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Members of the epidermal growth factor receptor (EGFR) family of tyrosine kinase receptors are major regulators
of cellular proliferation, differentiation, and survival. In humans, abnormal activation of EGFR is associated with the
development and progression of many cancer types, which makes it an attractive target for molecular-guided
therapy. Two classes of EGFR-targeted cancer therapeutics include monoclonal antibodies (mAbs), which bind to
the extracellular domain of EGFR, and tyrosine kinase inhibitors (TKIs), which mostly target the intracellular part of
EGFR and inhibit its activity in molecular signaling. While EGFR-specific mAbs and three generations of TKIs have
demonstrated clinical efficacy in various settings, molecular evolution of tumors leads to apparent and sometimes

inevitable resistance to current therapeutics, which highlights the need for deeper research in this field.

epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIS)

monoclonal antibodies (mAbs)

| 1. EGF Receptor Protein Family

In humans, the epidermal growth factor (EGF) receptor family (ERBB/HER) consists of four structurally related
receptor tyrosine kinases (RTKs) that regulate proliferative cell signaling and play pivotal roles in both normal
physiology and proliferative diseases like cancer W. The four family members are EGFR/ErbB1/HER1,
ErbB2/Neu/HER2, ErbB3/HERS3, and ErbB4/HER4 proteins (21 which are encoded, respectively, by genes EGFR,
ERBB2, ERBB3, and ERBB4 Bl. These genes are located on four different chromosomes, but their products share
common structural organization, including an extracellular domain, lipophilic transmembrane region, intracellular

domain with tyrosine kinase activity, and a carboxy-terminal region [4l,

The ERBB/HER family members are expressed in epithelial, mesenchymal, and neuronal cells and in their cellular
progenitors 2. The family members play central roles in cell proliferation, survival, differentiation, adhesion, and
migration. These molecules interconnect the inner and outer compartments of the cytoplasmic membrane and
trigger the cellular responses to various external stimuli by transmitting the intracellular regulatory stimuli €. The
activated ERBB/HER receptors form regulatory complexes in which components can enter the cytoplasm and
promote downstream molecular pathways (Figure 1), including well-known oncogenic pathways of RAS-RAF-
MEK-ERK and AKT-PI3K-mTOR signaling axes . Furthermore, apart from dimerization, EGFR molecules can
also form oligomers on the cell surface, both under the action of natural ligands or in their absence B, The

phenomenon of EGFR oligomerization is thought to be important for intracellular signaling because it results in a
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tight organization of kinase-active molecules in a manner that is optimal for autophosphorylation in trans between
adjacent dimers 19,

EGFR

s SuadBaRRRERS Lttt At b finhdbctetds 2 22 unu-nuuu“

a"'“-*“'“ ...-ﬂ'...ui"‘"“*““"“"““' “"'"““ﬂu.nluu-un-ufo i e

“‘l-'.“I-.l.-. ;mﬂf;r;;. '.--..‘..
SHC ( GRB2 ) S0sS

@
]
P TN
(Pren) —{ P
: :
l Pﬂ:1 STAT

STAT
AKT ERK1/2 .

)
/ mTOR
Protein L
syntesis

Calcium
signalling =
gene expression, Mucleys
cell proliferation,
survival

Figure 1. Intracellular signaling involving EGFR. The major regulatory pathways downstream of EGFR and other
HER receptors are shown. Binding of specific ligands (e.g., EGF) leads to homo- or heterodimerization of
receptors, thus resulting in conformational changes in the intracellular kinase domain, which results in
phosphorylation and activation of the receptor. The signaling axes RAS-RAF-MEK-ERK and PI3K-AKT-mTOR, in
turn, activate various downstream signaling pathways, thus leading to enhanced cell proliferation and survival.

Created with BioRender.com (accessed on 1 November 2023).
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Several growth factors are known to be able to bind ERBB/HER receptors and activate them. These are the
members of the epidermal growth factor (EGF) family, which are generally classified into three groups.
Representatives of the first one bind only to EGFR, which includes EGF 11, transforming growth factor alpha
(TGF-a) 12 epigen (EPG) 131 and amphiregulin (AR) 4. The second group has dual specificity of receptor
binding and includes betacellulin (BTC) 2!, heparin-binding epidermal growth factor (HB-EGF) 18, and epiregulin
(EPR) 4. The third group consists of neuregulins (NRG) and forms two subgroups depending on their ability to
bind both HER3 and HER4 (NRG1 and NRG2 [18]) or only HER4 (NRG3 and NRG4 121201y (Figure 2a).
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Figure 2. (a) Ligands that bind to common types of homo- and heterodimers formed by HER receptors. The
following designations were used: 1—EGFR, 2—HER2, 3—HERS3, and 4—HERA4. (b) Dimerization, activation, and

internalization of the EGFR receptor. Created with BioRender.com (accessed on 18 October 2023).
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The inactivated forms of EGFR, HER3, and HER4 receptors exist in a pre-dimerized state. In turn, binding of the
specific ligand causes rearrangement of the respective subunit of the receptor by turning the transmembrane
domains. Activation leads to internalization of the receptor and trafficking to the early endosomal compartment of
the cell. Next, endocytosis sorting occurs, whereby the receptor is either transported to the lysosome for further
degradation or recycled to occupy a place in the cell membrane [l The family ligands affect receptor
internalization in a different manner: upon EGF binding, the majority, but not all EGFRs, are continuously
ubiquitinated and transported to lysosomes. HB-EGF and BTC also behave the same way. On the other hand,
when subjected to the low pH of endosomes, TGF-a, EPR, and AR quickly separate from the receptor, which leads
to de-ubiquitination of the receptor and its subsequent recycling to the plasma membrane (Figure 2b) [22],

