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Abstract—Epidermal growth factor receptor (EGFR) is an integral surface protein mediating cellular response to a number
of growth factors. Its overexpression and increased activation due to mutations is one of the most common traits of many
types of cancer. Development and clinical use of the agents, which block EGFR activation, became a prime example of the
personalized targeted medicine. However, despite the obvious success in this area, cancer cure remains unattainable in most
cases. Because of that, as well as the result of the search for possible ways to overcome the difficulties of treatment, a huge
number of new treatment methods relying on the use of EGFR overexpression and its changes to destroy cancer cells.
Modern data on the structure, functioning, and intracellular transport of EGFR, its natural ligands, as well as signaling cas-
cades triggered by the EGFR activation, peculiarities of the EGFR expression and activation in oncological disorders, as
well as applied therapeutic approaches aimed at blocking EGFR signaling pathway are summarized and analyzed in this
review. Approaches to the targeted delivery of various chemotherapeutic agents, radionuclides, immunotoxins, photosensi-
tizers, as well as the prospects for gene therapy aimed at cancer cells with EGFR overexpression are reviewed in detail. It
should be noted that increasing attention is being paid nowadays to the development of multifunctional systems, either car-
rying several different active agents, or possessing several environment-dependent transport functions. Potentials of the sys-

tems based on receptor-mediated endocytosis of EGFR and their possible advantages and limitations are discussed.
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INTRODUCTION

Epidermal growth factor receptor (EGFR) is among
one of the most studied proteins so that nearly 100,000
scientific publications are available in the PubMed data-
base describing investigation of its structure and proper-
ties as well as functioning in norm and pathology. Despite
that, multiple aspects of its involvement in regulation of
the processes occurring in an organism remain poorly
understood, whereas steadily increasing set of com-

Abbreviations: AEs, Auger electrons; EGF, epidermal growth
factor; EGFR, epidermal growth factor receptor; ER, endo-
plasmic reticulum; ErbB, avian erythroblastic leukemia viral
(v-erb-b) oncogene homolog (synonym: EGFR/HER); mAb,
monoclonal antibody; MNTs, modular nanotransporters; PDT,
photodynamic therapy; PEG, polyethylene glycol; PLGA, poly
lactic-co-glycolic acid; PRMT1, arginine methyltransferase 1;
PS, photosensitizer; ROS, reactive oxygen species; TGFa,
transforming growth factor alpha.
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pounds affecting it as well as assessment of relevant
impacts require regular systemic analysis allowing to
choose the most promising research directions and devel-
op novel pharmaceuticals. Being an integral surface
receptor, EGFR mediates external signaling from entire
family of regulatory signals, most renowned among which
are epidermal growth factor (EGF) and transforming
growth factor alpha (TGFa) [1]. Interaction of such
extracellular signaling molecules with EGFR results in
several activated intracellular cascades such as
RAS/MAPK(ERK), PI3K/AKT/mTOR, and JAK/
STAT, thereby promoting proliferation, apoptosis inhibi-
tion, and cell survival [2, 3]. Involvement of EGFR in
carcinogenesis as well as possibility to use it as a target for
treating oncological disorders attract special attention.
EGFR activation represents one of the factors contribut-
ing to epithelial-mesenchymal transition resulting in
emergence of cancer stem cell phenotype [4]. Mutations
in this gene and its upregulated expression often account
for emergence and progression of malignancies [5].
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Increased amounts of EGFR have been detected in
numerous oncological disorders (see “EGFR expression
in oncological disorders” Section). Hence, EGFR obvi-
ously represents one of the most promising objects for tar-
geted therapy. For instance, cetuximab, panitumumab,
nimotuzumab and necitumumab being anti-EGFR mon-
oclonal antibodies that prevent EGFR activation by nat-
ural ligands have been widely used in clinical practice.
Another type of targeted therapy affecting EGFR is pre-
sented by the specific phosphorylation inhibitors includ-
ing gefitinib, erlotinib, lapatinib, afatinib, etc. (see
“Advances and limitations for targeted EGFR blockade”
Section). Unfortunately, not all tumor types exhibiting
upregulated expression of EGFR or gain-of-function
mutations in the relevant gene and subsequent constitu-
tively activated phosphorylation respond to the afore-
mentioned antibodies and inhibitors due to the independ-
ent activation of the downstream signaling pathways
(RAS BRAF kinase family), primarily KRAS and BRAF,
thereby rendering EGFR targeting inefficient.

In this case, therapeutic inefficiency could be over-
come by using EGFR-mediated endocytosis as a means
for specific targeted delivery of diverse primarily cytotox-
ic agents into the cancer cells with upregulated EGFR
expression allowing elimination of these cells regardless
of activated downstream signaling pathways. For this pur-
pose, cytotoxic agents conjugated with EGFR ligands
(both natural and synthetic) as well as more complicated
molecular and supramolecular constructs are being devel-
oped. The latter may include solid-core as well as liposo-
mal, micellar, and similar type nanoparticles loaded with
cytotoxic compounds. On the other hand, EGFR may be
alternatively used to transport genes with the help of viral
vectors or artificial delivery system that encode enzymes
converting prodrugs into cytotoxic agents. Current
approaches for the targeted delivery of cytotoxic agents
into cancer cells exhibiting upregulated EGFR levels are
presented in this review as well as their potentials and lim-
itations.

EGFR AS A COMPONENT
OF SIGNALING NETWORK

Activated EGFR initiates a set of biological reactions
including cell proliferation, migration, and survival,
which normally ensure epithelial integrity and regenera-
tion. It is these properties that make the changes in the
EGFR regulation important and often essential in the
development of multiple types of oncological disorders.
This receptor belongs to one of the tyrosine kinase fami-
lies (ErbB or HER) that include four closely related
membrane receptors: EGFR/ErbB1/HERI1, Neu/
ErbB2/HER2, ErbB3/HER3, ErtbB4/HER4. All human
ErbB (stands for avian erythroblastic leukemia viral
oncogene B homolog — avian erythroblastic leukemia
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viral (v-erb-b) oncogene homolog) receptors are large
transmembrane proteins containing cysteine-rich extra-
cellular part, a single transmembrane-spanning segment,
and intracellular cytosolic part consisting of a juxtamem-
brane domain, a tyrosine kinase domain, and a C-termi-
nal domain [6]. Similar to other ErbB, extracellular
EGFR part is subdivided into the four domains. Domains
I and III of EGFR are required for ligand binding that
initiates changes in the receptor conformation resulting
in emergence of the protruding arm in the domain II of
the extracellular region. This protruding arm is capable of
interacting with the respective domain in another ErbB
molecule. Normally, the emergence of this dimerization
arm in inactive state is prevented by the interaction of
domain II with domain IV of the receptor. Interaction of
a ligand with the EGFR domains I and III releases the
arm facilitating contact with the neighboring receptor [7].
Inactive EGFR molecules on the cell surface exist main-
ly as an equilibrium mixture of monomers, inactive
dimers, and some oligomers [8]. EGFR activation is con-
trolled by relevant external ligands and results in forma-
tion of its own homodimers and heterodimers with other
ErbBs. Binding of an activating ligand leads to the equi-
librium shift towards dimerization followed by formation
of active dimers as well as activation of pre-existing inac-
tive dimers. As a consequence, the tyrosine kinase
domain becomes activated that is accompanied by specif-
ic phosphorylation of the tyrosine residues within the
cytoplasmic region of the partner receptor in the dimer.
Next, the motifs bearing phosphorylated tyrosine moi-
eties bind the relevant intracellular signaling molecules
initiating further activation of the inter-connected intra-
cellular signaling cascades [9]. Thus, the signaling initiat-
ed by binding of the extracellular regulatory ligand to the
EGFR is realized via phosphorylation of not only EGFR
due to homodimerization, but also of its partner mole-
cules, ErbB2 in particular, that lacks its own extracellular
regulatory ligand [1]. To a much lesser extent, signal
transduction from EGFR is conferred inside the cells by
the remaining receptors of the same family called ErbB3
[10, 11] and ErbB4 [12], which are tissue-specific and
expressed mainly in the nervous tissue. In addition, it was
also demonstrated that apart from the related ErbB
receptors, the plasma membrane EGFR may dimerize
with other receptor tyrosine kinases. Interaction of active
EGFR with platelet-derived growth factor beta receptor
[13, 14], hepatocyte growth factor receptor / mesenchy-
mal-epithelial transition factor receptor (MET) [15], and
RON related to the latter [16], as well as insulin-like
growth factor 1 receptor (IGF1R) [17] results in their
subsequent phosphorylation followed by physiologically
and therapeutically significant activation of the relevant
downstream intracellular pathways (Fig. 1). It implies
that cell response to EGFR ligand binding is determined
not only by its surface expression and density, but also
depends on composition and amount of the partner
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Fig. 1. Generalized scheme depicting major EGFR-activated signaling pathways. I-IV, EGFR extracellular domains; TK, tyrosine kinase
domain; P, phosphorylated tyrosine residues; MET, mesenchymal-epithelial transition factor receptor; IGFIR, insulin-like growth factor 1
receptor. (Colored versions of Figs. 1 and 2 are available in online version of the article and can be accessed at: https://www.springer.

com/journal/10541)

BIOCHEMISTRY (Moscow) Vol. 85 No. 9 2020



970

receptors. Moreover, cell response to external cues also
depends on biological properties exerted by the growth
factors interacting with EGFR (see “Natural EGFR lig-
ands” Section).

