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Epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs) are currently
recommended as first-line treatment for advanced non-small-cell lung cancer (NSCLC)
with EGFR-activating mutations. Third-generation (3rd G) EGFR-TKIs, including
osimertinib, offer an effective treatment option for patients with NSCLC resistant 1st
and 2nd EGFR-TKIs. However, the efficacy of 3rd G EGFR-TKIs is limited by acquired
resistance that has become a growing clinical challenge. Several clinical and preclinical
studies are being carried out to better understand the mechanisms of resistance to 3rd G
EGFR-TKIs and have revealed various genetic aberrations associated with molecular
heterogeneity of cancer cells. Studies focusing on epigenetic events are limited despite
several indications of their involvement in the development of resistance. Preclinical
models, established in most cases in a similar manner, have shown different prevalence
of resistance mechanisms from clinical samples. Clinically identified mechanisms include
EGFR mutations that were not identified in preclinical models. Thus, NRAS genetic
alterations were not observed in patients but have been described in cell lines resistant
to 3rd G EGFR-TKI. Mainly, resistance to 3rd G EGFR-TKI in preclinical models is related
to the activation of alternative signaling pathways through tyrosine kinase receptor (TKR)
activation or to histological and phenotypic transformations. Yet, preclinical models have
provided some insight into the complex network between dominant drivers and
associated events that lead to the emergence of resistance and consequently have
identified new therapeutic targets. This review provides an overview of preclinical studies
developed to investigate the mechanisms of acquired resistance to 3rd G EGFR-TKIs,
including osimertinib and rociletinib, across all lines of therapy. In fact, some of the models
described were first generated to be resistant to first- and second-generation EGFR-TKIs
and often carried the T790M mutation, while others had never been exposed to TKIs. The
review further describes the therapeutic opportunities to overcome resistance, based on
preclinical studies.
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INTRODUCTION

Epidermal growth factor receptor (EGFR)-activating mutations
in non-small-cell lung cancer (NSCLC) are an important
predictor of treatment efficacy with EGFR tyrosine kinase
inhibitors (TKIs). EGFR-TKIs have been shown to prolong the
survival of patients with tumors harboring EGFR-activating
mutations from less than 1 year to approximately 20 to
30 months (1, 2). Despite the initial benefits, almost all tumors
develop resistance leading to disease progression. Acquired
resistance against the first- and second-generation EGFR-TKIs
is primarily caused by the development of the secondary
EGFRT790M mutation (3, 4). Several third-generation EGFR-
TKIs have been developed to overcome T790M-induced
resistance. AZD9291 (osimertinib), CO-1686 (rociletinib),
HM61713 (olmutinib), EGF816 (nazartinib), ASP8273
(naquotinib), lazertinib (YH25448), PF06747775, and AC0010
(avitinib) are third-generation (3rd G) EGFR-TKIs, which
selectively and irreversibly inhibit EGFR with the common
activating mutations, exon 19 deletion (Del19) and exon 21
L858R mutation, and the T790M mutation while sparing wild-
type EGFR (5, 6). Currently, osimertinib is the standard of care
for EGFR-positive advanced NSCLC with T790M mutation. It
has been shown to have remarkably positive results as a first-line
treatment for EGFR-mutated advanced NSCLC, with a median
progression-free survival (PFS) of 18.9 months (7), leading to its
approval for first-line treatment of metastatic EGFR-
mutated NSCLC.

Preclinical modeling and analysis of tumor tissue obtained
from patients after disease progression have led to the
identification of many mechanisms involved in resistance.
Contrary to 1st- and 2nd-generation TKIs, no predominant
gatekeeper-resistant gene mutations have been observed (8). In
clinical studies, mechanisms responsible for resistance include
the emergence of mutations in exon 20 of EGFR (e.g., C797S) (9),
MET and HER2 amplification, gene fusion, altered cell cycle
genes, and de novo mutations in KRAS (10).

The pattern of resistance mechanisms differs in the reported
clinical and preclinical studies. The vast majority of preclinical
models developed to date to identify the mechanisms underlying
resistance to 3rd G EGFR-TKIs have used sensitive cell line
models exposed to the drug until resistance emerges. The drug
concentrations and exposure duration vary from study to study.
However, despite the large number of models available, 40% to
50% of the genetic mechanisms associated with disease
progression during osimertinib treatment are still unknown
(11). This raises the question of whether continuing to
generate preclinical models on a recurrent basis would really
help to better decipher the mechanisms involved in resistance
acquisition and discover biomarkers of relapse. Resistance to
EGFR-TKIs therapy is associated with high tumor heterogeneity
(12). Such heterogeneity requires tools that mimic the real world
for the discovery and evaluation of new therapeutic strategies.

