]. JNKs can be
activated through RTKs, cytokines, or GPCRs. This
process is much more complicated and less studied than
the activation of ERKs, and it involves a large set of pro-
teins including more than 10 MAPKKSs [29]. As differen-
tiated from the Ras/ERK/MAPK signaling pathway, the
initial stage of JNK activation occurs under the influence
of a protein Vav (initially identified in humans as a pro-
tooncogene), which belongs to the Dbl family of guani-
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dine exchange factors and interacts with the Rho/Rac
family of GTPases [30]. Upon activation, JNK/SAPK is
translocated into the nucleus where it phosphorylates
some transcription factors, including c-Jun and p53 [31].
Moreover, INK phosphorylates and stabilizes heat shock
factor-1 (HSF1) and thus contributes to the cell protec-
tion against stress. The JNK/SAPK stress signaling path-
way seems to play an important role in pathogenesis of
some neurodegenerative, inflammatory, and oncologic
diseases; therefore, identification of crucial components
of this pathway may reveal new therapeutic targets for
treatment of these diseases [29].

Recent data have shown that the signal from ligand-
activated tyrosine kinase receptors can be transduced not
only via cascades involving protein kinases and transcrip-
tion factors, but also by a direct transfer of receptors or
their fragments into the nucleus [32]. As early as 5 min
after activation by EGE, ERBBI can be detected in the
nucleus [33]. All four ERBBs have been shown to contain
in the transmembrane domain nuclear localization signal
(NLS) amino acid sequences responsible for the nuclear
localization of these proteins [34]. NLS sequences con-
tain three clusters enriched with Arg and Lys in the region
of 645-657. Mutations Arg/Ala or Lys/Ala sharply
decrease the nuclear localization of the receptors.

Regulation and stability of the ERBB signaling net-
work. Primary mechanisms of interrupting or weakening
the signal include receptor inactivation under the influ-
ence of phosphatases and also its internalization by endo-
cytosis and subsequent proteolytic degradation [35]. On
the C-terminus of the ERBBI molecule there is a site of
recognition of ubiquitin ligase Cbl (Fig. 4), which is
responsible for ubiquitinylation of the receptor and its
subsequent rapid degradation in lysosomes [36]. The
major mechanism of ERBBI internalization is clathrin-
dependent endocytosis, which can lead to the backward
migration of activated receptors from caveolae or to irre-
versible degradation of ERBBI1 [37]. The binding with
EGF accelerates endocytosis of the receptor and concur-
rently diminishes the recycling/degradation ratio result-
ing in interruption of the signal [38]. Hyperphosphoryl-
ation of the internalized ERBBI1 is also shown, and it
retains the enzymatic activity and interacts with effector
proteins that are signal transducers (Shc, Grb2, SOS).
And the efficiency of ERBBI is sufficient for activation of
the main signaling pathways leading to cell proliferation
and survival. These processes occur with involvement of
the APPL family proteins, in particular, with EGE, which
is the major ligand of ERBBI1 inducing the transfer of
APPL1 into the nucleus, where this protein interacts with
histone acetyltransferase and controls gene expression. In
contrast, the binding of ERBB1 with TGFa promotes
rapid recycling and the receptor return onto the cell
membrane as an inactivated monomer [37].

The ERBB2 receptor does not have sites for interac-
tion with ubiquitin ligase Cbl (Fig. 4), so this receptor
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undergoes slow endocytosis and is characterized by a
rapid return onto the cell membrane [21]. Note that
ERBBI1 as a component of the heterodimer with ERBB2
also escapes ubiquitinylation and rapid degradation in
lysosomes [39].

In many cases, the stability of all elements of the sig-
naling network is important and often decisive for its
functioning. Supporting the native structure of ERBB2
and protection against proteolytic cleavage are provided
under the influence of the chaperon HSP90 and the co-
chaperon CDC37, which protect ERBB2 against degra-
dation by the 26S proteasome complex [40]. The chaper-
on not only stabilizes the ERBB2 structure. Interacting
with the kinase domain of ERBB2, the chaperon decreas-
es the kinase activity and limits production of active
ERBB2 heterodimers with other receptors, e.g. with
ERBB3 [41]. Inhibition of glycolysis or respiration in
mitochondria of isolated myocytes causes a rapid dissoci-
ation of ERBB2 from the complex with the chaperon and
degradation of this receptor. Note that the action of the
antibiotic geldanamycin (an inhibitor of HSP90) used in
cancer therapy is based on the same effect. This result
suggests the dependence of epidermal growth factors on
the energy potential of the cell [42].

Note that during recent years many experimental
data have accumulated indicating that the activity of
ERBB oncogenes is controlled on the genetic level with
involvement of transcription factors and also of repressors
interacting with ERBB promoters [43] or with promoters
of the genes encoding proteins of the signaling cascades
[44]. Thus, the transcription factor FOXP3 inhibits tran-
scription of the ERBB2 gene via direct binding with the
FERBB2 gene promoter [43]. In fact, 90% of mice carrying
the mutant gene Foxp3 are characterized by a sponta-
neous appearance of mammary gland tumors, and ~60%
of these are malignant [43].

Posttranslational (epigenetic) modifications and, in
particular, aberrant methylation of ERBB promoters play
an important role in the regulation of ERBB genes and
malignant transformation of cells. Thus, in some cases
hypermethylation of the EFRBB4 promoter completely
suppresses this gene, which results in a malignant tumori-
genesis with poor prognosis [45].

TRANSFORMATION OF ERBB GENES
INTO ONCOGENES

Disorders in the structure and regulation of ERBB
receptors result in uncontrolled growth of cells and are
characteristic for many epithelial tumors and also for
some other diseases. These disorders are as follows:
hyperexpression of the receptors on the cell surface,
mutations, incorrect localization, autocrine secretion of
ligands, and impaired endocytosis. During early stages of
breast cancer development in tumor cells, genetic

POLANOVSKI et al.