The additional level of signal transduction regulation
provides the need to meet another receptor that depends
on its diffusion properties and microdistribution within
the plasma membrane. Some EGFR molecules exist as
oligomers rendering that phosphorylation can occur in
several receptors in response to binding of a single ligand
molecule concentration of which is low [18]. Tracking
individual EGFR molecules demonstrated that EGFR
mobility alternated between several short-lived states:
free, confined, and immobile states. In the immobile
state, EGFR tends to form oligomers in the clathrin-
coated pits. Mutual phosphorylation of receptors in the
pits further enhances the transduced signal [19].
Apparently, oligomers could be coupled with other endo-
cytosis-mediating structures [20].

Phosphorylation of EGFR and its dimerization part-
ner ErbB2, which is frequently overexpressed in some
cancer types, stimulates intracellular regulatory pathways
such as RAS/RAF/MEK/ERK, PI3K/AKT/TOR, Src-
kinases, and STAT transcription factors [3]. These path-
ways can be considered as components of more complex
regulatory network containing large numbers of positive
and negative feedback loops. The signaling network
affected by EGFR contains over 300 components
involved in more than 200 reactions [21]. EGFR signal-
ing is fine-tuned intracellularly via multiple coordinated
mechanisms including regulation mediated by phos-
phatases, feedback from the downstream components in
the signaling pathway, endocytosis, and intracellular
transport [21]. Specificity, direction, and magnitude of
the cell response are determined by expression of the pos-
itive and negative regulators, activating ligand, compo-
nents of the receptor dimers, as well as by the set of pro-
teins interacting with phosphorylated tyrosine residues of
the C-terminal domains of the receptor tyrosine kinases.

NATURAL EGFR LIGANDS

Normally, activation of the EGFR tyrosine kinase
function is strictly regulated by quite extended set of nat-
ural external polypeptide ligands. This regulation is con-
centration-dependent so that EGF exhibits much higher
affinity to the monomeric rather than dimeric receptor
with one EGF molecule already bound, which can be
interpreted as a negative cooperativity [22]. EGF is the
most known EGFR ligand. Other natural ligands display
structural similarity mainly represented by the three
disulfide bridges accounting for rigid three-dimensional
protein structure (EGF-like domain). This particular
three-dimensional structure together with the specific
amino acid sequences interacting with the extracellular
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domain I and III to a large extent determine interaction
with the receptor binding site [23]. Majority of the ligands
of the ErbB receptors are generated from large trans-
membrane precursor proteins via proteolytic cleavage
resulting in production of soluble growth factors.
Currently, more than a dozen of natural polypeptides able
to interact with extracellular ERGR region with varying
efficacy and impact have been identified. EGF, TGFa,
and amphiregulin bind to EGFR, whereas betacellulin,
heparin-binding epidermal growth factor, and epiregulin
can also activate ErbB4 together with EGFR [9].
Recently it was shown that EGFR becomes activated fol-
lowing binding of angiogenin — one of the key regulators
of angiogenesis. Angiogenin exhibits high affinity to
EGFR (~40 nM) as well as a weak RNase activity that
reflects its other name — RNase 5 [24, 25]. Two growth
factors called neuregulin 2o and 23 commonly bind to
their principle receptors ErbB3 and ErbB4, but can also
bind and activate EGFR [26, 27]. In addition to agonists,
EGFR antagonists have been also described. In particu-
lar, proteoglycan decorin binds to EGFR with nanomolar
affinity [28] and lowers its cell surface exposure due to
caveolae-mediated endocytosis and subsequent receptor
degradation [29]. Decorin homologue — cleaved soluble
ectodomain of LRIGI1 (Leucine-rich repeats and
immunoglobulin-like domains-1) domain — is also able
to interact with EGFR with nanomolar affinity and com-
pete with EGF for specific binding [30]. Macrophage
migration inhibitory factor (MIF) known as regulator of
innate immunity can block EGFR activation by binding
to its ectodomain [31].

It became clear in recent years that various natural
EGFR ligands stabilized structurally different dimer
receptors causing diverse physiological outcomes [32].
Epiregulin and epigen, which could be considered as par-
tial EGFR agonists, induce formation of less stable short-
lived dimers than the ones formed following binding of
EGF and TGFa. Nonetheless, such attenuated receptor
dimerization results in more prolonged signal transduc-
tion causing breast cancer cell differentiation without cell
proliferation contrary to the EGF effect [32]. Natural
EGFR ligands can also differ in their potential to induce
formation of dimers of the ErbB receptor family that can
also trigger various biological effects upon activation of
EGFR by different ligands in the same cell. Radioligand
binding assay demonstrated higher affinity of EGF and
TGFa to EGFR/ErbB2 heterodimers than to EGFR
homodimers, whereas betacellulin and amphiregulin
revealed similar affinity to both dimers. Amphiregulin
acts as a partial agonist, which is manifested by the lower
level of receptor phosphorylation as compared to the one
initiated by EGE TGFa, and betacellulin [33].
Compared to other ligands, amphiregulin demonstrates a
two-phase kinetics in dimer formation allowing to assume
that it could activate EGFR by binding both to monomers
and pre-formed inactive dimers. In contrast, EGF, TGFa
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and betacellulin seem to mainly activate relevant recep-
tors via binding to monomeric receptor and its dimeriza-
tion [33]. Thus, different biological responses caused by
binding diverse EGFR ligands could result from several
processes: full or partial agonism with regard to dimer
formation, differences in kinetic of generation of the
dimers of active receptors, as well as in proportion of
formed ErbB heterodimers versus homodimers.

In addition, affinity of EGFR ligands can be also
controlled via methylation of its extracellular domain by
arginine methyltransferase (PRMT1) that provides a
three-fold increase of the ligand affinity towards EGFR
[34]. PRMT1 knock-down or lack of relevant arginine
residues (R198 and R200) decrease binding affinity of
EGFR to EGF and TGFa [34] as well as
angiogenin/RNase 5 [35]. Methylation of these arginine
residues destabilizes interaction between the extracellular
domains II/IV in EGFR, which, in turn, facilitates con-
tacts between the domains I/I1I altering the receptor con-
formation and causing dimerization. Exogenous PRMT1
expression enhances EGFR ligand affinity and activates
further receptor-mediated signaling events [34].

Currently accumulated evidence regarding binding
of growth factors and other natural ligands to EGFR
could hardly be described in full detail by the Langmuir
adsorption isotherm with a single dissociation constant
and single cell binding site, which represents an oversim-
plified model of the real process. Availability of negative
cooperativity, dimer formation with partner receptors,
known covalent modifications affecting binding, cell het-
erogeneity, as well as dynamic process of changing acces-
sible receptors on the cell surface are clear manifestation
of this. One can speak more confidently about the range
where dissociation constants of the ligand—receptor com-
plex lie. EGF binding constants range from tens of pico-
moles to several nanomoles per liter. For different objects
it can reflect both the presence of negative cooperativity
and the influence of another factor. The latter can be
illustrated by complex formation with the partner recep-
tors (e.g., with ErbB2), varying extent of arginine methy-
lation at sites crucial for binding, as well as mutations
found in some receptor genes. Furthermore, such variants
can be also described by availability of subpopulations of
receptor displaying different affinities.