Recent published reviews on resistance mechanisms have
focused, in particular, on clinical studies (13–18). Only one
review specifically addressed preclinical models, but only those
generated from cell lines resistant to first-line osimertinib (19).
Frontiers in Oncology | www.frontiersin.org 2
In this review, we describe reported preclinical models
established to identify mechanisms responsible for or involved
in resistance to 3rd G EGFR-TKIs and the combinatorial
approaches used to circumvent this resistance. We also
highlight whether the identified mechanism has been reported
in clinical studies. In Table 1, the models are listed in the order in
which they are cited in the review. Drug doses or the duration of
treatment are not listed if not reported in the original articles or
references. Models based on modified cell lines generated by
transfection, transduction, and/or site-directed mutagenesis are
not included in Table 1, but are mentioned in the review.
EPIGENETICS IN EGFR-TKIs
RESISTANCE IN NSCLC

Resistance to EGFR-TKIs may be related to the presence of
preexisting drug-resistant subclones that will be selected under
treatment pressure (52) or to the expansion of persistent cells
(with or without an acquired resistance mechanism) after the
initial response to targeted therapy (53–55). The question that
arises is how, in the absence of a genetic mechanism triggering
the development of resistance, persister cells manage to escape
EGFR-TKI therapy. Previous studies have suggested that
entering into a drug-tolerant (DT) persister state is an
alternative strategy towards acquiring resistance. It has been
reported that small cell populations undergo non-genetic
adaptations that allow survival in the presence of the drug
from which a fraction of cells can grow into the drug (53, 56).
The first attempt to characterize the drug-tolerant cells was
reported in 2010 by Sharma et al.; DT persister PC9 cells
generated by lethal exposure to erlotinib showed upregulation
of histone demethylase KDM5A associated with impaired
histone deacetylase (HDAC) activity. Interestingly, the cells
returned to spontaneous sensitivity after drug withdrawal (57).
Subsequent studies identified other targets related to persister
DT cells including IGF1-R (58), and Axl (59), in addition to
modulation of apoptosis involving Mcl-1 (60) and Aurora
kinases (61). In addition to this, sensitivity to 3rd G EGFR-
TKIs had been restored in resistant cell lines generated after drug
withdrawal (47, 49), suggesting a non-genetic adaptation. Taken
together, these studies indicate a potential role for epigenetics in
the adaptation persister drug-tolerant cells. Epigenetic
modulations are changes that affect cellular phenotype without
affecting the DNA sequence. These changes include DNA
methylation, post-translational modifications of histones, and
small and long non-coding RNA sequences, all of which may be
reversible and heritable modifications. While the mechanisms of
genetic resistance to 3rd G EGFR-TKIs, in particular osimertinib,
are widely investigated in clinical and preclinical studies, the
epigenetic involvement is not well characterized and remains
poorly understood. Nevertheless, some published data show a
strong epigenetic involvement in this phenomenon and invite
further investigations. First, the methylcytosine dioxygenase
TET2 and the methyltransferase DNMT3A appeared in the
mutational profile of NSCLC patients on post-osimertinib
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TABLE 1 | Preclinical models of resistance to third-generation EGFR-TKIs.

Model generation method Cell line 3rd G TKI Genetic alteration Therapy Method/
approach

References

On-target EGFR-dependent mechanisms
Dose escalation method (0.3 to 1 mM) for
several months

PC9 Rocilitinib EGFR amplification Cetuximab + rocilitinib
Afatinib + rocilitinib

FISH, Exome
sequencing,
DNA qPCR

Nukaga
et al. (20)

MAPK/PI3K implication
- Chronic treatment with osimertinib single

dose 160 nM for several months

-Dose escalation method until 160 nM osimertinib

-Dose escalation method until 1500 nM WZ4002
or osimertinib

PC9 and
H1975

Osimertinib
WZ4002

- NRAS gain

- NRAS Q61K, NRAS E63K
and NRAS G12V/R

- KRAS gain

- MAPK1 gain

- CRKL1 gain

Selumetinib (MEK
inhibitor) + osimertinib

SnaPshot
mutation
analysis,
targeted and
whole exome
sequencing

Eberlein
et al. (21)