In contrast with other HER family members, none of the ligands bind to HER2 [23]: it always exists in the dimerized
state and acts as a preferred partner for heterodimerization with the other three ERBB/HER family members [24],
Also, HER2-containing heterodimers are characterized by higher affinity and broader ligand specificity than other
heterodimeric ERBB/HER receptor complexes due to the slower dissociation rates of growth factors 2. There was
a controversy regarding HERS3 pertaining to its kinase activity, and initially, it was posited that HER3 lacked kinase

activity due to the absence of requisite residues 28,

| 2. EGFR Role in Cancer

Mutations and cases of overexpression of EGFR are especially frequently found in carcinomas and glioblastomas,
tumors of epithelial and glial origin, respectively 7281 worldwide, carcinomas are the most common type of
cancer 29, Overexpression of EGFR has been reported and implicated in the pathogenesis of many human
malignancies, including head and neck BY, jung B breast 2 pancreatic 23], and colon cancer 24, The EGFR-
positive status of the tumor often correlates with poor prognosis and outcome, as it is beneficial for cancer cell
proliferation W3 EGFR overexpression was also shown to be associated with melanoma progression and

promoted invasiveness and metastasis in this tumor type 28],

Mutations in the tyrosine kinase domain of EGFR were found in the majority of tumors that exhibited a positive
response to treatment with EGFR-specific TKls (Figure 3a in green) BZ. In some reports, the frequency of EGFR-
activating mutations has strong ethnical specificity and varies by region, being as high as 46% in Asia versus only
8% in the Americas [28l. The two most common mutations of EGFR in NSCLC represent about 85-90% of all EGFR
mutations B2, The first one is a deletion of EGFR exon 19 (del747-750), which eliminates the leucine-arginine-
glutamate-alanine motif in the tyrosine kinase domain of EGFR (LREA deletion), and the second one (L858R) is a
thymine-to-guanine transversion, which results in the replacement of leucine with arginine in exon 21 codon 858
(491411 The third most frequent type of EGFR mutations in NSCLC is exon 20 insertions (ex20ins), which constitute
9% (4211294 (43 of all EGFR mutations. In contrast to the other above mentioned mutations, Ex20ins is associated
with poor response to treatment with TKIs ©4l |t results in in-frame insertions, usually concentrated within or
following the C-helix that dictates the activation status of EGFR 42, In glioblastoma, the most frequently (~30%)

occurring EGFR mutation is EGFRAIIl (EGFR variant 1), which results from the in-frame deletion of 801 base pairs
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spanning exons 2—7 of the coding sequence, resulting in ligand-independent activation of EGFR tyrosine kinase
activity [4811471[48],

ex20ins
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Figure 3. (a) Structure of EGFR gene. EGFR exons 18-21 encode the tyrosine kinase domain and may contain
mutations, playing a crucial role in the development and progression of different cancers with a strong proven
relationship to resistance (red) and sensitivity (green) to specific TKIs. (b) Domain view of EGFR protein. Left, a
schematic diagram of ligand-bound dimerized EGFR. Right, sites of inhibition of EGFR activity by different targeted
drugs (mAb: monoclonal antibodies; TKIs: tyrosine kinase inhibitors). Created with BioRender.com (accessed on
18 October 2023).

The LREA deletion of exon 19 of EGFR is shown to increase EGFR autophosphorylation and to activate
downstream pathways AKT and STAT, thus promoting survival and cell growth 42 With this mutation, the EGFR
dimer exhibits increased stability as it tightens the molecular contacts of arginine ARG744 and asparagines
ASP974 and ASP976 from the reciprocal monomers 59,
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The 21st exon point mutation L858R is also a common activation mutation of EGFR, accounting for nearly 40% of
all EGFR mutations. The L858R mutation locks the kinase in a constitutively active state by preventing the
activation loop segment (residue 858 and flanking residues) from adopting the inactive, helical conformation, which
leads to about 50-fold greater activity of the mutant EGFR (211,

EGFRvIIl (EGFR with 2—7 exon deletion) lacks a ligand-binding domain and is constitutively active. It is the most
common EGFR mutation occurring in glioblastoma 48, EGFRuvIII pathologic isoform does not contain amino acids
6-273 of wild-type EGFR, and it results in the formation of a new glycine residue at the junction site. This alteration
imitates the effects of ligand binding and triggers changes in the receptor conformation by ultimately activating

downstream signaling pathways 2],

In addition, the patients may have uncommon EGFR mutations. The use of next-generation sequencing (NGS) has
become a novel diagnostic method for detection, which led to the identification of increasingly rare or atypical
EGFR mutations. For example, EGFR fusion mutation EGFR-SEPT14 was found in a patient with colorectal
adenocarcinoma. The exon 24 of EGFR was fused to the exon 10 on SEPT14 while retaining the EGFR tyrosine
kinase domain. This tumor appeared to be sensitive to erlotinib treatment, and the patient developed a partial

response following therapy 58I,

In addition, activating mutations of downstream genes of regulatory kinases involved in the Ras/MAPK signaling
pathway, such as KRAS, NRAS, and BRAF, are exceptionally frequent and appear in more than 90% of pancreatic,

~32% of lung, and ~52% of colon cancers (4],

| 3. EGFR-Targeted Therapies

Since EGFR is frequently overexpressed and/or mutated in multiple cancer types, it has prompted the development
of a number of specific targeted therapeutics. Currently, there are two classes of EGFR-specific cancer drugs:
monoclonal antibodies (mAbs), which bind to the extracellular domain of the transmembrane receptor and block its
dimerization, and small-molecule tyrosine kinase inhibitors (TKIs), which bind to the adenosine triphosphate (ATP)
binding site B2 (Figure 3b, Table 1). In turn, TKls can be classified according to the mechanism of binding with the
receptor tyrosine kinase domain: type | (binding with ATP site in mainly active conformation), type Il (binding with
ATP site plus back pocket, DFG(Asp855-Gly857)-out, in inactive conformation), type %2 (binding to a DFG-in, in
inactive conformation), type Il inhibitors binding to allosteric sites, and type IV inhibitors which generally form
covalent adducts with their target protein 2857 EGFR-targeted drugs are currently widespread, globally approved,

and are used worldwide for hundreds of thousands of patients per year.