ENDOCYTOSIS AND SUBSEQUENT
INTRACELLULAR TRANSPORT

Similar to numerous cell surface receptors mediating
response to external regulatory signals, EGFR uses endo-
cytosis as a common means to reduce the response mag-
nitude via negative feedback loop. Additional regulation
is provided by sorting of internalized receptors, which
may be directed back to the plasma membrane, for degra-
dation inside the lysosomes, or towards some other intra-
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cellular compartments, wherein it may further regulate
cellular processes [36]. In the absence of ligands EGFR is
internalized very slowly: cultured cells expressing moder-
ate amount of EGFR (<200,000 receptors per cell) dis-
play t,, (half-life) within the range of 6-10 h, whereas for
the cells with aberrantly overexpressed EGFR level such
as A431 human epidermoid carcinoma (~2,000,000
receptors per cell) the t, , value could be as long as 24 h or
even more. Ligand binding and tyrosine kinase activation
result in rapid endocytosis increasing EGFR endocytosis
rate constant manifold [37]. Cytoplasmic regions of
EGFR bear several internalization motifs unmasked
upon ligand binding. Among them are two different
motifs for recognizing subunits of the adaptor protein 2
(AP2) capable of binding membrane proteins to clathrin
lattice [38]. Some phosphotyrosine residues located with-
in the EGFR cytoplasmic tail after phosphorylation can
also facilitate binding of E3 ubiquitin-ligase Cbl either
directly [39] or via another adaptor protein Grb2 [40] that
links phosphorylated receptor to E3 ubiquitin-ligase Cbl.
It results in activation of the RAS/MAPK signaling cas-
cade and EGFR endocytosis. Duplication of interaction
between Cbl and EGFR is necessary for stable Cbl
recruitment and efficient receptor ubiquitination [41]. It
must be noted that multiple ubiquitination is not the only
factor affecting EGFR endocytosis, because replacing
even as many as 15 lysine residues in its kinase region that
almost fully suppresses ubiquitination do not result in
markedly suppressed receptor internalization [42].
Clathrin-dependent endocytosis of the ligand-activated
EGFR is controlled by several mechanisms operating
cooperatively providing exhaustive control, including
ubiquitination of the receptor kinase domain and C-ter-
minal lysine residues, as well as adaptor proteins AP-2
and Grb2 [43]. Complexity to EGFR endocytosis regula-
tion is added by another mechanism of covalent receptor
modification taking place along with ubiquitination.
EGFR also undergoes modification by ubiquitin-like
molecule Nedd8 (Neural Precursor Cell Expressed,
Developmentally Down-Regulated 8) [44]. This modifi-
cation is catalyzed by Cbl in complex with Nedd8-specif-
ic ligase E2 (Ubc12) and promotes ubiquitin binding with
the help of Cbl and UbcH7 ligase. Such complexity and
multiple duplications of mechanisms involved in inter-
nalization of the ligand-activated EGFR make this
process resistant to perturbations (e.g., mutations or
altered expression of endocytosis-related components)
[38]. In particular, AP2-binding motifs, multiple ubiqui-
tination, and EGFR acetylation should be simultaneous-
ly aborted (e.g., via mutations) to suppress the clathrin-
dependent EGFR endocytosis significantly [43]. Stability
of the EGFR endocytosis process can be likely explained
by existence of clathrin-dependent and clathrin-inde-
pendent processes. Cells are able to remove surface lig-
and-activated EGFR via several routes: clathrin-depend-
ent, clathrin-independent, endophilin-dependent endo-
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cytosis and macropinocytosis [45]. All cell types express-
ing EGFR undergo internalization in response to added
ligands via rapid clathrin-dependent endocytosis at all
physiological EGF concentrations [36]. Significant pro-
portion of EGFR that enter the cells via this way returns
back to the plasma membrane [46], which can occur via
two routes within varying time frame [47]. The clathrin-
dependent endocytosis seems to act in a saturable manner
that becomes more evident in the case of high EGFR
expression, whereas the slower clathrin-independent
endocytosis could be initiated in many cell types at high-
er concentration of added EGF (>2 nM) [36]. Moreover,
endocytosis can also be affected by ligand saturation upon
exposure to ligand at very high level exceeding several
times dissociation constant for the ligand-receptor com-
plex. Further increase of the ligand concentration lowers
efficacy of its trafficking into cells via receptor-mediated
endocytosis.

In addition to the clathrin-dependent endocytosis,
there is also a rapid endophilin-dependent endocytosis
that seems to be more active at the leading edges of
migrating cells and required for spatially restricted EGF-
signaling [45]. Such type of EGFR engulfment is mediat-
ed by CBL, adaptor protein CINS85, and controlled by
dynamin activity similar to the clathrin-dependent endo-
cytosis [45, 48].

The type of the EGFR endocytosis can depend on
the receptor-bound ligand. For instance, in HeLa cells
EGFR activated by EGF or TGFa binding is subjected
solely to the clathrin-dependent endocytosis, whereas
heparin-binding EGF-like growth factor (HB-EGF) and
betacellulin stimulated both clathrin-dependent as well as
clathrin-independent uptake [49]. EGFR internalization
can be also mediated by macropinocytosis, which is
observed after exposure of A431 cells to EGF [50, 51], or
after formation of tubular-vesicular structures from the
circular dorsal ruffles bearing dynamin and phos-
phatidylinositol 3-kinase (PI13) [51, 52]. It is worth-not-
ing that EGFR ubiquitination is required for clathrin-
independent endocytosis because mutations in the relat-
ed motifs hindering ubiquitin binding also block endocy-
tosis [41]. Such type of EGFR endocytosis depends on
cholesterol-rich plasma membrane domains, but not
caveolin [36].

Regardless of internalization route, EGFR enters
early endosomes, wherein it undergoes sorting to regulate
response to EGFR ligand binding. Routes of further
EGFR trafficking substantially affect cellular regulatory
events contributing to balanced response to input signals,
which were summarized in detail in several reviews [36,
53]. It was noted above that destination to lysosomes for
EGFR degradation resulting in down-modulated
response to ligand-induced receptor stimulation and traf-
ficking back to the plasma membrane to continue its sig-
nal response represented two major routes for transport of
EGFR. However, small fraction of the receptors is deliv-
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ered from endosomes into the endoplasmic reticulum
(ER) via COPI transport vesicles [54]. In addition, alter-
native routes for EGFR nuclear and mitochondrial trans-
port (see below) have been described. Mitochondrial
transport of activated EGFR relies on c¢-Src and can
result in phosphorylation of the cytochrome c-oxidase
subunit COXII in the breast cancer cells, as shown after
adding c-Src and EGFR to immunoprecipitated COXII
or COXII-derived fragment [55]. Such EGFR trafficking
facilitates resistance to apoptosis [56]. Furthermore, it
was found that mitochondrial EGFR transport in non-
small cell lung cancer cells resulted in enhanced invasive-
ness and metastasis spread [57, 58]. However, the propor-
tion of EGFR found inside mitochondria is very low
comprising as low as ~2% of phosphorylated EGFR [57].

NUCLEAR TRANSPORT OF EGFR

Intracellular juxtamembrane domain of EGFR con-
tains three-part nuclear localization sequence
(RRRHIVRKRTLRR) that mediates emergence of a
small fraction of the full-sized ligand-activated receptor
inside the cell nucleus [59]. Similar three-part nuclear
localization signals are also found within the remaining
ErbB molecules. EGFR transport from the plasma mem-
brane towards the nucleus does not represent a common
stable response to ligand receptor binding, but rather is
observed in certain tissues or under certain circumstances
[60]. Such trafficking occurs due to endocytosis and
requires importin 31 implying that transport occurs
through a nuclear pore complex [61]. Presence of
intranuclear EGFR is a controlled process, which is
assumed by the presence of active nuclear export signal
within its structure [61]. EGFR is translocated into the
nucleus being bound to EGF [62] and is found both
inside the nucleoplasm as well as on the inner nuclear
membrane [63]. EGFR ligands affect differently such
trafficking: for instance, adding EGF, TGFa, HB-EGF
and betacellulin led to an intranuclear dose-dependent
EGFR accumulation in the human liver adenocarcinoma
cells, whereas amphiregulin and epiregulin exerted no
such effects [64]. Mechanisms resulting in EGFR nuclear
accumulation remain poorly understood, it is likely that
they are accomplished via several routes [60, 63, 65, 66].
In particular, EGFR can enter the ER from endosomes
and exit into the cytosol due to a retrograde trafficking via
Sec61translocon being involved both in transporting of de
novo synthesized proteins into the ER as well as translo-
cation of misfolded proteins back to the cytosol. Some
studies demonstrated that EGFR interacted with Sec61f3
constituting one of the three subunits in the translocon
[67, 68]. However, where exactly EGFR moves through
the translocon, why receptor glycosylation does not inter-
fere with it, as well as how it ends up inside the nucleus
being bound to the ligand remains unclear. Moreover, it
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remains unclear what does provide EGFR solubility in
nucleoplasm. Among the proposed nuclear trafficking
routes exit of EGFR into the cytosol from the ER has
been noted followed by movement through the nuclear
pore complex and transport as an integral protein to the
outer nuclear membrane and then through the peripheral
channels of the nuclear pore complex. In addition, some
endosomal fraction can also undergo nuclear trafficking
followed by the fusion with nuclear envelope and trans-
port through the nuclear pore complex to the inner
nuclear membrane [69]. Because Sec61 was found at the
inner nuclear membrane, the latter could allow EGFR to
be directly translocated into the nucleus [67].
Intranuclear EGFR can interact with transcription
factors STAT3, STATS, E2F1, phosphorylate proliferat-
ing cell nuclear antigen (PCNA) ensuring accelerated
proliferation and repair events as well as enhanced cell
radioresistance. Owing to this, nuclear EGFR takes part
in proliferation, tumorigenesis, metastasis spread, DNA
repair as well as provides resistance to DNA-damaging
radiation and alkylating anti-cancer agents [63].