“breaks” are accumulated that manifest themselves in a
disturbed regulation of expression of potential oncogenes
and suppressors of tumor growth. These changes lead to a
further increase in the instability of the tumor cell
genome, disorders in cell differentiation, tumor growth,
and metastasis [46].

Instability of the tumor cell genome and amplification
of the ERBB genes. The ERBB2 gene, which is one of the
first identified human oncogenes, is located in the 17q12
locus. The amplification of this gene and overexpression
of the corresponding receptor are observed in 20-30% of
malignant breast tumors [47]. The tumor cells with over-
expressed FRBB2 have gene amplification in the wide
region of 17q12-g21 (5.7-10° bp), and in this region, in
addition to the ERBB2 gene, the genes TOP2, BRCAI
(breast cancer 1), GRB7, and also the gene STAT3 (signal
transducer and activator of transcription 3) are also local-
ized. The expression levels of these genes are increased in
tumors overexpressing ERBB2 and thus induce a rapid
and aggressive tumor progression [48]. Moreover, the
ERBB2 amplification is associated with specific changes
in some loci of other chromosomes (11ql13, 16q22-q24,
and 18qg21) that, in turn, can influence the amplification
of oncogene ERBB2 and accelerate tumor growth [46].
The ERBB2 gene hyperexpression can be also a result of
disorders in functions of transcription factors involved in
its regulation [43]. The status of gene HER2/neu
(ERBB?2) is one of major traits for identification of breast
tumor subtypes, disease prognosis, and choice of treat-
ment approaches [49].

The ERBBI gene is located in the 7p12 locus, the
amplification of which associated with receptor overex-
pression, and genetic instability of the tumor cells is char-
acteristic for malignant tumors of head and neck, col-
orectal cancer, breast carcinomas, and non-small cell
lung cancer [50-52]. Until recently, this gene status had
not been used as a prognostic trait in breast cancer, but an
increased expression of this gene found in ~40% of mam-
mary gland tumors that in the most cases are hormone-
dependent allows us to consider it as an important prog-
nostic marker. An increased expression of the ERBBI
gene is also observed in 80% of cases of triple negative
breast cancer (TNBC), a recently described class of
aggressive mammary gland tumors characterized by the
absence of hormonal dependence and overexpression of
the ERBB2 gene [53]. The ERBBI gene amplification is
0-14% for a random sample of tumors and up to 28% for
carcinomas [54].

Data on the status of the ERBB3 (genetic locus
12q13) and ERBB4 (genetic locus 2q33) genes in human
tumors and on their prognostic value are mixed [55, 56].
These loci are amplified in 75 and 37% of breast cancer
cases, respectively [55]. The ERBB3 overexpression espe-
cially combined with ERBB2 or ERBBI hyperexpression
is associated with a rapid progression of ovary, prostate,
and lung cancer and with poor prognosis for the patient
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[56], whereas a high expression of ERBB4 is associated
with better survival and response to treatment [55].

Spontaneous somatic mutations. ERBB receptors
can acquire features of oncogene proteins also as a result
of somatic mutations arising in tumor cells [52]. Such
mutations are found in virtually every functional domain
of ERBB receptors — the extracellular, ligand-bound,
perimembrane, and protein kinase intracellular domains.
The elongated deletion del2-7 of the extracellular domain
EGFRUVIII characteristic for 30-50% of gliomas leads to a
constitutive ligand-independent dimerization and the
subsequent activation of the receptor [57]. Mutations
affecting the contact between subdomains II and IV lead
to increase in the binding affinity of EGF and TGFa and
to spontaneous dimerization [10]. Rare missense muta-
tions have been detected recently in the perimembrane
regulatory region of ERBBI, and two of them are consti-
tutively active possibly due to a stabilizing influence dur-
ing receptor dimerization.

Activating mutations of ERBBI and ERBBZ2 in the
kinase domain induce a ligand-independent increase in
the signaling activity, resistance to treatment with tyro-
sine kinase inhibitors, deceleration of internalization, and
degradation of the internalized receptor [58, 59]. Small
deletions or insertions in the P-loop of the ERBBI kinase
domain not affecting the reading frame are found in 10-
13% of patients with non-small cell lung cancer
(NSCLC). Similar somatic mutations of ERBB2 were
found in 5% of patients with NSCLC, in 3-5% of patients
with gastrointestinal tract carcinomas, and in <5% of
patients with breast carcinoma [60, 61]. Cells of multi-
form glioblastoma, which is one of the most aggressive
brain tumors, were found to have duplication of the
EGEFR kinase domain associated with kinase constitutive
activation and with a malignant course of the disease [62].

Autocrine stimulation of RTKs. Expression of activat-
ing mutants of ERBB2 not only increases the signal trans-
duction but also induces some pro-tumor growth factors
and changes the tumor microenvironment [63]. Thus, it
has been recently shown that expression of a mutant
ERBBZ2 in epithelial cells of mammary gland activates the
autocrine transforming growth factor TGFB1 and ligands
TGFao and amphiregulin of the ERBB1 receptor and also
the vascular endothelium growth factor VEGF [63].

Considering the signaling network mediated by the
ERBB receptors and its role in carcinogenesis on the
whole, we must note that disorders in the regulation of
this very complicated system leading to carcinogenesis
can occur at its every level [2, 46, 64] (Fig. 1). In fact,
both the receptors themselves and the majority of signal-
ing proteins and adaptors (BRAFE, KRAS, HRAS, NRAS)
have been identified as oncogenes or their homologs [65]
and are characterized by hyperexpression and somatic
mutations in tumor cells [48]. The ERBB receptors and
also many components of this cascade, especially kinases
(kinases BRAF, KRAS, HRAS, NRAS, Akt, MEKI,
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PI3K, phosphatase PTEN, chaperon HSP90), are diag-
nostic markers and therapeutic targets in oncologic dis-
eases [27, 48, 54]. Consideration in detail of these onco-
genes, except for the ERBB receptors, is beyond the lim-
its of the present review, but we cannot fully neglect them
when combined approaches to cancer therapy are under
discussion.