Table 1. Characterization of EGFR-targeting inhibitors.
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Drug Tumor Type

First Generation

Advanced or
Gefitinib metastatic
NSCLC

Advanced or
metastatic
Erlotinib NSCLC,
pancreatic
cancer

Metastatic
Lapatinib breast
cancer

Tyrosine Kinase Inhibitors

Therapeutic Indication

First-line therapy for NSCLC
carrying EGFR-activating
mutations

First-line therapy for NSCLC
carrying EGFR-activating
mutations
With gemcitabine: first-line
treatment option for patients
with locally advanced and
metastatic pancreatic
carcinoma

With capecitabine: the
treatment of HER2-positive
MBC in patients who have
previously received therapy
(anthracycline, a taxane,
trastuzumab)

With letrozole: the treatment of
postmenopausal women with
hormone receptor positive MBC
that overexpresses the HER2
receptor for whom hormonal

therapy is indicated

Second Generation

Afatinib Metastatic NSCLC carrying EGFR-
NSCLC L .
activating mutations
Neratinib Breast Extended adjuvant treatment of
cancer patients with early stage HER2-

positive breast cancer, to follow
adjuvant trastuzumab based

First-line therapy for metastatic

therapy
With capecitabine: the
treatment of patients with

Molecular Inhibitor
Type

Target

EGFR:
ATP-
binding
site

EGFR:
ATP-
binding
site

ATP-

binding

site of

EGFR and

HER2

ATP-

binding

site of

EGFR,
HER2, and

HER4

ATP-

binding
site of
EGFR,
HER2, and
HER4

1Y2

\Y

Molecular
Markers of
Efficiency

Activating
mutations of
EGFR: Exon 19
deletions; L858R

Activating
mutations of
EGFR: Exon 19
deletions; L858R

HER2-positive
status of tumor

Activating
mutations of
EGFR: Exon 19
deletions; L858R

HER2-positive
status of tumor
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Drug

Dacomitinib

Osimertinib

Almonertinib

Lazertinib

Furmonertinib

Tyrosine Kinase Inhibitors

Tumor Type  Therapeutic Indication
advanced or metastatic HER2-
positive BC who have received
two or more prior anti-HER2
based regimens in the
metastatic setting

First-line therapy for metastatic
NSCLC carrying EGFR-
activating mutations

Metastatic
NSCLC

Third Generation

Adjuvant and first-line therapy
for metastatic NSCLC carrying
EGFR-activating mutations

Advanced or .
The treatment of adult patients

ml\letsagtact'c with metastatic EGFR T790M
mutation-positive NSCLC,
whose disease has progressed
on or after EGFR TKI therapy
Adjuvant therapy for advanced
NSCLC patients with T790M-
Advanced mutant EGFR who had
NSCLC developed resistance to first-
and second-generation EGFR
TKis like gefitinib and afatinib
Treatment of locally advanced
Advanced . .
NSCLC or metastatic NSCLC cgrrylng
EGFR T790M mutation
Locally Treatment of locally advanced
advanced or o metastatic EGFR T790M+
metastatic NSCLC that developed after
NSCLC

i Molecular
Mol lar Inhibitor
ga?';léta Tyl:)(tao Mafkgrs of
Efficiency
ATP-
binding Activating
site of v mutations of
EGFR, EGFR: Exon 19
HER2, and deletions; L858R
HER4
Activating
mutations of
ATP- EGFR: Exon 19
binding v deletions; L858R
site of the The secondary
EGFR T790M
resistance
mutation
Activating
mutations of
ATP- EGFR: Exon 19
binding v deletions; L858R
site of the The secondary
EGFR T790M
resistance
mutation
Activating
mutations of
ATP- EGFR: Exon 19
binding v deletions; L858R
site of the The secondary
EGFR T790M
resistance
mutation
ATP- The secondary
binding T790M
site of the resistance
EGFR mutation
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Tyrosine Kinase Inhibitors

- Molecular
Drug Tumor Type  Therapeutic Indication Mglecular Loty Markers of
arget Type Efficienc
y
progression on treatment with
first-generation EGFR TKIls
Monoclonal Antibodies
Molecular
Drug Tumor Type Therapeutic Indication Molecular Target Markers of
Efficiency
With radiation therapy:
treatment of locally or regionally
advanced SCCHN
With platinum-based therapy
with fluorouracil: metastatic
SCCHN
Metastatic SCCHN progressing
after platinum-based therapy yment:
Advanced or With FOLFIRI: first-line .
metastatic treatment of KRASwt EGFR- - L KRAS wild-type
. . The binding site in status of EGFR-
Cetuximab SCCHN, overexpressing mCRC domain Il of EGER overexpressing . ANNU
metastatic With irinotecan in patients who r :
- tumor
CRC are refractory to irinotecan-
based chemotherapy: treatment
of KRASwt EGFR- Ine
overexpressing MCRC; as a
single-agent in patients who
have failed oxaliplatin-and
irinotecan-based chemotherapy n
or who are intolerant to
irinotecan
Res.
Single agent treatment of
metastatic CRC with disease RAS wild-type
Panitumumab Metastatic progression on or following The binding site in status of EGFR- Siol
CRC fluoropyrimidine, oxaliplatin, domain lll of EGFR overexpressing :
and irinotecan chemotherapy tumor
regimens
_ - _ ) /S.
. Metastatic W.Ith gemmtabme s C|splat|n: The binding site in EGFR- .
Necitumumab NSCLC first-line treatment of patients domain Il of EGER overexpressing
with metastatic NSCLC status of tumor e