EGFR EXPRESSION IN ONCOLOGICAL
DISORDERS

EGFR activation upon malignant transformation
can result from upregulated receptor expression,
enhanced autocrine and paracrine production of activat-
ing growth factors, as well as altered intrinsic tyrosine
kinase activity due to mutations. EGFR activation is
often caused by combination of several factors, which
complicates search for proper therapy.

One of the most common causes of EGFR activation
is its upregulated expression, which could be due to not
only gene amplification, but also enhanced transcription,
translation, decreased receptor degradation, and altered
expression of noncoding RNAs [70-72]. The data examin-
ing EGFR expression in oncological disorders presented
in multiple studies vary a lot depending on the disease
stage, applied therapeutic interventions, population, study
methods (mRNA assay, immunohistochemistry), ana-
lyzed parameters, available antibodies, and duration of the
sample storage. In some cases, quite strong increase of
EGFR expression was observed. In particular, head and
neck cancer samples contained EGFR mRNA amounts
on average 69-fold higher than in normal tissues [73].
However, no direct unambiguous correlation between the
mRNA and the relevant protein level was revealed, where-
as immunohistochemistry-based expression was not strict-
ly quantitative, and was additionally impacted by multiple
factors not always taken into consideration [74]. In the
case when several methods were used, immunohistochem-
ical staining demonstrated lower prevalence of the overex-
pressed EGFR protein vs. mRNA level. In particular, the
reported information revealed that in colorectal cancer
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overexpression of EGFR protein was detected in 61%
cases examined with immunohistochemistry assays,
whereas the relevant mRNA levels were increased in 79%
cases, employing of either of the methods — detected
EGFR overexpression in 82% cases [75]. Importantly,
depending on the used commercially available antibodies
detection of EGFR protein overexpression in non-small
cell lung cancer samples varied within 5-56% range as was
highlighted in the same study [76]. Nonetheless, it was
precisely this type of assessing EGFR expression that
allowed obtaining data on the receptor amount summariz-
ing changes in its transcription, translation and protein
degradation. Most often, investigators subdivide the data
into several groups depending on intensity of the specimen
staining (usually assigned to the four groups), assigning
the enhanced expression to one or two groups with most
prominent receptor expression. Analysis of a large number
of conducted studies allows identifying oncological disor-
ders with markedly increased EGFR expression (Table 1).
All experimental studies cited in the table were conducted
using immunohistochemistry staining. To provide more
detained picture, we also describe the data from previous
reviews, some of which cited studies based both on
immunohistochemistry staining as well as other methods.
It is also worth noting that such data are difficult to match
with those obtained while dealing with cultured cells in
terms of EGFR quantity per cell and correlate to the
changes of the receptor level in the same tissue from
healthy individuals. In some cases (bladder cancer,
glioma, head and neck cancer, lung cancer) it provides the
basis for developing local targeted therapeutic approaches
employing radionuclides, photosensitizers, and nanopar-
ticles reacting to various radiation types.

Overall, upregulated EGFR expression is one of the
most common events recorded in oncological disorders.
For instance, analysis of tumors with unknown primary
site revealed EGFR expression in 55% cases, so that its
amplified gene (17%) turned out to be the most prevalent
among all the markers examined [77].

Heterogeneity of the changes triggering oncological
disorders results in the situation when essentially distinct
disease variants emerge from the tumors with the same
localization. A thorough genetic profiling allows to eluci-
date cancer types within the same localization, which
exhibit with high probability the same changes in the key
regulatory proteins including EGFR. In particular, over-
expressed EGFR was found in 97% cases of the classic
glioblastoma multiforme [78].

ADVANCES AND LIMITATIONS
OF TARGETED BLOCKING
OF THE EGFR SIGNALING PATHWAY

EGFR serves as a crucial marker of malignant trans-
formation as it controls one of the most common entry
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Table 1. Frequency of upregulated EGFR expression in oncological disorders

Disorder % Tumors with overexpressed Source
EGFR
Head and neck cancer 80-100 [79]
38-92 [80]
46, 68, 56-85, 49, 68 [811, [82], [83], [84], [85]
Cervical cancer 70-90 [86]
30-98 [87]
18-87 [88]*
76-79 (891
Mesothelioma 44-97 [70]
Colon cancer 25-77 [79]
61,53, 39, 62 (751, 1901, [91], [92]
Pancreatic cancer 30-89 [93]
30-95 [94]
40-70 [95]
42-64 [96]
Non-small cell lung cancer 40-80 [79]
32-100 [76]°
56 [76]°
Breast cancer 14-91 [79]
2-60 [97]¢
Ovarian cancer 35-70 [79]
9-62 [98]
46-64, 57 (991, [100]
Glioma 40-63 [79]
68, 65 [101], [102]
Bladder cancer 31-48 [79]
27,74, 71 [103], [104], [105]
Neuroendocrine tumors 42-100 [106]°
28-57, 87 [107], [108]

Notes. *) Weighted mean — 48.5% from 20 immunohistochemistry studies and 1,823 patients; °) weighted mean — 49.8% from 15 immunobhisto-
chemistry studies and 2,399 patients with similar mAbs; ) 71% — squamous cell carcinoma, 48% — adenocarcinoma; ) weighted average
21.4% from 36 immunohistochemistry studies and 12,066 patients; ) thymoma, weighted average — 70.5%, from 8 immunohistochemistry

studies and 227 patients.

into in signaling pathway mediating regulation of cell
proliferation. More importantly is that in many cases
EGFR state or expression represent one of the essential
steps in the cell malignant transformation. Altered EGFR
activation often results in a continuous proliferative sig-
naling so that the cell division becomes perpetual until
the signal is interrupted. It should be noted that upregu-
lated EGFR expression in solid tumors is often associat-
ed with increased production of its appropriate ligands
that results in chronic receptor activation. Hence, it
seems rational to interrupt EGFR activation that can be
achieved either by blocking binding of agonist ligands or
inhibiting receptor tyrosine kinase activity. The former is
efficient in the case of upregulated EGFR level, whereas
the latter — in the case of permanent receptor activation

due to mutations especially while selecting inhibitors spe-
cific to the particular mutant.

Anti-EGFR monoclonal antibodies. A large number
(currently reaching as many as ~40) of available diverse
artificial polypeptides able to bind extracellular EGFR
domains points out to the fact that interrupting of inter-
action between EGFR and its ligands seems to be in high
demand [109]. In particular, they include chimeric anti-
bodies, antibody fragments, single-domain antibodies,
antibody mimetics engineered by using diverse scaffold
proteins such as ankyrin-repeat-based DARPin, affibod-
ies based on the protein A Z-domain, as well as adnectins
based on the 10th domain of the type III fibronectin. A
number of monoclonal antibodies such as cetuximab
(Erbitux), panitumumab (Vectibix), nimotuzumab
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(Theraloc), necitumumab (Portrazza) have been success-
fully introduced into the common clinical practice
(Table 2). These antibodies bind to the EGFR extracellu-
lar domain III preventing receptor activation by growth
factors. Cetuximab is derived from the high-affinity
murine monoclonal antibody (mAb) C225 fused to the
human IgG1 constant region [110]. Importantly, IgG1
isotype in the structure of cetuximab also accounts for
eliciting antibody-dependent cellular cytotoxicity by
recruiting NK cells to eliminate cancer cells in contrast to
panitumumab [111]. However, the latter is advantageous
due to the fact that it is fully human monoclonal IgG
antibody so that its use is less prone to trigger allergic
reactions and anaphylaxis [112]. Since the mid-2000s
these two first therapeutic monoclonal antibodies are
widely used in clinical practice. In 2015, this panel of
antibodies was supplemented with another human mAb
called necitumumab [113] used to treat squamous cell
non-small cell lung cancer. Compared to cetuximab and
panitumumab, this antibody has much longer half-life
(~2 weeks). Furthermore, nimotuzumab represents a
humanized murine antibody characterized with less sig-
nificant side effects compared to the rest of therapeutic
antibodies [114] due to its EGFR affinity optimized for
therapy that allows to exert effects mainly on cells with
moderate-to-high receptor expression, but spare those
with moderate surface level of the receptor [115, 116].
Moreover, there is a number of monoclonal antibodies
targeting EGFR, which have passed several phases of
clinical trials but received no approval for wide clinical
use due to the lack of marked improvement in clinical
outcomes compared to other therapeutic interventions.
Among them are humanized IgG1 antibodies matuzum-
ab and imgatuzumab, human zalutumumab and doligo-
tuzumab that interact both with EGFR and ErbB3 [109].