ERBB RECEPTORS AS TARGETS
FOR THERAPEUTIC INTERVENTIONS

During the last decade, many new therapeutic tar-
gets have been found that belong to signaling cascades of
ERBB receptors and that play an important role in malig-
nization of epithelial cells. Various kinase inhibitors have
been developed having a wide spectrum of activity and
narrow specific ones acting on proteins of the ERBB sig-
naling network at virtually all levels of the signal trans-
duction [66, 67] (Fig. 5); however, the greatest efforts of
researchers have been concentrated on finding approach-
es for inhibition of the ERBB signaling system just at the
signal entrance, i.e. at the receptor level.

The main therapeutic strategies for inhibition of the
ERBB signaling network on the receptor level include the
following approaches: selective inhibition of autocrine
ligands (TGFa and HB-EGF) of ERBB receptors by
mAbs [68]; selective inhibition of ERBB receptors by
mAbs [69]; inhibition of autophosphorylation and kinase
activity of ERBB receptors by low molecular mass kinase
inhibitors with different degrees of specificity [66, 67, 70];
inhibition of HSP90 by the antibiotic geldanamycin to
increase the rate of endocytosis and degradation of
ERBB?2 [40]; inhibition of transcription of genes encod-
ing ERBB receptors [71]; inhibition of so-called sheddas-
es — enzymes “shedding” the ectodomain of ERBB
receptors from the cancer cell surface [72].

Among 11 kinase inhibitors approved by the FDA for
clinical application, three are specific to ERBB receptors:
two preparations, gefitinib (Iressa®) and erlotinib
(Tarceva®), are reversible inhibitors of EGFR kinase
activity, and a new generation drug lapatinib (Tykerb®)
irreversibly inhibits EGFR and ERBB2 [73]. The follow-
ing preparations are now subjects of stage I and II clinical
trials: canertinib capable of irreversible inhibiting
ERBBI1-4 due to blocking the ATP-binding site of the
receptors, and pelitinib that irreversibly inhibits ERBBI,
2, 4 due to binding with the tyrosine kinase domain. The
so-called new “multi-target” kinase inhibitors, which can
simultaneously block different signaling pathways, also
attract increasing attention. They are, in particular,
exemplified by the preparation vandetanib inhibiting the
kinase activity of VEGFR and EGFR [74]. As a rule, low
molecular mass inhibitors of RTKSs have a low specificity
to tumor cells, high toxicity, and induce development of
drug resistance when used for a long time, which is asso-
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Monoclonal antibodies to ERBB receptors (EGFR/HER) and some other cell surface receptors triggering overlapped
signaling pathways

Molecular Antibody Commercial Antibody Epitope/action Use Introduction | Source
target name or working format/ mechanism for disease into clinical
in USAN* name/ K; (M) therapy practice
producers
1 2 3 4 5 6 7 8
ERBBI Cetuximab | Erbitux®/ chim. IgG1 subdomain I11/ | CRC, NSCLC, | FDA 2004 [78]
(EGFR) ImClone (USA), | (IMC225)/ inhibits binding | SCCHN
Bristol-Myers 1-1071° with ligand,
Squibb (USA) ADCC
Panitumu- | Vectibix®/ hum. mAbs subdomain III | CRC, NSCLC, | FDA 2006 [79]
mab Amgen (USA) 1gG2 (E7.6.3)/ | of EGFR BC (CRC); CT,
51071 phase 11/111
(NSCLC, BC)
Nimotu- Theraloc®/ hmnz. mAbs =" SCCHN, CT finished
zumab Oncoscience (h-R3)/1-107° NSCLC, [80]
(Germany), PGC, SC
TheraCIM/
CIMYM
Biosciences
(Canada)
Matuzumab | EMD72000/ hmnz. mAbs subdomain III | OC, PGC, EC —"— [79, 81]
Merck KGaA 425/3.4-1071° | (epitope other
(Germany) than of
Cetuximab)
Zalutu- HuMax-EGFr/ | hum. IgG1 subdomain IIT | SCCHN CT, [77]
mumab Genmab of EGFR phase I1/111
(Denmark)
Necitu- IMC-11F8/ —"— —"— NSCLC —"— [77]
mumab ImClone (USA)
EGFR(del2-7)/ — mAbs 806 mAbs 806 subdomain glioma CT, phase I/I1 [82]
EGFRVIII I1/111
ERBBI1 + CD64 — MDX-447/ hmnz. bispe- EGFR subdo- | SCCHN ="— [83]
Medarex (USA), | cific (Fab), main 111/
Merck KGaA ADCC (CD64)
(Germany)
ERBB2 Trastu- Herceptin®/ hmnz. IgG1 subdomain IV/ | HER2/ neu(+) | FDA 1998 [84]
(HER2/neu) zumab Genentech mAbs 4D5 ADCC, shed- BC
(USA) ding inhibitor
Trastuzumab | Genentech I1gG1, conju- subdomain IV/ -"— CT, phase 111 [77]
emtansine (USA) gate with DM1 | immunotoxin,
meiosis
inhibitor
Pertuzumab "= hmnz. IgG2 subdomain II/ | HER2/neu(+) "= [85]
mAbs 2C4 dimerization mBC
inhibitor
ERBB2 + CD3 | Ertumaxo- | CD3-HER2/neu| chim. mouse/ |subdomains II | HER2/neu(+/-)| CT, phase I [86]
mab MOAB/TRION | rat IgG2a/ and 111/ cancer
Pharma 1gG2b ADCC, phago-
(Germany) cytosis
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(Contd.)
1 2 3 4 5 6 7 8
VEGFa Bevacizumab | Avastin®/ hmnz. [gG1 /binds with lig- | HER2/neu(-) | FDA 2004 [77]
Genentech (USA) | mAbs and, VEGFR mBC
antagonist
Ranibizumab | Lucentis®/ hmnz. IgGl1 —"— AMD FDA 2006 [77]
Genentech, Fab
Novartis (USA)
VEGFRI1 Icrucumab IMC-18F1/ hum. IgG1 /binds with CT, phase 11 [87]
ImClone (USA) receptor,
inhibits angio-
genesis