Distinct from the Active State. J. Biol. Chem. 2020, 295, 13353-13362.
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fror poUR¢aRENIRMEISCMIC BUlsRBIa). EvepfiiipskAomdapatinlb AeaiaeRgMUEaHoRDNIIALERHErARO0%) in
NB fooutblersiatoinReEa (G CURRRIPH R RESH SR ey 8iF KRy 251 A DETPRSRTGREHABIASR CGammiRsiS

frory~FRgh gonecedioda ~88%, wriden 2914 lapatinib treatment. Analysis of the levels of Akt, p-Akt, p38MAPK,

p-p38MAPK, JNK, and p-JNK revealed that Iaf:)atinib notably downregulated the exEression of p-Akt and
38. Graham, R.P.; Treece, A.L.; Lindeman, N.l.; Vasalos, P.; Shan, M.; Jennings, L.J.; Rimm, D.L.

Worldwide Frequency of Commonly Detected EGFR Mutations. Arch. Pathol. Lab. Med. 2018,
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uprégdatbd3hd @xXpression of p-p38MAPK and p-JNK, suggesting stimulation of apoptosis potentially through the

3%3 SgéAsFt)gr“?é]c?éA‘ &Bﬁ'gaﬁélggf E’th\'&){aves J.J.; Parra-Medina, R. Multiple Mutations in the EGFR Gene

in.Lun ncer: A mati view. Transl, Lun ncer Res. 2022, 11, 2148-21
Despiteu r%gnsct:%ted Say %;[/?ty aéé:aﬁgt Ie—|ER2 %ogltlveuc Il ?nce sc?r%e ge%ular growt% %agtgrs such as

A0RGhieMayulideinmaBeYopde dngdGoShalte e, tddalivel ebag, . e Katiog, & [xgafieitk,1d.SCICI8a|, tde Idastric
carkiodmy .ol lina randl B E £, @s dpGdeeabExdsm dhDipl@tiarndt Ihes botatsshyititie kalapeainle, ExerallStorMRall
togétfier Witrskahinieikoekitinda Thierapy ilapfdubnoadebib G-1SrahbyClel hlrasigpahmesptéXidients. Am. J. Clin.

Oncol. 2018, 41, 385-390.

Lapatinib, when used in comblnatlon with capecnabme was aﬁﬁl oved by the FDA in 2007 for the treatment of

41 Ysrmekova S. Oraz eva M.: harova T.. R mbekova, F.; Dushlm(?va Z.: Vas va T.
positive metastatic t cancer MBC in patiénts w ave previdusly received thérapy, |nc an

utat\onal Damages i Mall nan '|;1 mors. As an Pac. J. Cancer Prev. %023 24, 708
anthracycline, a taxane, and trastuZuma ase |l stu y, OS times were 75.0 weeks for the combination of

4Ap &ixiiveaidgl Gaﬁécitamm@ealtdimlnmwM.DWkaengr Saperitabternaniddt aButald8y, M.; Jackman, D.M.;
Johnson, B.E.; Janne, P.A. Natural History and Molecular Characteristics of Lung Cancers

| 52Second GERératioi of EGFRTArgeted 'Dris
43. Burnett, H.; Emich, H.; Carr_oII, C.,; Stapletqn, N.; Ma_hadevia, P.;Li, T. Epidemiolo_gical and Clinical
EMEIR £ 5PE SFR R L P RRBAG AT AU 88T SRSHIS A TiPEaME BSOSt 18 SYLtEYfi ftevelop
”evtﬁé?'éﬁ;FQ%E'\?lHtﬁra}PEB@%)N@ %ﬁti@!aéﬁﬁﬁvféﬁﬂne it. Second-generation EGFR TKIs were developed

to address acquired resistance by inhibiting additional partner receptor tyrosine kinases (such as HER2) or

Aty Bindiihdto MEHkifRsd-Horhhifr FHafhE<8) 29dpsigenMutatinnedrR'egmamg!! Cell Lung
Cancer. Transl. Cancer Res. 2020, 9, 2982-2991.
BT (@O BIRVAIS2 TR SR ARRAREN Sb ThERH A NIRRT SRS e ARt ARG Gy eamying
actléaéwgelf,.%ilaﬁép&ﬁa%gﬂﬁg?_ﬁﬂge&%ﬂ%k%&?%{sgtutlon [Z2] |ts mechanism of action is different from first-

generation EGFR inhibitors erlotinib and gefitinib, as afatinib irreversibly inhibits autophosphorylation of EGFR,

4G RYKANRER £ re RRGBPKARTIEINS crsibtAtalm VHAARFAYAT A uiRIfgkG B RiBleRy I AN
Oncogene with Ambiguous Role. J. Oncol. 2019, 2019, 1092587.
247, leide EesvaTRER YETRAIS eI “ealinBoseBIR RIARRUAP 9 ki1 grvival of
lung NG S IASRARAPE DI AMSOH195), BAARER T899 QVGHHIRT BiRR: tiihbrwe (Waampsipe!
|nhlgttg“%%&gmggrbaIgwgl%qnfggt’r%@ﬁ_rﬁgwed for 50% inhibition) below 100 nM, whereas these cells were

resistant to the first-generation drugs.
48. Zheng, Q.; Han, L.; Dong, Y.; Tian, J.; Huang, W.; Liu, Z.; Jia, X.; Jiang, T.; Zhang, J.; Li, X.; et al.