The majority of currently used and developed block-
ers of EGFR binding display two mechanisms of action:
inhibition of proliferative signaling and induction of anti-
body-dependent cellular cytotoxicity. However, cytotoxic
component of their activity is unable to produce sufficient
anti-cancer effect. Emergence of the gain-of-function
mutations in the downstream elements of the signaling
cascade such as well-known KRAS mutations usually

Table 2. Anti-EGFR antibodies used in clinical practice
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nullifies blocking of the receptor-induced signal trans-
duction. Tumors bearing wild type KRAS are sensitive to
antibody blockade, whereas mutations in the codons 12
and 13 within exon 2 in the KRAS gene result in stabiliza-
tion of the functionally active complex RAS-GTP and
continuous signaling via the MAPK-pathway that renders
such cancer cells insensitive to the blocking antibodies.
This type of mutations is recorded in 40-45% and 15-30%
cases of colorectal cancer and non-small cell lung cancer,
respectively [117]. Gain-of-function mutations are not
only restricted to the gene KRAS, and the cause of tumor
resistance to EGFR blocking therapy can also be associ-
ated with the altered genes NRAS, BRAF, PIK3CA,
PTEN, etc. [118] as well as expression of noncoding
RNAs [119]. Moreover, a secondary resistance inevitably
emerges after the initial therapeutic response to the
EGFR blocking antibodies, which is likely caused by the
mutated KRAS [120] and other genes [121].

EGFR tyrosine kinase inhibitors. Tremendous efforts
have been made to develop and test EGFR phosphoryla-
tion inhibitors after elucidating the details of EGFR acti-
vation caused by binding to growth factors. Treatment of
some oncological disorders with such inhibitory agents as
gefitinib (Iressa), erlotinib (Tarceva), lapatinib (Tyverb),
afatinib (Tovok), osimertinib (Tagrisso), brigatinib
(Alunbrig), and dacomitinib (Vizimpro) [122] as well as
icotinib (Conmana) (Table 3) was introduced into clinical
practice [123]. Use of the first-generation peroral
inhibitors (gefitinib and erlotinib) for treatment of non-
small cell lung cancer (squamous cell carcinoma and ade-
nocarcinoma) demonstrated much higher therapeutic
efficacy than the standard chemotherapy [124]. Most
common EGFR mutations are presented by deletion
746-750 in the exon 19 or L858R point mutation with
leucine to arginine substitution [125]. Patients with gain-
of-function EGFR mutations were found to be sensitive
enough to the reversible first-generation inhibitors dis-
playing manifold higher affinity to this mutant than to the
wild type EGFR isoforms. Despite the fact that these
inhibitors initially induced therapeutic effect, they did
not function in the case of combined mutations and some
other mutations, primarily T790M [126]. It stimulated
introduction of the irreversible second-generation

Name Ky Type Cancer type
Cetuximab 0.1 nM | chimeric, mouse C225 and human IgG1 | colorectal cancer, squamous cell carcinoma of the head
and neck, squamous cell non-small cell lung cancer
Panitumumab 0.05nM | human IgG2 colorectal cancer, breast cancer
Nimotuzumab 1 nM humanized IgG1 squamous cell carcinoma of the head and neck, naso-
pharyngeal carcinoma, glioma, pancreatic cancer
Necitumumab 0.3nM | human IgG1 squamous cell non-small cell lung cancer

BIOCHEMISTRY (Moscow) Vol. 85 No. 9 2020



976

ROSENKRANZ, SLASTNIKOVA

Table 3. EGFR tyrosine kinase inhibitors used in clinical practice

Name Target Type Disease
Gefitinib EGFR, del 746—750, L858R reversible | non-small cell lung cancer
Erlotinib EGFR, del 746—750, L858R reversible | non-small cell lung cancer, pancreas cancer
Icotinib EGFR, del 746—750, L858R reversible | non-small cell lung cancer
Brigatinib EGFR, C797S, ALK* reversible | non-small cell lung cancer
Lapatinib EGFR, ErbB2 irreversible | breast cancer
Afatinib EGFR, ErbB2 irreversible | non-small cell lung cancer
Osimertinib | EGFR, del 746—750, L858R, T970M, ins 20 irreversible | non-small cell lung cancer
Dacomitinib | EGFR, del 19, L858R, HER2, EGFR, HER4, AKT, ERK | irreversible | non-small cell lung cancer

Notes. * ALK — anaplastic lymphoma Kinase.

inhibitors with broader range of activity towards other
ErbB receptors: afatinib and dacomitinib were supposed
to overcome resistance of EGFR T790M mutation carri-
ers to erlotinib and gefitinib. Such intervention did not
demonstrate higher efficacy than the first-generation
inhibitors due to inability to achieve sufficient therapeu-
tic impact limited by toxicity for normal host tissues
[127]. The use of more selective inhibitor osimertinib for
treatment of non-small cell lung cancer was found to be
more successful [128, 129]. Despite the noticeably pro-
longed progression-free survival period, the gradually
developed drug resistance requires both the use of a com-
bination of different inhibitors and the search for more
effective interventions. Mutations emerging in the EGFR
C797 locus — binding site of osimertinib — result in gen-
eration of the resistant tumor variants [130].

Most success in using EGFR tyrosine kinase
inhibitors was reported for treatment of non-small cell
lung cancer. Such lung cancer type is characterized by
EGFR overexpression (around 50% cases) as well as
mutations leading to its permanent activation [127].
Selection of tyrosine kinase inhibitors with varying sensi-
tivity of the mutant EGFR isoforms to different inhibitors
[131, 132] in combination with blocking antibodies could
likely improve therapeutic efficacy [127]. Hence, devel-
opment of the panel of EGFR inhibitor represents an
exciting example of a personalized approach to cancer
therapy relying on the structural data and mutations in
one of the key components of carcinogenesis.

The necessity of permanent medication uses as well
as insufficient eradication of cancer cells comprise com-
mon limitations of the EGFR inhibitor therapy.
Prolonged use of inhibitors and presence of a large num-
ber of cancer cells results in emergence of therapy-insen-
sitive variants and subsequent selection of most resistant
clones [127]. Abolition of apoptosis suppression due to
the permanently activated EGFR-triggered Ras/Raf/

MEK/ERK signaling axis [133] turns out to be insuffi-
cient for tumor eradication. Along with the mutated
EGFR gene, rising tumor resistance is also accounted for
by other alterations in the signaling pathway controlling
cell proliferation. Such disturbances include gain-of-
function mutations in KRAS, BRAF, phosphatidylinosi-
tol-4,5-bisphosphate kinase catalytic subunit (PIK3CA),
gene fusion affecting activation of RET, FGFR3, and
BRAF, amplification of MET, FGFR, ErbB2, etc. [134-
139], as well as expression of long noncoding RNAs, e.g.,
UCAI (urothelial cancer-associated 1) [140]. In some
cases, inhibitor treatment results in changing of the dis-
ease type, for example, transformation of the non-small
cell lung cancer into the small cell lung cancer [141].
Thus, targeted therapy that is well illustrated by
approaches targeting EGFR faces the same problem of
emerging resistant cancer cells similar to the traditional
chemotherapy. As in the aforementioned case, one of the
ways to solve this issue could rely on selecting of a set of
inhibitors blocking activated signaling pathway including
not only EGFR inhibitors, but also those able to suppress
downstream arms such as KRAS, BRAF, etc. Rapidly
developing liquid biopsy techniques [142] and advanced
sequencing methods such as the next generation sequenc-
ing (NGS) [143] make this problem technically solvable.
Nonetheless, such approach does not guarantee an
absolute success due to high heterogeneity, genetic insta-
bility, and clonal evolution of tumors [144-146]. Blocking
proliferative signaling inhibits tumor growth, but does not
cause its disappearance. Addition of toxic chemothera-
peutic agents to the cancer treatment does not lead to
tumor eradication in all cases. Hence, researches in many
laboratories concentrate their attention on developing
alternative approaches to address therapeutic resistance
by applying a targeted intervention not to inhibit the
pathologically altered steps in the normal regulatory
processes, but to selectively eliminate cancer cells.
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Numerous variants of different oncological disorders
exhibiting EGFR overexpression serve as promising can-
didates for developing such approaches.

THE USE OF EGFR AS A DELIVERY SYSTEM

Traditionally, chemotherapy is the most commonly
used therapy of oncological disorders acting primarily on
the rapidly dividing cells together with radiotherapy that
mainly affects DNA and more effectively acting on the
dividing cells. Both interventions are not selective
towards exclusively cancer cells, which cause severe side
effects complicating recovery. Apart from these most
common methods, photodynamic therapy (PDT) and
gene therapy have been developed and used in some
cases. All these types of therapeutic interventions can be
combined with the targeted therapy not only using simul-
taneous or sequential administration, but also for target-
ed delivery of some therapeutic agent [toxic chemothera-
peutic substance, source of ionizing radiation, photosen-
sitizer (PS), or key gene] into the target cancer cells.
EGFR is considered as one of the most promising targets
for creating targeted anticancer therapy due to its direct
involvement in activating cell division, undergoing endo-
cytosis, and frequently upregulated expression in many
oncological disorders.