VEGFR2 Ramucirumab | IMC-1121B/ ="—
Im-Clone, Eli Lilly
(USA)

IGFIR Dalotuzumab | MK-0646/Merck | hmnz. IgG1

(USA), Pierre
Fabre (France)

Cixutumumab | IMC-A12/ hum. IgG1
ImClone (USA)

c-Met Rilotumumab | AMG-102/ ="—
(HGFR) Amgen (USA)
Onartuzumab | MetMAb/ hmnz. IgG1
Genentech (USA)

="— mAS, BC, CT, phase 111 [77]

HCC

/binds with BC, PC, ="— [88]

receptor, PGC, MM

inhibits signal-

ing pathway

PI3K/Akt

—"— CRC, PC, —"— [88]

solid tumors

/binds with CT, phase 11 [87]

receptor,

inhibits binding

with HGF

ligand

_n_ _n_ 187]

Notes: AMD, age-related macular dystrophy; AS, adenocarcinoma of the stomach; BC, breast cancer; chim., chimeric; CRC, colorectal carcino-
ma; CT, clinical trials; EC, esophagus cancer; HGF, hepatocyte growth factor; HCC, hepatocellular carcinoma; m, metastasizing form;
hmnz., humanized; hum., human; MM, multiple myeloma; NSCLC, non-small cell lung cancer; OC, ovary cancer; PGC, pancreatic gland
cancer; PC, prostate cancer; SC, stomach cancer; SCCHN, squamous cell carcinoma of head and neck.

* The US-adopted nomenclature of monoclonal antibodies and their fragments is now used throughout the world. USAN, US Adopted Names;
www.ama-assn.org, see also [6]; the names are corrected according to the site Internet http://cme.nci.nih.gov/drugdictionary.

ciated with activation of lower mediators of signal trans-
duction or with activation of bypassing signaling pathways
[74]. Moreover, the efficiency of low molecular mass
inhibitors of RTKs depends on polymorphism of the
ERBB receptor genes. Thus, the mutation T790M, which
by an order increases the affinity of EGFR for ATP, is
associated with a patient’s resistance to treatment with
competitive inhibitors gefitinib and erlotinib [75].
Antitumor monoclonal antibodies specific to ERBB
receptors. An increased concentration of ERBB receptors
on the surface of various tumor cells compared to the
basal level on healthy tissue cells and also their key role in
the signal transduction allowed these receptors to be used
as selective targets for mAbs specific to extracellular
domains of ERBB. The selective effect of mAbs on tumor
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cells is underlain by some different mechanisms, such as
attracting immune system cells to the tumor (antibody-
dependent cell cytotoxicity (ADCC)), direct interruption
of the signal via competitive binding with the receptor,
disturbance of the receptor dimerization, and targeted
delivery of toxins or other agents [6, 76]. About ten mAbs
preparations have been approved for clinical use in oncol-
ogy, and 13 preparations have passed into stage III of clin-
ical trials in 2011 [77]. The majority of these therapeutic
mAbs are specific to the ERBB family receptors (table).
As discriminated from low molecular mass inhibitors,
therapeutic mAbs are much less toxic for the organism.
Moreover, mAbs, in addition to be used as acting agents,
are also widely used as targeting modules for creating
multifunctional antitumor compounds [6, 89-93].
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Monoclonal antibodies specific to ERBB1. ERBBI
receptor is the main target for therapy of some tumors
hyperexpressing this receptor. For therapy of patients
with metastatic colorectal carcinoma (mCRC), NSCLC,
and some other tumors (table), anti-ERBB1 antibodies
cetuximab and panitumumab are used. Cetuximab is a
chimeric (mouse/human) immunoglobulin G1, which is
a derivative of the mouse mAbs C225. The binding affin-
ity of this antibody is two orders of magnitude higher than
the binding affinity of natural ligands of ERBBI1. The
binding of cetuximab with subdomain III of the extracel-
lular part of ERBBI causes internalization and subse-
quent degradation of the receptor without its phosphory-
lation and activation, and this results in lowering the
number of receptors on the cell surface and prevents acti-
vation of the corresponding signaling pathways [69].
Cetuximab also interacts with the mutant receptor
EGFRVIII (del2-7) inducing the internalization of 50%
of the ligand—receptor complexes and decreasing by 80%
phosphorylation of EGFRvVIII. Cetuximab inhibits
ERBBI1 binding with endogenous growth factors, sup-
presses cell mobility and metastasizing, induces apoptosis
of cancer cells, and also inhibits generation of pro-angio-
genic factors VEGF and interleukin-8.

Panitumumab is the first human antibody approved
for clinical application; it has a high affinity for the recep-
tor (K; = 5-107!! M), binds with subdomain III of the
extracellular part of ERBBI1, and disturbs the interaction
of this receptor with ligands, preventing the activation of
the receptor kinase domain and thus interrupting the sig-
nal transduction [79]. As discriminated from cetuximab,
panitumumab does not induce ADCC mechanisms
because it belongs to the IgG2 isotype. Due to the full
human sequence of the protein, panitumumab is well tol-
erated by patients and does not cause allergic reactions or
anaphylaxis. However, such high binding affinity (table)
seems to be a cause of frequent pronounced skin reactions
in patients treated with this preparation [80].

Panitumumab decelerates progression of tumors
(mCRC) and increases the survival of patients.
Nevertheless, panitumumab is not recommended as an
addition to chemotherapy in patients with mCRC with
progressing metastases during the late I1IB phase because
this combination does not decelerate the tumor growth,
but it enhances the toxicity of chemotherapy [94].

Clinical trials of the next generation of mAbs specif-
ic to the ERBBI1 receptor are now complete. These mAbs
include preparations matuzumab and nimotuzumab
(table), which are humanized IgGs interacting with sub-
domain III of the extracellular fragment of the ERBBI1
receptor. The epitope of matuzumab (derivative of mouse
mAbs 425) is different from the cetuximab epitope:
matuzumab does not inhibit the interaction of the recep-
tor with the ligand but sterically prevents local conforma-
tional changes and correct rearrangements of the
domains, which are designed to promote high affinity

POLANOVSKI et al.

binding of the ligand with following activation of phos-
phorylation (Fig. 3c) [81].