Afall AK H/ETAIS prateatetbE hesapyrotipRr agarst NGO YRS I i wiesPRtBgON 19 deletion, most
proE4blyRvid {d AME2éSTisTenAxisoann ASsotRIBHOEEEH AUBE SO N IkEXa bR IhhdRy egstM@ showed strong
actiatieblastoma. Nseror o B YERILEvekbx pké29nd Afhdors (1], In the head and neck squamous carcinoma

4" SREHIL S BB EENR, 99 dBeS A CESRRINAT GPGTARIHERGT HRO8RBHRULBIRS
threltﬁ E‘Uﬁbﬂ'f&h%‘? %R(EB&@/R@&%%@Q%%P%S’ ﬁt%%a_tmlerlotmlb, and neratinib) [Z8],

Sonasigainyrihis.; dedar, thd . cHiceenbergatiinibKauzneisme, iNekap ptawaidnipalisdeaziignev@nlotherapy
(pelhet@asicitblddeRculax Detgrainanigerfdibgrnasttin Hensiiviyh e apiaermabteinwthth aséeistatic
lunfragemseardfomR )cix@nglBcre 2iddisiantsHe Blog-Sonaltssal vp@veanaeropasniargsbeitSats in

6029-6039.
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Hatiéots, VithHraBoggastiades.; lhia YonboedMoSly S atRE itk afieitevecrsidiificaokly MhproSedicteespafison
with_cimgrCehiecapy & bivechE& FRs LB antsoaind) IBHibitor Complexes: Mechanism of Activation and

Insights into Differential Inhibitor Sensitivity. Cancer Cell 2007, 11, 217-227.

-Neratinib (Nerlynx, HKI-272, Figure 4e [8) is a second-generation HER2/EGFR/HER4 TKI 2. |t covalently

2. Garim ., Thanvi, S.; Singh, A.; Ver V., Epidermal hF r.R r Variant
5com %es %’it%dyste%e régd’ugs ysS-773 a%o[n Cei/’s-805pogﬁTP%ir%[r?élvéomg}r%oof NER ,tﬂERg, gn HER4, thus

. Mutation, an Em?r ing Niglecular Marker in Glioblastoma Multiforme Patients: A Single Institution
inhibiting the receptor furiction =,

Study on the Indian Population. Cureus 2022, 14, e26412.

581q_pnyi-prpEaigtive eectsé mepating Mg exanined e k- Seaps T PRARIRY, N5 Zanaeh o8l irraky ATPlite
IStErGRISESPINES eSS A8EARNHSCOIerbaPANe Hb BHs oMb AhalTRES MiHAeliAg €6!EMGEIBrboring
poih SRSz 2020pifEations opthe HER2 (n = 9), HER3 (n = 10), or EGFR (n = 10) genes, and neratinib was

proven to be the effective drug with ICsos comparable to other TKIs in this study B2,
54. Cox, A.D.; Fesik, S.W.; Kimmelman, A.C.; Luo, J.; Der, C.J. Drugging the Undruggable RAS.:

In Ml‘@% m@%@m&@%&%@iw&%%ﬁb ééF%zFSTgOE‘J‘?: and A431), neratinib dose-dependently

5shigiesrivaier ro@oAlMgEr M K88 nipResstin aAbHObI0REHBRYIb AR Grattmebidg P \clirpal~32-
44%niplieasags REA4REVICIin. Oncol. 2016, 13, 209-227.

5B RankmiknBinmabMeleesi i rigieeu i regelngibesEGRR R A RFY RAHRIN-IXCSBRoved by
the @Bﬁsﬁséﬁlﬁ lﬂ?%ﬁ‘e%‘&gﬁ(é-tﬂé%ﬁmcd?'pﬁﬁeﬁém’ r%é%’s?é%é"l@éLC with EGFR-activating mutations
SExmosResielipn QI]%@ﬁi@étﬁ%%mgiﬁfaﬂ‘?ﬁ%‘?édﬁ'ﬁ?lnr&é%- KiriasEus aipadias RSl @ﬂ@ﬁ%h@@ﬁj CHERS

ancHHERSiFORRISneYlieke THinPiessthPvEhEe G iRk coslentiling ofihe drug at the edge of the ATP-

binding cleft of tyrosine kinase domain B4, For EGFR, irreversible inhibition is achieved by interacting with EGFR
5(?'79“463%%;&?2%9%\@ £, Roux, B. Tyrosine Kinase Activation and Conformational Flexibility: Lessons

from Src-Family Tyrosine Kinases. Acc. Chem. Res. 2017, 50, 1193-1201.

59. MRt fiacet;iReF tharasniee RIS ORVagaRTT, Pin BHERIDNHI U DIRPIRGgHIsah @ Duveltesverrasnt

in EF R Bpibines MitasSIRRIBERioMSlewifEy RO ESFAR, gammitinib had 10 times lower ICso (M) than

reversible EGFR inhibitor gefitinib. For example, the 1C5, of dacomitinib_in the H3255 cell line carr*@ng L858R
60. Suenaga, M.: Yamaguchl A Sod?, H.; erlgara, <.; Tokito, Y.: Sﬁﬂ aki, Y.; Umehgrg, M,; rashl,
mutation was’0.007 pM vérsus 0.075 uM tor géfitinib. In Wwild-type EGFR cell line$ H1819 and Calu-3, ICs, valles

K mata, N.; Oka, M.: et al. Antiproliferative Effects of Gefitinib Are A iated with
of (Jédom%\l/x% were’'0.029 and 0.063 pM'versus 0.42 and 1.4 uM for gef%nl[), respec%ve?ysf%.