Dose-escalation exposure (0.01 to 1.0 µmol/
L) for 7.8 months followed by single-cell
cloning

Gefetinib
resistant PC9
(T790M +)

Naquotinib NRAS amplification in all sub-
clones

Selumetinib/Trametinib
(MEK inhibitor) +
naquotinib

RNA kinome
sequencing,
WB, qPCR, and
NRAS-GTP pull-
down

Ninomiya
et al. (22)

Escalation dose steps (0.3 to 1 mM) PC9 Osimertinib KRAS G13D ND Whole-exome
sequencing
(WES)

Nukaga
et al. (20)

Exposure to increasing concentration (10 nM
to 1 mM)

PC9 Osimertinib HRAS G13R with increased
MET expression

ND NGS Ku et al.
(23)

Exposure to increasing concentration (10 to
500 nM) followed by cloning

PC9 Osimertinib BRAF G469 Selumetinib/Trametinib
+ osimertinib

NGS La Monica
et al. (24)

Dose escalation method (0.3 to 1 mM) H1975 Osimertinib Integrin b1 and phospho-Src
upregulation with EMT

Dasatinib/bosutinib (src
inhibitor) + osimertinib

WB and Q-PCR Nukaga
et al. (20)

MET alterations
- PC9 mice xenograft tumors collected after

100 days of rociletinib administration
(150 mg/kg BID)

- L858R-positive patient-derived xenograft

– Rocilitinib MET amplification Crizotinib + rocilitinib CAPP-Seq
profiling, NGS,
RTK array, FISH

Chabon
et al. (25)

Exposure to increasing concentrations (10
nM to 500 nM) for approximately 6 months

HCC827 Osimertinib
Cross resist
to CO-1686
and erlotinib

MET copy gain ARQ179/ SGX523 /
crizotinib (MET

inhibitors) + osimertinib

WB, qPCR Shi et al.
(26)

Resistant clones were generated by cloning
of Resistant cell populations established from
resistant xenograft tumors obtained after a
series of continuous drug exposure for 115
days.

H1975 AC0010
Cross- resist
to CO-1686
and to
osimertinib

MET upregulation Crizotinib + AC0010 RNA-
sequencing, WB

Xu et al. (27)

Exposure to increasing concentrations (0.01
to 1.0 µmol/L) during 5.2 months

PC9 Naquotinib MET amplification Crizotinib/SGX523 +
naquotinib

Phospho-RTK
arrays, WB,
FISH

Ninomiya
et al. (22)

AXL
Resistant cells were established from
subcutaneous tumors collected from mice
treated for 29 days with osimertinib

PC9 Osimertinib AXL overexpression ONO-7475 (AXL
inhibitor) + osimertinib

WB Okura et al.
(28)

Stepwise escalation up to 3 mM H1975 Osimertinib STC2 upregulation

AXL overexpression

R428 (AXL inhibitor) +
osimertinib

WB, qPCR,
phospho-RTK
array

Liu et al.
(29)

Exposure to escalating doses (0.001–0.5 mM) HCC827 Osimertinib GAS6 overexpression

AXL overexpression

YD (degrader) +
osimertinib

WB, IHC Kim et al.
(30)

- Exposure to stepwise escalation (10 nmol/L
to 2 mmol/L) over 6 months

- Exposure intermittently to 2 mmol/L over 6
months

HCC827,
HCC4006,
PC-9, H1975

Osimertinib AXL upregulation AXL
upregulation+ EMT+ EGFR
copy loss+ ALDHA1
upregulation AXL upregulation
+ MET amplification

Cabozantinib (TKIs
inhibitor including AXL)
+ osimertinib

WB, NGS,
qPCR

Namba
et al. (31)

Exposure to increasing doses up to 1 mM for
more than 6 months

HCC827 Osimertinib AXL upregulation associated
with MET amplification

CB469 (dual MET and
AXL inhibitor) +
osimertinib

Phospho-RTK-
array

Yang et al.
(32)

(Continued)
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TABLE 1 | Continued

Model generation method Cell line 3rd G TKI Genetic alteration Therapy Method/
approach

References

Stepwise dose escalation Gefitinib-
resistant PC9
(T790M+)

Osimertinib AXL overexpression
AXL overexpression with MET
activation
FGFR1 upregulation

-Foretinib (RTK and
AURKB inhibitor)