Matuzumab has a very high affinity and specificity
for ERBB1 (table). Clinical trials of matuzumab have
shown promising results for patients with progressing
cancer of pancreas when given combined with the cyto-
static gemcitabine [79]. Matuzumab was given to 18
patients together with the mitosis inhibitor paclitaxel, and
an improvement was observed in four patients with
NSCLC in stages IIIB and IV, and complete cure was
observed in one of these patients [95].

Clinical trials of nimotuzumab on patients with brain
tumors and with squamous cell carcinoma of head and
neck (SCCHN) have shown a significant increase in sur-
vival of the patients with SCCHN treated with high doses
of this antibody in addition to radiotherapy. The patients
tolerated this combined therapy well, and skin complica-
tions were virtually absent [80].

The third generation of mAbs specific to the ERBB1
receptor is represented by entirely human monoclonal
IgG antibodies binding with the subdomain III.
Preparations zalutumumab and necitumumab (table)
based on these mAbs are subjects of initial stages of trials
[77]. Clinical trials of the MDX-447 preparation (table)
belonging to a new promising type of mAbs have started.
MDX-447 is a bispecific antibody of the (Fab), format
with a high affinity for the ERBB1 and Fc-receptors
(CD64 antigen) of cytotoxic cells [83]. The mAb 806 is
also very interesting (table) because it is specific to a con-
stitutively active deletion mutant of ERBBI,
EGFR(del2-7)/EGFRVIII (see above), and it is capable
of binding with the open form of the receptor and pre-
venting its dimerization [82].

Monoclonal antibodies specific to ERBB2. The
humanized monoclonal anti-ERBB2 antibody
trastuzumab (Herceptin®) [84] (table) was the first prepa-
ration of mAbs approved by FDA for therapy of cancer.
Trastuzumab given at early stages of breast cancer is effec-
tive in 20-30% of patients with cancer cells overexpressing
ERBB2. On combined therapy with trastuzumab and
cytostatic chemical preparations (especially taxanes and
vinorelbine), the efficiency increases to 50-80% [96].
However, the long-term treatment with trastuzumab is
associated with cardiotoxicity and some other side effects
[97], and many patients become resistant to the therapy
[97, 98], making it necessary to use a combined treatment
or change the therapeutic strategy.

The humanized monoclonal anti-ERBB2 antibody
pertuzumab (Omnitarg®) (table) binds with the dimeriza-
tion arm of the subdomain II of the extracellular part of
ERBB?2 receptor (Fig. 3d) [85]. As discriminated from
trastuzumab, which interacts with the ERBB2 epitope
located in subdomain IV, pertuzumab sterically prevents
formation of heterodimers ERBB2/ERBB1 and
ERBB2/ERBB3, thus inhibiting the signal transduction
in the cascade chains. Despite the synergic action of these
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therapeutic antibodies, pertuzumab does not statistically
decrease the survival of tumor cells resistant to
trastuzumab [97].

Therapeutic use of antibodies revealed their insuffi-
cient efficiency, and this is a significant problem. To
strengthen the effect on cancer cells, antibodies are con-
jugated with various toxins [90, 99, 100]. Clinical
trials have ended for the bifunctional preparation
trastuzumab emtansine (table), which is a conjugate of
antibodies with a meiosis-inhibiting toxic compound of
the maytansinoid class (table) for treatment of locally
progressing or metastasizing HER2/neu-positive breast
cancer [77].

The trastuzumab and pertuzumab preparations have
been created for therapy of tumors with ERBB2 hyperex-
pression and are inefficient in many cancers with a low
level of this receptor on the cell surface. To treat such
tumor cells, a trifunctional antibody ertumaxomab (table)
has been created with a unique hybrid isotype (mouse
IgG2a/rat IgG2b) specific to ERBB2 and the CD3 recep-
tor of T-cells [86]. The specificity of ertumaxomab to
tumor cells is determined by the mouse mAbs 2502A
interacting with the epitope (subdomains II and III) dif-
ferent from epitopes recognized by trastuzumab and per-
tuzumab. High toxicity of this preparation is caused by
the ability of constant domains of the rat antibody to
attract the (CD3+)-T-cells to the tumor. However, pre-
clinical testing has shown that strong side reactions
caused by this preparation are associated with the
xenogenous origin of the antibodies [86], and before its
introduction for clinical use it must be humanized.

Action mechanisms of monoclonal antibodies specific
to ERBB receptors. Molecular mechanisms of trastuzum-
ab and cetuximab action have been studied in detail [101,
102]. Humanized or human antibodies of the IgG format
can usually induce mechanisms of antibody-dependent
cell cytotoxicity (ADCC) for killing cancer cells. In
model experiments on “nude” mice and upon using in
clinical practice, trastuzumab has been shown to display
not only cytostatic effect but also cytotoxic properties due
to activation of natural killers expressing Fc-receptors.
Mice with the Fc-receptor (—/—) phenotype retain only a
weak sensitivity to trastuzumab (<30%). The efficiency of
therapy with trastuzumab in human breast cancer
depends on polymorphism of the receptor FcyRIIla
(CD16), which is a characteristic activating receptor of
various Kkiller cells involved in ADCC processes.
Treatment with cetuximab is also associated with a pro-
nounced contribution of the ADCC mechanisms to the
therapeutic efficiency of these antibodies.