Suppression of E2F-1 Expression and Telomerase Activity. Anticancer Res. 2006, 26, 3387-3391.

T 6°Thifd Gelerdtion Of EGFR Targéted Drtigs o /rrroval Summary:
Gefitinib (ZD1839) (Iressa) Tablets. Oncologist 2003, 8, 303—-306.

6T BRRSNATHE IR 12 ISP e IR e RO SRS App o Sl elvARiass: o

be'rIJ‘_grlE?tYﬁfB'?Ilea%@gﬁ?r%agrllgtéh%r?é%lgré)l%?rﬁgb%? ir&ff&gti\/_e‘l%e}mst the secondary EGFR mutations, such as

the T790M substitution, which has been found in over 50% of EGFR-mutant NSCLC cases with acquired
63s927Pe o BB hibitiE@nS.; Cheng, Z. Erlotinib Induces the Human Non-Small-Cell Lung Cancer

Cells Apoptosis via Activating ROS-Dependent JNK Pathways. Cancer Med. 2016, 5, 3166—3175.

68 WA SR SRR ROL ATHARSOSF FIBYLB BR) 0. A TFRB R s o e b BRfTronge
RIS, SHRUS SRACCEYIY AR B aURL RAYAIRDS 85 AYelyamntls BT8R ey dAT PARCIRIRTE kR I
e S TENTB TS A 5 TR 0 QBRI GH RSP AP R BRE f 2
COV@'&’E[Q%Q{HVU&%VS&%’H%5%725?5552',8265? EGFR ATP-binding site 82,
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65. Rosell, R.; _ajcereny, E Gervais, R.§’ rgnenegre A.; Massuti, B.; Felip, E.; Palmero, R.;

X TUbaﬁres C.; Sp @ M e aI Erlotinib \tﬂ;éus StandargL hemotherapy as

First-Line Treat Wﬁhrropé‘an Patlent'th : ance EGFR“W n -Small-

Cell Lung Cancer (EU;F?'I‘AC) A Multicentre, @ﬁqn’"LabeI Rang:‘jus d Ph&se 3 Trial. Lancet
Oncol. 2012, 135[%1%%];1%46 Almonertinib Lazertinib

(a) {b) fc)
66. Zhou, C.; Wu, Y.L; Cher%ﬁ ; Feng, J.; Liu, X.-Q.; Wang, C.; Zhang, S.; Wang, J.; Zhou, S.; Ren,
S.; etal. Final Overall Sutvival Result

m a Randomised, PhasgJll Study of Erlotinib versus
Chemotherapy as First-Lin ea‘nrﬁ‘

FR Mutation-Pestiv vanced Non-Small-Cell
Lung Cancer (OPTIM h% 02). Ann. O

ﬁzi{f,&sﬁa&se.
r
67. Wood, E.R.; Truesdar A.T.; McDonald, O.B.; YuarTé;

assell, A.; Dickerson, S.H.; Ellis, B.;
Pennisi, C.; Horne, E.; LARESRI™&t al. A Unique Strucfﬁ“r'é"mwgﬁidermal Growth Factor Receptor
Bound to GW572016 (Lapatinib): Relationships among Protein Conformation, Inhibitor off-Rate,

Féguh (% déplemuise stitgtineurnoe Gbds @ drectirlRgen@@0dn 6:4nif6S 2046 65decular mass EGFR tyrosine

. i hibit
68. Ongko, J.; Setiawan, J.V.; Feronytha, Aenajﬁllgn'a' A ; Effraim, A.; Wahjudi, M.; Antonius, Y. In-

—Alrﬁcl)lrlf:eortl%l fea chJn 8\];vlnnglsb Brm% %teWSE fBQSémal Errq%\lll\ghlé: %ﬁt gvevpr%ole(cu ar I:rpa JI?K?W% high
selec?vny ?C;‘F%EE&”‘SOG%S gllng2 gng 7':}86/\;7 re&stan?mutatlons Similar to osimertinib, it covalently and irreversibly
69nde w@eysieirie-22J. atkdbiesar - bidinp siatoi itheA-SHR ly Msilec kileabehib itairo(Table d)nidieGraywdifféraotsr in
chelRéae starcand framamigsgpiodrisah& repltedraato nRe capopre@ylngosmerKinaseld setbyeth@igure 5b)
B9 Treatment of Breast Cancer. Clin. Ther. 2009, 31 Pt 2, 2332-2348.

?azert’ an @?—?ﬂagmb I_Zerc]: a%’a) |s%¢1e(r)]|‘al thy géner’a%dn E&%%OTEI d%vgloped prlmank/ for the trea?ment of
nsELE R Rlre S I R QRS ik R aIIR AU 308 RPERIRS T BN F T el SRty 20 &% as
delgtion of exon 19 or L858R but is ineffective against wild-type EGFR tumors (Table 1) 1. Similar to osimertinib,
7i foBasrrecova Bt IRageyiMieQIRaT, i€sjdNenstat nBiatauiEHER BT FaayeingGiie. BApatinib plus

Capecitabine in Women with HER-2-Positive Advanced Breast Cancer: Final Survival Analysis of
-Fumpngg@im%éﬁggﬂiﬁz@(&f?%}sdﬁgw@g@ iq)g_x@c,)tmgf ggrg;qyglg.ration TKI inhibitor that blocks EGFR with

both activating mutations and secondary mutations such as T790M (Table 1) 921,
72. Dungo, R.T.; Keating, G.M. Afatinib: First Global Approval. Drugs 2013, 73, 1503-1515.