It was noted above (see “Endocytosis and subsequent
intracellular transport” Section) that EGFR internaliza-
tion increases by many orders of magnitude after stimula-
tion with extracellular cognate ligands. This process
depends on receptor dimerization and autophosphoryla-
tion, whereas anti-EGFR antibodies block it, but at least
some of them are able to relatively effectively enter cells.
In particular, variable region of the mAb 225 antibody
ensures functionality of cetuximab and becomes endocy-
tosed at the rate 6-7-fold lower than that one for EGF
endocytosis [147]. Nevertheless, it markedly exceeds cell
penetration rate of the ligand-free EGFR. It was shown
experimentally that in A549 human adenocarcinoma cells
moderately expressing EGFR (~10° receptors per cell)
more than half of captured mAb and EGFR recirculate
back to the cell surface within the first hour as compared
to the EGFR-EGF complex, more than 70% of which is
detained intracellularly to be further degraded in lyso-
somes. Interestingly, cetuximab enables trafficking of
some EGFR into the ER, where it is found in complex
with Sec61 and transported to the nucleus [148]. Such
transport depended on interaction between the antibodies
and the ligand binding site as well as on polyvalent anti-
body binding, because such trafficking was not observed
for the blocking antibody targeting another receptor site
and for the cetuximab Fab’-fragments [148].
Ligand—receptor complex clustering in glycosphingolipid
domains is required for subsequent caveolin- and
dynamin-2-dependent endocytosis of both cetuximab
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and nanoparticles coated with it [149]. Cetuximab-recep-
tor complex clustering as an intermediate stage in the
endocytosis initiation was also detected with the help of
the single particle tracking-based reaction progress kinet-
ic analysis [150]. The aforementioned data explains great
interest to cetuximab as a ligand for delivery of cytotoxic
agents into target cancer cells. Artificial antibody-like
scaffold proteins allowing to spatially positioning of a set
of amino acid residues ensuring interaction with a target
molecule are considered as a promising type of ligands.
Among them are small sized protein A-based affibodies
[151]. Some of them effectively interact with EGFR, but
also exhibit low endocytosis rate [152]. In addition, there
is a short peptide GE11lused for creating various delivery
systems of anticancer agents, which is able to bind with
EGFR facilitating internalization of nanoparticles coated
with this peptide [153]. Along with antibodies and pep-
tides utilized as artificial ligands capable of binding to
EGFR, there are also aptamers. The RNA-aptamer E07
was demonstrated to be able to bind EGFR with
nanomolar affinity, so that almost a quarter of the cell
surface-bound aptamer could be internalized within 30
min [154].

Nanoparticles. Nanoparticles exhibit extremely het-
erogenous properties, and due to their size, they are capa-
ble to attach or to incorporate large amounts of low-
molecular antitumor agents such as standard chemother-
apeutic compounds. This combination alone could pro-
foundly alter drug distribution and its pharmacokinetics.
With respect to oncological disorders it is worth noting
that attachment of antitumor agents to nanoparticles is
performed in hope to achieve the enhanced permeability
and retention effect (EPR) [155]. Hopes of successful use
of nanoparticles in cancer treatment were based on the
fact that at the sites of fast and chaotic tumor angiogene-
sis there is a significant number of large pores. However,
clinical studies demonstrated that compared to murine
experimental tumors the EPR Ievel in human tumors was
less pronounced and could differ substantially not only
between the same type tumors in different patients, but
also between various sites of metastasis in a single patient
[156]. In attempts to overcome instability of nanoparti-
cles it was suggested to make them functionally addressed
by, for example, attaching EGFR-specific ligands [157,
158].

So far immunoliposomes loaded with doxorubicin as
one of the most commonly used anticancer drugs is the
only example of this most often used approach that
reached clinical trial stage. To ensure their stability in
blood such liposomes are coated with polyethylene glycol
(PEG) moicties, whereas their specificity to cancer cells
overexpressing EGFR is provided by the Fab’-fragment of
cetuximab [159]. Such liposomes called anti-EGFR 1Ls-
dox, on average, contain 4,000 doxorubicin molecules,
elicit better tolerability compared to the free doxorubicin
at a similar dose, and show no side effects associated with
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EGFR blockade. Currently, such kind of doxorubicin
delivery into the cells with upregulated EGFR expression
for the treatment of triple-negative breast cancer patients
goes through the phase 2 clinical trial. Administration of
such liposomes carrying Fab’-fragment of cetuximab to
animals showed that they were able to enhance drug accu-
mulation by 6-fold in MDA-MB-468 human breast can-
cer xenografts [160].

A whole set of similar delivery systems utilizing
chemotherapeutic agents encapsulated into liposomes
modified by EGFR ligands undergo preclinical trials
(Fig. 2). Among them are immunoliposomes loaded with
doxorubicin and cetuximab attached via folate binding
protein [161], boron-containing anion for neutron-cap-
ture therapy, as well as cholesterol-cetuximab [162], cis-
platin and nimotuzumab [163], 5-fluorouracil and cetux-
imab [164], liposomes containing zinc phthalocyanine PS
and single-domain anti-EGFR antibody EGal [165],
liposomes with oxaliplatin and EGF [166], cisplatin and
anti-EGFR mAb [167], gemcitabine-loaded liposomes
with attached PEG and anti-EGFR mAb [168]. It should
be noted that such approaches with targeted delivery of
anticancer agents showed an opportunity to overcome
multi-drug resistance, which often poses problems for
cancer therapy [160].

All variants mentioned above could be beneficial for
clinical practice, but the search for optimal drug, ligand,
and route of attachment still continues. For instance, sor-
tase that links the specific sequence LPETG at the C-ter-
minus of the donor with the N-terminal pentaglycine was
used to ensure homogeneous conjugation to liposomes
[169]. Another approach for advancing anticancer agents
relies on the use of several cytostatic compounds encap-
sulated in immunoliposomes. For example, immunolipo-
somes loaded with doxorubicin and vinorelbine together
with the new single-domain scFv EGFR-s10 antibody
were investigated [170]. In addition, a combined use can
be illustrated by immunoliposomes loaded with cetux-
imab carrying doxorubicin and '®Re B-emitter as a
potential theranostic agent [171]. Development of multi-
functional delivery systems for pharmaceuticals compris-
es a general direction of search for most promising anti-
cancer drugs. In case of the liposome-based delivery it is
accomplished primarily by using functionalized lipo-
somes, e.g., thermosensitive liposomes loaded with dox-
orubicin and EGFR peptide GE11 [172]. Such liposomes
are stable at body temperature but become unstable upon
temperature rising and release encapsulated drugs at
40°C, which can provide additional selectivity mediated
by local heating. Moreover, sensitivity to environmental
pH-value provides another type of modification for con-
ferring additional functions to liposomes: immunolipo-
somes bearing anti-EGFR mAb could start releasing
gemcitabine upon lowering pH [173], which can happen
both in endosomes as well as within acidified areas of the
extracellular space in some tumors.
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Micelles represent another type of EGFR-targeted
nanoparticles used for delivery of anticancer agents. For
instance, pH-sensitive copolymer hydroxypropyl
methacrylamide-lactate micelles loaded with doxoru-
bicin were modified by nanoantibody EGal targeting
EGFR. Such tailored micelles were able both to retard
growth of head and neck cancer cell xenografts by block-
ing EGFR signaling as well as exhibit toxicity due to the
delivered doxorubicin [174]. Similar micellar construct
carrying paclitaxel was generated based on the Poly
Lactic-co-Glycolic Acid (PLGA)-PEG copolymer
loaded with cetuximab [175]. Another type of nanoparti-
cles co-loaded with paclitaxel and quantum dots for ther-
anostics were generated that contained phospholipid-
conjugated PEG and conjugated with cetuximab or
aptamer serving as ligand to EGFR. The micelles coupled
with EGFR ligands suppressed growth of pancreatic can-
cer xenografts to a significantly higher degree than the
non-targeted variants of nanoparticles [176]. Moreover,
other micellar constructs delivering several therapeutic
agents have been designed. Such constructs can be exem-
plified by cationic micelles decorated with cetuximab and
co-loaded with cytostatic agent gemcitabine and
microRNA miR-205 low level of which is associated with
cancer stem cells. This approach aimed at treating
advanced pancreatic cancer demonstrated enhanced
therapeutic efficacy in pancreatic cancer xenografts com-
pared to micelle-mediated delivery of every single com-
ponent separately [177]. Another variant of micelles —
tocopheryl-PEG conjugated to cetuximab and loaded
with paclitaxel — was successfully used for therapy of
triple-negative breast cancer xenografts [178].

A number of studies on targeted delivery of cytotox-
ic agents is based on using several ligands binding to sev-
eral cancer cell-specific receptors. Most promising
approaches simultaneously targeted EGFR (because this
receptor promotes epithelial-mesenchymal transition
[4]) and cancer stem cell markers. In particular, dual
specificity PLGA copolymer nanoparticles conjugated to
aptamers against EGFR and CDI133 and loaded with
antibiotic salinomycin effective against cancer stem cells
were generated [179]. The similar functionality was also
conferred to hyaluronic acid-based nanoparticles with
dual specificity: EGFR (peptide GE11) and CD44 to
which hyaluronic acid could be bound with high speci-
ficity. These particles carried granzyme B serine protease
as a cytotoxic agent [180].