The constant domain of IgG2 has a low binding
affinity for Fc-receptors of killer cells; therefore, antibod-
ies of this format (panitumumab, pertuzumab (table))
cannot, as a rule, induce ADCC. On the contrary, tri-
functional chimeric antibody ertumaxomab constructed
using the constant domains of mouse and rat
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immunoglobulins are capable of binding with FcyRI and
FcyRIII receptors. Due to specificity to CD3, ertumax-
omab retargets the (CD3+)-T-cells of the immune sys-
tem to the tumor and stimulates the release of proinflam-
matory cytokines (IL-6, IFNy, TNFa). Due to the
chimeric constant domain, ertumaxomab can also con-
currently attract to the tumor and activate FcyRI- and
FeyRIII-positive cells of the immune system (monocytes,
macrophages, natural killers, dendritic cells), thus pro-
moting phagocytosis of tumor cells. Ertumaxomab is
highly cytotoxic not only for tumor cells with hyperex-
pressed ERBB2, but also for cells of carcinomas of mam-
mary gland, lung, and large intestine that have a low den-
sity of ERBB2 receptor on the surface [103]. Another
powerful mechanism of killing pathogenic cells, comple-
ment-dependent cytotoxicity (CDC), is not characteris-
tic for individual therapeutic antibodies but can manifest
itself on use together with antibodies specific to different
ERBBI epitopes (e.g. cetuximab + matuzumab) [104].

On binding with the fourth subdomain of the ERBB2
extracellular domain [105], trastuzumab decreases the
effective concentration of the ERBB2 on the cell mem-
brane due to competition with other ERBB receptors that
form heterodimers with ERBB2. In fact, trastuzumab
effectively inhibits formation of the ERBB2 heterodimer
with ERBBI1 but does not prevent its interaction with
ERBB3 [106].

Another mechanism of trastuzumab action is based
on blocking the signal transduction from activated
ERBB2 heterodimers [107]. In this case, the target is
phosphatase PTEN (see above), which acts as a natural
regulator of signal transduction from ERBB2.
Trastuzumab increases the PTEN concentration on the
cell membrane and concurrently enhances the phos-
phatase activity of PTEN, which results in a rapid
dephosphorylation of PIP3 (Fig. 1), inhibition of the
PDK/AKT cascade, and suppression of proliferation.
Patients with a low level of PTEN in mammary gland
tumor cells respond much worse to treatment with
trastuzumab [107]. Overexpression of FRBB2in mamma-
ry gland cancer cells in experiments on mice increases
blood supply to the tumor tissue. Trastuzumab was shown
to decrease angiogenesis [108]. This occurs most effec-
tively when mitosis inhibitors (e.g. paclitaxel) are concur-
rently used.

Combined effect of mAbs on ERBB receptors. The
combined effect on tumor cells of two antibodies specific
to different epitopes of the ERBB receptor was observed
much earlier, but the mechanism of this synergism was
unclear. Studies on the effect of two antibodies specific to
ERBB1 and ERBB2 receptors on corresponding
xenografted tumors have shown that this effect is due to
more rapid endocytosis and subsequent degradation of
the receptor [109]. The authors supposed that the con-
current interaction with ERBB receptors of two kinds of
antibodies specific to different epitopes should result in
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formation of spatial lattices, which should undergo signif-
icantly more rapid endocytosis than receptors bound with
one kind of antibody [109]. Another group of authors suc-
ceeded in complete elimination of a xenografted tumor in
model animals using Sym004, which is a mixture of two
anti-EGFR antibodies specific to non-overlapping epi-
topes of the EGFR extracellular domain III [110]. The
internalization and degradation of EGFR are shown to be
similarly accelerated under the influence on tumor cells
of a mixture of cetuximab and immunoglobulin specific
to human IgG [110]. Similar results have been obtained
for a pair of mAbs specific to different epitopes of the
ERBB2 receptor [111].

Note that the effect of trastuzumab on tumor cells is
not always associated with ERBB2 hyperexpression. Cells
with a low level of ERBBZ2 expression, the growth of
which is not suppressed under conditions of long-term
treatment with trastuzumab, have been recently shown to
acquire sensitivity to anti-ERBBI1 mAbs cetuximab and
the low molecular mass inhibitor of ERBBI1 gefitinib
[112].

MOLECULAR MECHANISMS OF RESISTANCE
TO THERAPEUTIC ANTIBODIES
SPECIFIC TO ERBB RECEPTORS

AND APPROACHES FOR OVERCOMING IT

Clinical studies have shown that only some of
patients respond to treatment with antibodies specific to
the ERBB receptors, even if their tumors display hyper-
expression of these markers. Such resistance to the treat-
ment can be primary, or acquired and mechanical, or
apparent. The resistance to trastuzumab and cetuximab
has been studied most systematically and in detail [102,
113], but researchers still continue to reveal new aspects
of this problem [98]. Notwithstanding essential differ-
ences in functioning of the ERBB1 and ERBB2 recep-
tors, some general mechanisms of resistance have been
established that manifest themselves under the direct
action on them. Mutations in the genes encoding the
ERBB receptors [75] and/or in the genes encoding effec-
tors of the subsequent signaling pathways [114] have been
recently found in the majority of patients with primary
resistance to anti-ERBB antibodies. Finding mechanisms
of the resistance to anti-ERBB antibodies is an urgent
and very important problem. The main mechanisms of
resistance to anti-ERBB antibodies have been estab-
lished, but many problems remain unclear.

In particular, the activation of alternative RTKs acti-
vating the same signaling cascades as the ERBB receptors
(Fig. 5) is a mechanism of resistance to anti-ERBB anti-
bodies. The branching and redundancy of signaling path-
ways is a prerequisite for switching the signal in the case
of blocking one kind of receptors onto other receptors
triggering the same signaling cascade. Thus, in
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trastuzumab-resistant (but not in trastuzumab-sensitive)
tumor cells the receptor of insulin-like growth factor 1
(IGF-IR) (Fig. 5) is capable of interacting with the
ERBB?2 receptor producing heterodimers and inducing
its phosphorylation and the following signal transduction
[97]. The inhibition of IGF-IR by antibodies dalotuzum-
ab or cixutumumab (table) restores the cell sensitivity to
trastuzumab [88]. The triggering of bypassing signaling
cascades through IGF-IR also correlates with the resist-
ance to therapy directed to other RTKs including EGFR
and mTOR [88]. In fact, bispecific antibodies binding
with the EGFR and IGF-IR receptors inhibit tumor cells
more strongly than each of these antibodies used sepa-
rately [115].