71aRgRertigh SéHnéfs DAPERMES, Fgwieneals, MORbpTES genelRienl FHARNTHEah iRt @sleveloped to
treab A FhACBAIAHIIG SOLRE JinsPrannStoNpRecotp, ssieopely sajgets EGFRex20ins variants by

mteractlng with the C790 gatekeeper residue in the ATP-binding pocket of EGFR through its middle pyrimidine ring

hl eaaqgoofolrEM|ng r?lsrpévgrélﬁg%%};alsen boﬁf!_| %hl C!:}QJVIItSHdeO@"_ T.; Nishio, K. Afatl_mb 's E_speC|aIIy
Effective against Non-Small Cell Lung Cancer Carrying an EGFR Exon 19 Deletion. Anticancer

Res. 2015, 35, 2005-2008.

Fourth Generation of EGFR- Tarq]eted Drugs
75. L| D.; Ambrogio, L.; Shimamura, T.; Kubo, S.; Takahashi, M Chlrleac L.R.; Padera, R.F;

Ovéhapd op dtidni BaetredAwitHimintedehachiok. Bs R, BARV2083p artireyeistle eSdtitdER 2ninhtaitasy,
whithighaly t=flettares BRRrashBierRInt unpdepaaesVBd v @nenge o 20 0BE BF RAdépendédtlresistance is the
emergence of a specific point mutation C797S in the ATP-binding cleft 281971,
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Tt Yoenegmi. ResBomsittiaice Innutaliosrushkb,gererati@ardenganthAt; Kopaday QllbstBétiriteAdf TBER kre
curt@otheheid= daleAdptinhi bridflicaeyyamainst Sigicamevas alieih GS¥Ihdroa ofdhpl¢ edraachNeioly Gedr 2.5
miIILdne:hélm}afiim:andohun&ﬁvaEFang&mmtcom|ﬂﬂi1i5e Ion5dimBO8vere discovered, EAIO0L (EGFR allosteric
B RFIRRITE) 1 SN (P Blae! VARG BN S IR, BORLl S SR T U FO
an revem' b'?j OAT et aI First-Line Afatinib versus Chemotherapy in Patients with Non-

Epidermal Growth Factor Receptor Gene Mutations and

0fh, 11 380—@\ " { \,H
M M
.;%;@Luu, .;miér s, VI, Hershman, D.L.; Agrapart V.;

ratlnlb (HKI-272) plus Vinorelbine
gnt 4 east Cancer Pretreated with Anti-
HER2 Therapy Amnmncol 2013, 24,E4045116. JBJ-04-125-02

Midecular Weight- 349.4 pimal Molecular Weignt: 353 4 gmal Malpcutsr Wiight: 543.5 g/mel

Small CeII Lung cer and Com
Brain Metastasehé}J?Thorac. (5n

79. Rabindran, S.K; Dl%bafanl C.M,; Rosfjord[ E C.; Baxter, M.; Floyd MB.; Golas, J.; Hallett, W.A.;

80. Wissner, A.; Mansou, S Th Iopmento‘f FK -
Treatment of Cancer. h Ph 2008 341, 465-477.

81. Conlon, N.T.; Kooijman, J.J.; vanu rwen S.J.C.; Mulder, ViR, gg@man, /G J.R.; Diala, I.; Eli, L.D.;
Lalani, A.S.; CrovmﬁﬂimﬁhﬁHD. “Comparative Analyé‘tg“b‘r'ﬂw@ Reésponse and Gene Profiling
of HER2-Targeted Tyrosifile Kinase Inhibitors. Br. J. Cancer 2021, 124, 1249-1259.

82idira'® SfucfiiddlofednBERE MR IR FACIRILREGERLL D RAING SiRASAJRRIRIAR QNS R Bdlhe
Cell Lung Cancer. World J. Clin. Oncol. 2014 5. .646-659.

83. Nagano, T.; Tachihara, M.; Ni_s_himura, Y. D_ac_o_mitinib, a Second-_Generat_ion_Irreversible _
AN LR B VR S EE MRS B HRIPES L TRIRG 8L FiANBitHI R EWRRHERTP Il Kot S RfaiF Lo
GC)LWHEE&&?&W%%S‘]’&%:Rz‘cﬁ?&%%gﬁ%’iﬁffglw or L858R/T790M/C797S Bal/F3 cells, but showed fewer

activities against H1975 and H3255GR mutant EGFR cell models 19 CH7233163 (Figure 6d) is another
ShoStBridtinkinifSOBEEE Ak BAHEIRNhG adtayRiSIRle BINEINdS ARG APRHERN$ GitilidH G845 8 Top and

hlnge”reg tljﬁs %\%ﬁlﬁagg%ore extensively within the ATP-binding pocket [292 CH7233163 has demonstrated
DG dieda, K. Bt eaNY ;i eXiVR . EIRIBRiCIES of iy THMerIi#ige 1AMBRISTs CFHIYETRGECTORS,
L8ERGTEBATART FFHIIE TANALLRESRTCIARY, THRIZ92GRe, B858RI contrast to the previous  allosteric

inhibitors presented it was also effective agalnst del19 EGFR- mutant models (192, However, there were currently

8r160 %ﬂtq P"tﬁgr ?]eéorts naltlllgthﬂd prO\(/Eea!tﬁe chrlt\l/lcall'If |Qg§ of the a%%l\%s rrﬁ‘ar‘?noﬁcathcln?ourtHrggjlertlera%t(;ﬁl OEGF’R

|nh|\t§|]trc]>(r:sent P.W.; Naumov, G.N.; Bradner, J.E.; et al. PF00299804, an Irreversible Pan-ERBB