By now, a large number of EGFR-targeting
nanoparticles loaded with diverse therapeutic agents has
been generated and tested in animal tumor models. In
particular, hybrid lipid—PLGA nanoparticles conjugated
to PEG and Fab’-fragment of anti-EGFR antibody and
loaded with adrianomycin suppressed growth of the hepa-
tocellular carcinoma xenograft [181]. The pluronic- and
PEG-stabilized self-assembled lipid nanoparticles loaded
with paclitaxel and decorated with EGFR-specific mAb
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also demonstrated enhanced efficacy against ovarian can-
cer cells both in vitro and in vivo [182]. In contrast, the
PLGA nanoparticles conjugated to cetuximab and loaded
with the prodrug paclitaxel acetate were tested for thera-
py of the A549 lung cancer cell xenografts and showed no
enhanced intra-tumor accumulation. Nonetheless, the
cetuximab-conjugated immuno-nanoparticles demon-
strated better therapeutic effect in comparison with the
initial nanoparticles [183]. Delivery of paclitaxel to gas-
tric cancer cells in vitro and in vivo was provided by the
cetuximab-conjugated poly(y-glutamic acid)-chitosan
nanoparticles [184]. In addition, cetuximab-conjugated
paclitaxel-loaded PLGA nanoparticles also demonstrated
better efficacy in treating lung cancer xenografts [185].
The cetuximab-conjugated doxorubicin-loaded silica
nanoparticles were also able to improve therapeutic effect
against hepatocellular carcinoma xenografts [186].

Many promising types of drugs are based on using
substances, which have not been sufficiently investigated
so far. In this case, a transfer from the data obtained on
cultured cells and animal models to clinical practice will
require substantial time and expenses. The attempts to
create a construct containing mostly components already
approved for therapy can be illustrated by the EGF-con-
jugated gemcitabine-loaded lecithin-based nanoparticles
modified with PEG [187].

Intrinsic properties of nanoparticle material can be
also used for EGFR targeted delivery. For instance,
cetuximab-conjugated iron oxide nanoparticles were
applied not only for magnetic resonance imaging, but also
for enhancing effects of radiotherapy. When inside the
cells these nanoparticles were able to trigger production
of reactive oxygen species (ROS) that enhanced radiosen-
sitivity in of the irradiated glioblastoma xenografts [188].

Cetuximab-conjugated gemcitabine-loaded gold
nanoparticles exerted a therapeutic effect against pancre-
atic adenocarcinoma xenografts [189]. Moreover, one
should not forget mentioning an opportunity of using
anti-EGFR antibody-conjugated gold nanoparticles for
photo-thermal destruction of cancer cells [190]. In this
case specificity of the nanoparticle internalization
accounted for their long-term intra-tumor retention.

The presented examples show that there is a wide
field of activities for advancing traditional anti-cancer
chemotherapeutic agents via targeted delivery supple-
menting them with favorable pharmacokinetic, intrinsic
trafficking, and cytotoxic properties. The common fea-
ture of these approaches is the necessity to include ele-
ments preventing capture of such constructs by the
monocyte-macrophage system, which typically rely on
using PEG.

Radionuclide therapy. .-, f-Emitting radioisotopes,
y-radiation, and Auger electrons (AEs) are used as cyto-
toxic agents in the targeted radionuclide therapy.
Intracellular location of emitters of -particles is not nec-
essary for damaging cancer cells, and endocytosis may
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only improve the intra-tumor retention of a B-particle
emitter attached to a drug. The effect of a-particles is
profoundly more prominent when they are located inside
the cell nucleus. Effects exerted by AEs usually require
their intranuclear location. Radionuclides often used for
therapy and imaging emit several types of radiation. AEs
emitted due to electron capture or internal conversion are
of top interest from the point of view of delivery into the
target cells. They possess short-range in tissues (normally
within nanometer range) and exhibit high linear energy
transfer (9-26 keV/um). Upon decay in the immediate
vicinity to nuclear DNA, AE emitters are considered as
promising agents for selective elimination of target cell
with minimal damage to adjacent normal cells [191].
Diverse types of EGFR-targeted AE emitter delivery of
varying complexity have been developed by taking into
consideration EGFR overexpression typical in numerous
cancer types as well as ability of EGFR to undergo
nuclear transport. Monotherapy with intravenously
administered ['*I]-labeled mouse anti-EGFR mAb 425
was found to markedly extend (from 7 to 16 months)
overall survival in patients with aggressive glioblastoma
multiforme [192]. Experiments with glioma cell lines
showed that 20-40% of cell-surface-bound antibodies
underwent internalization [193]. A chelating agent DTPA
used for binding of one of the most promising for clinical
purposes AE emitter !!'In conjugated to EGF is the sim-
ple and most common delivery systems investigated. First
efficacy studies of ['!'In]-DTPA-EGF were published 20
years ago [191], which demonstrated that [!!'In]-DTPA-
EGF penetrated into the EGFR-positive breast cancer
cells with 15% of internalized radioactivity deposited in
the nucleus. Incubation with ['!'In]-DTPA-EGF
markedly retarded growth of target cells. Further studies
demonstrated efficacy and safety of such approach in vivo
in mouse breast cancer model [194] as well as assessed
potential opportunity to replace natural EGF for its trun-
cated isoform able to bind but not activate EGFR [195].
Moreover, phase I clinical trial demonstrated lack of high
toxicity and immunogenicity of ['!'In]-DTPA-EGF after
a single administration [196]. In addition, efficacy of such
intervention can be improved by introducing a nuclear
localization sequence (NLS) into the EGFR-recognizing
constructs for enhancing their subsequent nuclear
import. For instance, introducing NLS into the anti-
EGFR antibody nimotuzumab-based delivery system for
"17n significantly increased amount of the intranuclear
radioactivity deposited into the breast cancer cells with
EGFR overexpression, thereby conferring higher cyto-
toxicity compared to the NLS-free control construct.
Moreover, nuclear localization sequence was also suc-
cessfully utilized in the '"'In dual-targeted delivery sys-
tem, wherein EGF accounted for target cell recognition,
whereas anti-y-H2AX antibody allowed radionuclide
delivery to the DNA damage repair signaling protein
called histone y-H2AX [197]. Interaction with the
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nuclear import-promoting factors occurred in the
cytosol, however after binding EGFR-targeted construct
underwent internalization into the closed intracellular
vesicles. Trafficking of the intrinsic cell surface receptor
including EGFR into the nucleus is low (see “Nuclear
EGFR transport” Section) and is directed mainly to lyso-
somes and plasma membrane. At the same time, cells
have extended inter-organelle trafficking system that may
be utilized for controlling transport of the designed phar-
maceuticals [198]. Sobolev et al. developed recombinant
modular constructs called modular nanotransporters
(MNTs) for delivering cytotoxic agents into the cell
nucleus [199-201] consisting of the following compo-
nents: EGF, binding of which to EGFR on the surface of
the target cells provides selectivity and triggers internal-
ization; translocation domain of the diphtheria toxin
(DTox) responsible for release of transporters into
cytosol; nuclear localization sequence derived from SV-
40 large T-antigen; and bacterial hemoglobin-like protein
(HMP) as a carrier [199]. It was shown that each module
constituting MNT preserved functional activity [202],
and that MNTs could reach the nucleus in the EGFR-
positive cancer cells in vitro [202] and in vivo [203]. Initial
data regarding application of MNTs to deliver AE emit-
ters into the nucleus of EGFR-positive cancer cells were
obtained in vitro by using two radionuclides: '*I [204] and
7Ga [205]. It was found that in both cases 55-60% of
internalized MNT-delivered radionuclides were deposit-
ed in the nuclei of the target cells, and manifold increased
cytotoxicity was observed when compared with the con-
trol constructs. To develop efficient MNT-mediated ''In
delivery, there was first designed a method for attachment
of this AE emitter to proteins allowing to obtain a labeled
product with high specific activity [206]. As a result, the
level of damage caused by '''In attached to MNTs was
markedly increased both in the EGFR-expressing cul-
tured cells [206-208] and in the in vivo animal model after
a single local administration into the EGFR-expressing
tumor that resulted in a dose-dependent therapeutic
effect causing tumor eradication in 40% of animals treat-
ed with the highest dose of the preparation [207].

Another option for overexpressed EGFR-based
radionuclide therapy is to use liposomes coupled to '*°Re
(emitting B-particles and AEs) or 'Re (solely B-parti-
cles) administered intracavitary after surgery in rats with
orthotopic human breast cancer. This approach is aimed
at improving current chemotherapeutic and radiothera-
peutic clinical protocols [209].