Another bypassing signaling pathway can be activat-
ed during therapy with anti-ERBBI1 antibodies or with
low molecular mass inhibitors. Upon inhibition of the
ERBBI receptor, the amplification of the Met-oncogene
is shown to trigger the signaling pathway that is usually
activated by ERBB3. The c-Met receptor of hepatocyte
growth factor (HGFR) (Fig. 5) forms heterodimers with
ERBB3 and, via involvement of cascade proteins src and
PI3K, completely replaces the function of signal trans-
duction by the inhibited ERBB1 [116]. Antibodies rilotu-
mumab and onartuzumab specific to c-Met recover the
sensitivity of the tumor cells to treatment with anti-
ERBBI [87].

Researchers pay special attention to the contribution
of vascular endothelium growth factor receptor (VEGFR)
to the development of tumor cell resistance to anti-ERBB
therapy [117]. On one hand, similarly to other RTK
cases, the resistance can be caused by activation of the
bypassing signaling pathway Akt/PI3K mediated through
the VEGFRI1 receptor [118]. Using mAbs specific to
VEGFR-1 can restore the tumor cell sensitivity to the
action of anti-ERBB antibodies [118]. On the other
hand, ERBB oncogenes are known to activate function-
ing of the transcription factors Spl and Ap2, which in
turn activate the VEGFa gene promoter [119]. The
increase in the VEGFa gene expression stimulates angio-
genesis and promotes tumor blood supply and accelera-
tion of its growth [119].

For suppression of tumor angiogenesis, a specific to
VEGFa humanized antibody bevacizumab (table) is
used, which is approved by the FDA for clinical use and
especially required in ophthalmology [77]. For the same
purpose, human IgGs icrucumab and ramucirumab have
been developed that are specific, respectively, to
VEGFRI1 and VEGFR2 (table). They are now at the stage
of clinical trials for therapy of metastasizing stomach ade-
nocarcinoma, breast cancer, and hepatocellular carcino-
ma [77, 87]. The first experience of clinical use of two
antibodies with different specificity, trastuzumab and
bevacizumab, was rather successful and stimulated fur-
ther investigations [120]. The combined injection of
cetuximab and bevacizumab decelerates the tumor
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growth and suppresses the growth of tumor cells in exper-
iments on animals [121]. Clinical application of beva-
cizumab, especially combined with other antibodies and
also with inhibitors of tyrosine kinases and therapeutic
agents, improves the condition of patients with various
tumors (mMCRC, NSCLC, BC, metastatic renal carcino-
ma) [122]. Note that the combined injection of anti-
EGFR and anti-VEGFR antibodies is observed only if
patients have no activating mutations in the KRAS gene
[122]. Fundamental studies on angiogenesis and its asso-
ciation with tumor transformation are so important that
the National Institutes of Health of the USA has declared
clinical studies on angiogenesis to be a priority trend for
the coming decade.

Resistance to anti-ERBB antibodies is often caused
by a constitutive activation of mediators of the lower sig-
naling pathways. Thus, activating mutations of KRAS or
PIK3CA (Fig. 1) are associated with the loss of response to
addition of anti-ERBBI1 antibodies to the standard
chemotherapy. Tumors with detectable wild type KRAS
are sensitive to panitumumab and cetuximab, whereas
mutations in codons 12 and 13 of KRAS gene exon 2 result
in stabilization of the functionally active complex RAS—
GTP and an uninterrupted entrance of the signal by the
RAF-MAPK pathway (Fig. 1) [123]. Because such
tumors are completely resistant to the action of anti-
ERBBI antibodies and represent about 43% in patients
with CRC, it is necessary to carefully select patients
before prescribing treatment with these mAbs [124].

Resistance to trastuzumab can also be caused by a
significant change in the expression level of the PTEN
phosphatase gene with resulting disorders in the regula-
tion of the PI3K/Akt signaling cascade (Fig. 1) and
amplifying in signal transduction both in vitro and in vivo
[107]. Inhibitors of protein kinase PI3K restore the sensi-
tivity to trastuzumab [107]. These results can be used for
diagnostics: a low level of PTEN in the tumor tissue pre-
dicts resistance to trastuzumab. Inhibitors of PI3K can be
used as a basis for creating new therapeutic agents for
patients with tumors resistant to trastuzumab and having
a low level of PTEN.

An increase in the activity of Src kinases and in sig-
nal transduction into the nucleus is also observed in some
cetuximab-resistant lines [125].

An increased expression of genes encoding ligands of
the ERBB receptor, which is a target of the therapeutic
antibody, can also enhance the signal transduction and
resistance to therapeutic antibodies. Thus, resistance to
trastuzumab can arise on hyperexpression in tumor cells
of transforming growth factor a (TGFa.), which is a nat-
ural ligand of ERBBI1 [101]. The efficiency of therapy
with anti-EGFR and anti-VEGFR antibodies decreases
under conditions of hypoxia due to increased expression
of genes encoding such pro-angiogenic factors as FGF
and PDGF, which can VEGF-independently re-stimu-
late the tumor angiogenesis [126].

BIOCHEMISTRY (Moscow) Vol. 77 No. 3 2012

241

The resistance of tumor cells can be also caused by
disorders in formation of functional dimers of ERBB
receptors. The hyperexpression of EGFR and an increase
in tyrosine kinase activity in cetuximab-resistant cells
have been recently shown to result in HER2/neu and
HER3 activation and in triggering signaling cascades via
the heterodimer HER2/neu/HER3 [127]. Thus, just
HER3 deprived of the kinase activity plays an important
role in the development of tumor resistance to antibodies
targeted to EGFR or HER2. The anti-HER2/neu anti-
body pertuzumab (table) preventing the dimerization of
the receptor can restore the tumor cell sensitivity to anti-
EGFR-antibodies [128].