Inhibitor, Is Effective in Lung Cancer Models with EGFR and ERBB2 Mutations That Are Resistant

BL@9@@@@&&@?%a(s%?aiggghyqjuéﬂr%ﬁeld]@ggs by optimizing the molecules from ~25,000 compound
gicraycatdevigne sl e Rle idapge KNhIRIENy, WAShSERshTHWINS Tb-FRMSART Aot Flier jgasEhere R

T79RM e EGR ; TEAMGE7 RISREBIBSY BF BAAGaricErdrerie s iRPARIRIPEIRES StaP@E I B ISFR
L858R/T790M/C797S mutants with ICsq = 3.2 nM and in ex19del/T790M/C797S mutants with 1Cgq = 4.0 nM. In
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vivanémp s arsdskaied dte ceetdeiensointimecE 7 @0 dviLgadiorny @0smg7a 1 c@eRNucleiedAN C-Bases and
Ba/ASsayogitifts Cancer Res. 2011, 17, 1169-1180.
8§Lls:r7%%sls%npc\)tﬁer%grwp?onung Eeveq hrgor y ‘B ue rlnt?\/lleélcmes mgtblg%nhlchﬁ\/ sg gr';ttlz\lgrar?d‘]pogamnhlﬂ)ltor. of
EGEH‘IaXh eleyd Vtyra[%’SSRRAactMa%]n mutanng {J'}llnéA 'dzlg%%%]?sarrelsllgrgxgésrm}%t%%l\fvt Tnglno%\é gP ome? ~3.3
nM) [ﬁmMAFf‘?I etPactieg%%)lssgg nc?r%l tgd m?raw!:gt?ralt[l‘]or#lI lg)l’rt%rl_sumﬂl)'lu nlgm(%canlggrto%?gnnﬁ;f?craﬁtl L?’:l%c()jvsuzs(t)ajirﬁleé‘r relg I'éSGSTOFI
of t%e %C9 ex19del tumor xenografts (1031, The safety and effectiveness of BLU-701 in patients with EGFR-mutated
89sCecnettt, AayvShacrigedSprétioasi tieapReregih FEGERVEKInati chrreisebeiy Resistaade the phase I/l
HARNOhaNiah D TOS1BEN0B)iIB3H. EGFR-Mutated Non-Small Cell Lung Cancer. Br. J. Cancer 2019,

121, 725-737.

For two other fourth -generation EGFR inhibitors, JIN-A02 and BBT-176, the successful appllcatlon in both in vitro

gacl)nle%n\%vo studies (\%v%rrgld%%lls%e% "JIN /-‘%2 |nh|b|teg elede?T790M/C(%QI7S ano,_| L858Ré}r71990M/g79%h II%E’FR

mutant B ealls (o & %1 ' & %S;LS;X MEf:'CaCQ/sfg%rét‘i’vgCa"é‘noFOi‘e'QEEéCds oA eyresblon in
u

2 in Pretreated at|ents Wi ed Advanced NSCLC: A Multicenter, Open-Label
eledel? T790M/C797S BalF3 xenogr%}t‘I mouse moc?tl d rh ICsg v!ilues M BBT-176 fmpBa/Fg cells

engﬁ)nr(]a%?eGdlt-gn%L(ﬁjre-srshOIE%IQ—ROQ%%e/?g;Q%SlSEJG% [~ 1199D1e /T790M/C797S, and EGFR L858R/C797S and
A1856@AT DM,/ wbrekim 48, 183, RPack2@. AM,; rKspecBvelyun, M.R.; Kang, H.N.; Pyo, K.-H.; Lee,

S.S.; Koh, J.S.; et al. YH25448, an Irreversible EGFR-TKI with Potent Intracranial Activity in

| 8CECERISPecHfic Therapeatic Mondcronal’Antibodiés

92. Zhang, S.S.; Ou, S.-H.l. Spotlight on Furmonertinib (Alflutinib, AST2818). The Swiss Army Knife
SOQB IS MBSO M EXTTIE FIBHIBHY 1B Mottt 83788 N8B 154 KAGRY WET ECF
the+ﬂﬁrbd(g W&E{.?gﬁ é%ﬁ%lﬁ%mf’s%_ﬂ%a@gﬁéfgﬁ?ﬁ5‘%%"%"#&'7% the A431 tumor cell line, which contained

large amounts of EGFR. The idea was that it was possible to stop EGFR-overexpressing tumor proliferation

HRrolRAGRRSRIMCE il e KORPRYAS iliroiOBRYARN e8RSt BrdLer UG A AC RIZAL0.
thaPhMReSEII RPN S dNs Rit A DefRpasiiridVARARY imdis MaYSIEEER IBRIRRSAR of this
rec%.PE'élx—%s%gcliﬂé%tA% %HE%BH%%MZ@ (Byndiﬁﬁéﬁr%e@roag%%r %’r&ml% survival signaling through

ANpE ARV RGP AeKke I@‘Piﬁidﬁ“@ﬁﬁ?yi@ﬁ DRIbBRLANAD SHRPerIExemEst srRSTNdng Fitient

Selection and Reported Outcomes. OncoTargets Ther. 2023, 16, 559-5609.
-Cetuximab (Erbitux, Merck Serono) was the first monoclonal antibody targeting the EGFR receptor, a human—

ot chimfe Linti4EEPR: fab Wit thY a8 VERRBR L A &R T KSR QRURG SAM A 3526 man
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