-Barasertib (AURKB-
specific inhibitor)

-Tozasertib

WB, IHC and Q-
PCR

Bertran-
Alamillo
et al. (33)

IGF1-R
Exposure to increasing concentrations Gefitinib-

resistant PC9
WZ4002 IGF1-R activation with

IGFBP3 decreased
expression

AG-1024 (IGF1-R
inhibitor) or BI836845
(monoclonal anti-IGF1/
2 blocking antibody) +
WZ4002

RTK-array Park et al.
(34)

Stepwise escalation method from 150 nmol/L
to 1 mmol/L over 6 months
- Chronic exposure to 1 mmol/L over 3

months

- Gefitinib-
resistant
PC9
(T790M+)

- H1975

Osimertinib IGF1R activation Linsitinib (IGF1R
inhibitor) + osimertinib

RTK array Hayakawa
et al. (35)

Dose escalation method (0.03 to 1 mmol/L)
for several months followed by cloning

PC9 Osimertinib IGF1-R activation mediated
by IGF2 overexpression

Linsitinib + osimertinib Phospho-RTK
array, ELISA

Manabe
et al. (36)

EMT and stemness
Stepwise escalation (0.1 mM to 1 mM) within
6 months

HCC827 Osimertinib Zeb1 upregulation JMF3086 (HDAC
inhibitor) + osimertinib

WB Weng et al.
(37)

Stepwise dose escalation (0.03 to 1 mmol/L)
followed by limiting dilution

H1975 Osimertinib Zeb1 upregulation with miR-
200c downregulation

LY2090314 (GSK-3
inhibitor) + osimertinib

WB, miRNA
array

Fukuda
et al. (38)

Stepwise method over 6 months PC9,
HCC827

Osimertinib ANKRD1 overexpression with
miR-200 family
downregulation

Imatinib + osimertinib WES, cDNA
microarray

Takahashi
et al. (39)

Stepwise-dose escalation (500 nm to 1.5
mM) followed by single-cell dilution

H1975 Osimertinib Downregulation of SQSTM1/
p62 and up regulation of LC3

– WB Verusingam
et al. (40)

Mesenchymal-resistant cell line derived from
biopsies of NSCLC patients who progressed
on 3rd-generation EGFR TKIs

– EGF816 Hight expression of FGFR1
and FGF2

BGJ39 (FGFR1/2/3
inhibitor) with EGF816
(nazartinib)

Whole-genome
CRISPR
screening

Crystal et al.
(41); Raoof
et al. (42)

Exposure to increasing doses PC9 Osimertinib HES1 upregulation

ALDH1A1 upregulation

– WB Codony-
Servat et al.
(43)

Apoptosis modulators
Gradually increasing concentrations (10 nM
to 500 nM) for approximately 6 months

-PC9;
Gefitinib-
resistantT790
M+ PC9;
HCC827

Osimertinib Bim downregulation with Mcl-
1 upregulation

MEK inhibitors
(PD0325901;
AZD6244;
GSK1120212) +
osimertinib

HDAC inhibitors (SAHA
and LBH589) +
osimertinib

WB Shi et al.
(44); Zang
et al. (45)

Escalating dose exposure (20 nM to 5 mM)
for 12–16 weeks followed by single-cell
cloning for 12–16 weeks

H1975 AC0010
cross-resist
to rociletinib
and
osimertinib.

BCL-2 upregulation ABT263 (navitoclax) +
AC0010

RNA
sequencing, WB

Xu et al. (27)

Stepwise increased concentration (5 mM to
15 mM) over 11 months

H1975 Osimertinib BCL-2 upregulation BCL- 2 inhibitors
(ABT263/ABT199) +
osimertinib

WB, qPCR Liu et al.
(46)

NF-KB
Exposure to escalating concentrations up to
1 mM for 8 to 10 months

H1975 CNX-2006
cross-resist
to rociletinib

Overexpression of p105 and
of p50

TPCA-1 + CNX-2006

Bortezomib + of CNX-
2006

BEZ-235 + of CNX-
2006

WB, phospho-
kinase array

Galvani
et al. (47)

Gradually increasing concentrations:
-from 30 nM to 4 µM, for 10 months

-from 200 nM up to 4 µM

Gefitinib-
resistant PC9
H1975

Rociletinib Overexpression of p50, p65,
IKKa/b and KBa

-Rociletinib + TPCA-1

-Rociletinib +
metformin

WB Pan et al.
(48)