The resistance to treatment with RTK inhibitors
(both low molecular mass inhibitors and specific antibod-
ies) also arises due to genetic instability of tumor cells and
appearance in the ERBB receptors of specific mutations
responsible for the tyrosine kinase activity of the recep-
tors. The EGFR T790M mutation is detected in 50% of
cases with acquired resistance [102]. This mutation leads
to a significant increase in the affinity of ATP binding
with the receptor and to a complete resistance to the
ATP-competitive low molecular mass inhibitors gefitinib
and erlotinib. Using the irreversible noncompetitive
inhibitor of ERBB1 and ERBB2 lapatinib and its combi-
nation with cetuximab allows clinicians to overcome this
type of resistance.

Large deletions of the extracellular domain of EGFR
and HER2/neu also can be a cause of resistance to thera-
py. EGER variant I1I (EGFRVIII) contains a deletion in
the reading frame of exons 2-7 (6-273 amino acid
residues) of the extracellular domain that results in a lig-
and-independent constitutive activation of this receptor
[102]. This mutation is not characteristic for normal tis-
sues, but is detected in 40% of glioblastomas and also in
some other tumors. This deletion is associated with resist-
ance to the therapeutic antibody cetuximab despite the
ability of this antibody to bind with its epitope in domain
III. The receptor EGFRVIII can be neutralized by the
specially created antibody mAb-h806 (mAb806; table),
which is specific to this form of EGFR [82].

An even longer deletion is found in the case of the
HER2/neu receptor (ERBB2). This p9SHER?2 isoform is
deprived of the extracellular domain, which is responsible
for auto-inhibition of RTKs and, therefore, is a constitu-
tively active kinase and a powerful oncogene insensitive to
therapeutic antibodies [98]. Earlier the full-size ERBB2
receptor was shown to undergo proteolysis in the tumor
cell by metalloproteases (sheddases) [129]. The therapeu-
tic antibody trastuzumab inhibits this process [130]. Later
it was shown that the p9SHER?2 isoform could also appear
as a result of an alternative transcription of HER2 [131].
The relative contributions of these two mechanisms are
still unknown.

Resistance to trastuzumab can also appear as a result
of an increase in ERBB2 receptor stability upon the inter-
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action with the chaperon HSP90 [40]. In a model of tras-
tuzumab-resistant p95-HER2-hyperexpressing tumors,
the long-term injection in vivo of HSP90 inhibitors, e.g.
the antibiotic geldanamycin (Fig. 5), caused a stable
decrease in the expression of ERBB2 and its imperfect
form p95-HER?2 and inhibited the activation of Akt fol-
lowed by induction of apoptosis [132].

In some cases, resistance to therapeutic antibodies
has not a molecular but rather a mechanical nature. The
ERBB receptors are not always easily available for thera-
peutic antibodies targeted to them. Thus, in solid tumors
the extracellular matrix makes difficult the diffusion of
therapeutic antibodies and masks their receptor targets.
On model tumors with hyperexpressed HER2/neu onco-
marker, it has been shown that the intra-tumor expression
of a peptide hormone relaxin leads to degradation of the
extracellular matrix proteins and as a result improves the
therapeutic effect of trastuzumab [133].

During the last 10-15 years researchers’ optimism for
using monoclonal antibodies for therapy of cancer was
often changed to pessimism. Extreme variability of tumor
cells and their ability to escape every time the influence of
a newly created compound (antibodies, kinase inhibitors)
can be compared only with the ability of pathogenic
microorganisms to develop new protective mechanisms
against antibiotics. At present, monoclonal antitumor
antibodies are not agents capable of curing cancer, and
the patient’s life can be prolonged by them for some
months but not for years. Nevertheless, it can be con-
cluded that researchers have overcome a difficult initial
stage of creating mAbs and their clinical use, and are
again at the beginning of a long task of creating a new
generation of antitumor compounds based on monoclon-
al antibodies (including those specific to ERBB recep-
tors). In fact, many years of a persistent work of many
research groups has resulted in detailed knowledge of the
signaling network activated by ERBB receptors; molecu-
lar mechanisms of tumor transformation are detected,
molecular mechanisms of mAbs action on tumor cells are
established, causes of tumor resistance to therapy, includ-
ing those associated with genotypic features of individual
patients, are discovered. And it becomes clear that the
determination of an individual molecular profile of each
patient’s disease [134, 135] and an integral approach to
treatment of the tumor [52] are strategic trends in thera-
py of cancer. And in both cases monoclonal antibodies
specific to tumor markers are as before the basis for com-
pounds created for diagnostics, targeted therapy, and
monitoring of treatment [76, 100, 110, 136-139], as well
as an important component of the therapeutic regulation
on combined treatment of various tumors [140-144].
Obviously, to develop these approaches further basic stud-
ies of molecular mechanisms of carcinogenesis, searches
for new diagnostic markers and therapeutic targets, cre-
ation of drugs, and optimization of their delivery are
required.
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Great progress has been seen during the last decade
in the engineering of antibodies with desired properties
[6, 91]. Techniques allowing researchers to manage func-
tions of the constant domain of the antibodies are a new
developing trend [145]. A wide-scale screening of antitu-
mor antibodies is also performed to reveal new pre-
dictably effective targets for therapeutic antibodies pur-
posed for treatment of solid tumors [146]. The develop-
ment of nanotechniques, in particular, the creation of
various nanoparticles has resulted in formulation of a new
approach in medicine — theranostics [147, 148], i.e. unit-
ing in a single nanoconstruction of functions required for
diagnostics of disease, therapy, and monitoring of treat-
ment. And in this case antibodies are one of main com-
ponents providing for accurate targeting of the multifunc-
tional construction to pathogenic tissues [136-139].

Basic studies on resistance to treatment with anti-
ERBB antibodies are now on a new upward flight [98,
113, 140]. Elucidation of fine molecular mechanisms and
identification of general mediators of resistance to anti-
ERBB antibodies is promising for more efficient use in all
aspects of various influences of these multifunctional
molecules on the tumor cell and the patient’s organism
[149, 150]. The therapeutic potential of monoclonal anti-
bodies to ERBB oncogene proteins is far from exhaustion
and, no doubt, will play an important role in the person-
oriented medicine of the twenty-first century.
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