High linear energy transfer (50-230 keV/um) and
relatively short range (50-100 um) of a-particles make
emitting them radionuclides more cytotoxic in the case of
intracellular decay [200]. Targeted delivery of a-particle
emitters into cancer cells expressing EGFR was success-
fully performed in some studies. Generally, mAb cetux-
imab targeting EGFR, which was used for a long time in
clinical practice, is applied as the delivery vehicle. For
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instance, the a-emitter 2"°Bi conjugated to cetuximab
demonstrated high cytotoxicity in vitro against the triple-
negative breast cancer cells expressing EGFR [210].
Moreover, 2*Bi attached to anti-EGFR antibody
matuzumab revealed high efficacy in vivo against ortho-
topic human bladder cancer by remarkably improving
overall survival as compared to control animals [211,
212]. A pilot study on efficacy of topically administered
2I3Bj conjugated to cetuximab for treatment of bladder
carcinoma in situ demonstrated potential feasibility of this
approach: three out 12 patients were observed to have full
remission after a single or double instillation [213].

Furthermore, high anticancer efficiency was shown
for another a-emitter — >'*Pb conjugated to cetuximab in
the murine LS-174T (human colon carcinoma cell line)
disseminated intraperitoneal tumor model demonstrating
increase of the median survival of animals to 84 days vs.
34 days for the case of 2'?Pb conjugated to the non-specif-
ic antibody [214]. Efficacy of the >'*Pb—cetuximab thera-
py can be further improved both by gemcitabine pre-
treatment as well as by conjugating >'*Pb to the anti-
HER-2 antibody trastuzumab.

Delivery of a-particle emitting radionuclides into
the target cell nuclei allows both enhancing the damaging
effect from a-particle itself and enabling cytotoxic poten-
tial of the recoil nuclei emitted upon a-decay [215]. In
particular, 2''At-attached to MNTs, was able to specifi-
cally enhance its intrinsic cytotoxicity up to 18-fold in
several cancer cell lines overexpressing EGFR [216].

Immunotoxins. Catalytic subunits of bacterial toxins
exerting toxic activity represent another type of antitumor
preparations. Such substances consist of toxins with the
ligand portion ensuring cell binding replaced with an
antibody or its fragment or any other ligand specific to the
internalizable receptor on the target cell. Generally, such
substances are called immunotoxins, which is not very
appropriate because these anticancer agents also include
toxin fragments chemically conjugated or genetically
engineered to be fused with some natural ligands. By now,
there has been designed and tested more than 15 con-
structs consisting of EGFR ligands coupled to various
toxins fragments mainly derived from Pseudomonas exo-
toxin, diphtheria toxin, and saporin [217-219]. Natural
toxins exert some intrinsic mechanism for entering cell
cytosol along with their own toxic activity. For instance,
owing to its translocation domain the diphtheria toxin is
able under condition of low acidity to insert its catalytic
subunit into the endosome membrane and transfer it into
the cytosol, whereas Pseudomonas exotoxin can be trans-
ferred via vesicular trafficking system through the Golgi
apparatus into the ER and then into the cytosol by retro-
grade transport. ADP-ribosylation subunits of such toxins
exhibit extremely high cytotoxicity, which often rises a
question as to whether they exhibit therapeutic range ade-
quate for clinical practice [220]. Nonetheless, the three
immunotoxins have been already approved for clinical
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application in treatment of several hematological cancers:
IL-2 fused to diphtheria toxin fragment (Ontak) for treat-
ment of T-cell lymphoma; anti-CD22 antibody linked to
a Pseudomonas exotoxin (Lumoxiti) for treatment of
hairy-cell leukemia, and IL-3 coupled to a portion of
diphtheria toxin (Elzonris) for treatment of blastic plas-
macytoid dendritic cell neoplasm [220].

In contrast, using the same strategy for designing
drugs effective against solid tumors is a more complicated
task. Nonetheless, one of such compounds called TP-38
consisting of EGFR ligand TGFa fused to Pseudomonas
exotoxin fragment truncated to exert solely toxic ADP-
ribosylation activity, but unable to cell binding demon-
strated promising results in preclinical studies. Such
immunotoxin was administered for assessing its potential
in treatment of glioblastoma upon local intracerebral
inoculation via convection enhanced delivery.
Glioblastoma is characterized by frequent EGFR overex-
pression (see “EGFR expression in oncology diseases”
Section). It was found that such intraparenchymal drug
delivery in several patients produced significant response
[221].  Similar immunotoxin (D2C7-(scdsFv)-
PE38KDEL) [222] was created by using antibody variable
fragment able to bind both wild type EGFR and
EGFRUVIII (gain-of-function mutant with deleted extra-
cellular domain) [223] most often observed in glioblas-
toma. Such construct demonstrated markedly extended
overall survival in immunocompromised mice after treat-
ment of orthotopic human glioma [224]. Combination of
the D2C7-(scdsFv)-PE38KDEL therapy of the ortho-
topic human brain tumor in mice with the checkpoint
inhibitors aCTLA-4/aPD-1/aPD-L1 allowed to eradi-
cate experimental glioma in some animals [225].

Photosensitizer delivery. PDT represents an interest-
ing and promising therapeutic approach for treatment of
some diseases primarily oncological disorders [226]. Such
type of therapy is based on selective intra-tumor accumu-
lation of PS and subsequent tumor illumination with light
with wavelength corresponding to the maximum of PS
absorption. This triggers photodynamic reactions result-
ing in generation of ROS that exert powerful damaging
effect. A distance the most reactive ROS (singlet oxygen,
hydroxyl radical) can travel is limited by several dozens of
nanometers, which makes them most efficient in the case
they enter the nucleus of target cells [227, 228]. MNTs
including those targeting EGFR have been examined as
delivery vehicles of PS into the nuclei of target cells. It
was shown that PS conjugated to MNTs preserve their
potential to generate ROS upon illumination [202]. PS
conjugated to MNTs vs. free PS exerted phototoxicity by
three orders of magnitude higher in cancer cells with
overexpressed EGFR [202, 229]. Substantially increased
efficacy of MNT-conjugated PS vs. free PS photodynam-
ic action was shown in vivo in nude mice inoculated with
A431 human epidermoid carcinoma xenografts charac-
terized with overexpression of EGFR. In particular, PDT
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mediated by the PS-MNTs construct resulted in 75%
overall animal survival rate vs. 20% in the case when free
PS was used [203].

The preparation RM-1929 — an immunoconjugate
of the PS dyeIRDye700DX with anti-EGFR antibody
cetuximab — is currently in the later phase of clinical tri-
als for treating recurrent head and neck squamous cell
carcinoma with PDT [230]. A large number of immuno-
conjugates between photosensitizers and mAb or their
fragments currently undergoes preclinical studies [231].

Gene therapy. Several combined approaches have
been proposed to transfer genetic material, genes, and
miRNAs via EGFR. For this purpose, transfection with
adenovirus redirected towards cells overexpressing EGFR
by using chimeric protein composed of EGFR coupled to
extracellular domain of the adenovirus receptor hCAR
(human coxsackie B and adenovirus receptor) was used
[232]. Modified adenovirus delivering human herpes sim-
plex virus thymidine kinase gene ensured elimination of
ovarian cancer cells, which delayed xenograft growth
[232]. Another version of the combined approach is the
system delivering sodium-iodide symporter gene that
mediates iodide uptake by the cell. Polyethyleneimine-
based GE11-conjugated nanoparticles delivered this gene
into the colon cancer xenografts, which enabled bioimag-
ing as well as suppressed tumor growth [233]. The lipo-
somes loaded with miRNAs to inactivate survivin that
carried two ligands — GEI11 targeting EGFR and
hyaluronic acid targeting CD44 — inhibited growth of the
hepatocellular carcinoma xenografts [234]. It must be
also emphasized that EGFR especially its mutant variant
EGPFRUVIII that forms a unique epitope, have been exten-
sively examined including in several clinical trials for their
potential use in CAR T cell therapy [235].

CONCLUDING REMARKS:
CURRENT TRENDS AND PERSPECTIVES

Analysis of current trends in the studies of EGFR, its
significance in oncological disorders, and in the develop-
ment of interventions for its therapeutic application
demonstrates that as in the past most attention is paid to
the ways of blocking EGFR-mediated signaling.
However, it has been increasingly evident that approach-
es combining EGFR overexpression and its alteration
with the agents affecting cancer cells primarily by damag-
ing their activity deserved much attention [93, 236, 237].
Along with the traditional widely used approaches involv-
ing concurrent use of several therapeutic agents, multi-
functional systems have been developed. These systems
combine delivery with several simultaneously or sequen-
tially applied addresses followed by eliciting lethal impact
inside the altered cells. Together with the targeted cyto-
toxic effect, the receptor-mediated delivery to target cell
can be also used for interrupting intracellular regulation,
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e.g., by delivering antibodies or transcription factors
blocking regulatory processes [238-240]. EGFR as one of
the most examined entry into the signaling network exter-
nally regulating cell proliferation is often used for testing
new delivery systems. A necessity to take into account
potential of the host body to neutralize foreign substances
and particles represents another challenge on the path to
practical use of such approaches, which, however, does
not seem to be unsolvable in the near future.
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