(Continued)
Frontiers in Oncology | www.frontiersin.org
 4
 April 202
2 | Volume 12 | A
rticle 853501

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Mahfoudhi et al. Acquired Resistance to Third-Generation EGFR Inhibitors
therapy (62). Second, HDAC inhibitors have shown synergy with
osimertinib in reversing epithelial–mesenchymal transition
(EMT)-related resistance linked to stemness, in preclinical
models (37, 38). In addition, analysis of circular microRNAs
(crmiR) in established osimertinib-resistant cell lines revealed
16,000 differentially expressed crmiRs compared to non-resistant
cells (63). MicroRNAs such as the miR-200 family have
previously been shown to play a role in acquired resistance to
osimertinib (39). Finally, recently, long non-coding RNAs
(lncRNAs), CRNDE and DGCR5, have been reported to
induce res i s tance to afat in ib and os imert in ib v ia
downregulation of eIF4A (64).

Notably, a recent report showed that the emergence of EGFR
inhibitor resistance in NSCLC may also be nonheritable and
attributed to stochastic variations (65).
PRECLINICAL MODELS FOR ACQUIRED
RESISTANCE TO 3RD G EGFR-TKIs

EGFR-Dependent Mechanisms
The mechanisms of on-target EGFR resistance consist of genetic
alterations in EGFR occurring during progression under 3rd G
EGFR-TKIs. In clinical studies, EGFR-dependent resistance is
related to additional somatic EGFR mutations and to gene
amplification (9, 27). EGFR point mutations occur in the
kinase domain and affect the osimertinib covalent binding
residue (C797S/G, exon 20), the EGFR solvent-front (G796S/R,
exon 20), the hinge region (L792H/F), and residues inducing
steric interaction (L718Q/V, G719C/S/A and G724S, exon 18)
(62, 66, 67).

In preclinical models, EGFR amplification was reported in an
established rociletinib-resistant cell line (Table 1) and sensitivity
to rociletinib was restored by cetuximab, a specific anti-EGFR
monoclonal antibody, or by afatinib (20). Somatic EGFR
mutations, however, have not been identified, which could be
explained by the efficacy of 3rd G EGFR-TKIs in inhibiting
EGFR protein. Thus, to better understand the involvement of
EGFR aberrations in the induction of resistance, studies have
Frontiers in Oncology | www.frontiersin.org 5
been limited to ectopic overexpression of the wild-type (25) or
mutated protein or to site-directed mutagenesis replicating
mutations described in relapsed patients. The C797S mutation,
engineered with a deletion within exon 19 in Ba/F3 cells,
conferred significant resistance against osimertinib compared
to other EGFR variants such as L718V, L792F/H, and G724S.
However, when associated with L858R, C797S/G and L718Q/V
conferred comparable resistance, which was greater than in a
Del19 background. L792F/H, in contrast, induced significantly
less resistance with L858R (68). This indicates that the initial
activating mutation may play a role in the potency of resistance
to osimertinib. Consistent with this finding, it was reported in the
FLAURA study that patients with the L858R mutation have a
worse prognosis than those with Del19 (7). Importantly, as
observed in the clinic (69–72), earlier-generation EGFR-TKIs
may be effective against osimertinib resistance; this may depend
not only on the position of the mutation but also on its allelic
context. Afatinib inhibited EGFR phosphorylation and cell
growth in osimertinib-resistant Ba/F3 cells that exogenously
express the G724S mutation, alone or with Del19 (67). The
S724 variant induced conformational changes that are
incompatible with EGFR-TKIs 3rd G and 1st G binding but
not with 2nd G (67). Ba/F3 cells expressing EGFRL858R/C797S by
N-ethyl-N-nitrosurea mutagenesis were found to be sensitive to
gefitinib (73). A recent study showed that sensitivity and
response to EGFR-TKIs are also heterogeneous within the
same EGFR exon and proposes a new classification rather
based on the structure function of the mutation to determine
potential future therapeutic approaches (74).

In clinical studies, emergence of the EGFRC797X mutation is
the most common mechanism of resistance to EGFR-dependent
osimertinib regardless of treatment line. It was detected in 15% of
patients progressing to second-line osimertinib therapy (75) and
in only 7% of disease progression when osimertinib is
administrated in first-line therapy (76). C797S occurred more
frequently in association with Del19 than with L858R mutation
(77, 78). Otherwise, C797S was observed in less than 3% of cases
in rociletinib-resistant patients (25) and was not observed in
patients who progressed after AC0010 treatment (79), suggesting
that the resistance mechanism might be drug dependent.
TABLE 1 | Continued

Model generation method Cell line 3rd G TKI Genetic alteration Therapy Method/
approach

References

Escalating dose exposure (20 nM to 5 mM)
for 12–16 weeks followed by single-cell
cloning for 12–16 weeks

H1975 AC0010 NFKB1 upregulation – RNA
sequencing, WB

Xu et al. (27)

Other mechanism
Stepwise dose escalation (50 nM to 1 mM) PC9,

HCC827,
H1975, and
HCC4006

Rociletinib or
osimertinib

AURKA activation with TPX2
overexpression

Alisertib + osimertinib Drug screening,
WB

Shah et al.
(49)

Increased concentrations (5 nM to 1.5 mM)
over 22 weeks

H1975 Osimertinib Upregulation of CDK4, CDK6
and CCND1 and
hyperphosphorylation of Rb

Palbociclib +
osimertinib

Cell cycle
analysis, qPCR,
WB

Qin et al.
(50)

– HCC827 Osimertinib IRE1a upregulation STF-083010 (IRE1a
inhibitor)

WB Tang et al.
(51)
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EGFR-Independent Mechanisms
Resistance to osimertinib mediated by EGFR-independent
mechanisms can be acquired through activation of alternative
bypass pathways, aberrant downstream signaling or histologic
transformation. Figure 1 illustrates the involved pathways
described in the review.

MAPK and PI3K Pathways Implication
MAPK and AKT are common downstream modulators of
receptor tyrosine kinases (RTKs). Activation of the MAPK
pathway via ERK activation is a common feature of nearly all
preclinical models of resistance to 3rd G EGFR-TKIs. However,
alterations of other upstream effectors have also been identified
as a driving event in the occurrence of resistance. Copy number
gains of MAPK1, CRKL, NRAS, and KRAS as well as single
mutations in NRAS (G12V/R, Q61K and E63K) were identified
in resistant populations established from PC9 and H1975 cells
after chronic exposure to osimertinib or WZ4002 (Table 1).
Combination with MEK inhibitor Selumetinib prevented the
emergence of resistant PC9 cells after 34 days at which time
resistant cells appeared in the presence of osimertinib alone, and
delayed resistance in H1975 from 17 days in the presence of
osimertinib alone to 40 days in the presence of selumetinib.
Interestingly, combination therapy induced regression in
osimertinib-resistant tumors in transgenic mice carrying
EGFRL858R/T790M (21). NRAS amplification was also reported,
in a subsequent study, in naquotinib-resistant PC9 cells
Frontiers in Oncology | www.frontiersin.org 6
harboring the T790M mutation (Table 1). Either selumetinib
or trametinib, a second MEK inhibitor, resensitized naquotinib-
resistant cells (22). Single KRAS mutations have also been
described in resistance to 3rd G EGFR-TKIs. First, to assess
the relevance of KRASG12S identified in a patient with acquired
osimertinib resistance, Ortiz-Cuaran et al. showed that
exogenous expression of KRASG12S in PC9 and HCC827 cells
reduced sensitivity to osimertinib and rociletinib, indicating that
expression of an activated KRAS allele is sufficient to drive
resistance to 3rd-generation TKI (10). In a second study,
KRASG13D mutation was reported as a potential resistance
mechanism in osimertinib-resistant PC9 cells (20) (Table 1).
Another variant, HRASG13R, in association with increased MET
expression was reported in osimertinib-resistant PC9 cells (23)
(Table 1). Moreover, BRAFG469A mutation occurred in
osimertinib-resistant PC9 clones (Table 1). Similar to the
models mentioned, dual therapy using selumetinib or
trametinib with osimertinib was effective in overcoming
resistance and enhancing cell death in mutated cells (24). To
our knowledge, no NRAS alteration has been reported in clinical
studies. Alterations in KRAS, however, are widely reported in
clinical data. The KRASG12S mutation was identified in the
lymph node biopsy, collected after relapse of osimertinib
treatment, but not in plasma sample. Interestingly, EGFRC797S

variant, which in turn appeared after relapse, had been found in
the patient’s plasma but not in the lymph node biopsy, indicating
that different resistance mechanisms may develop at the same
FIGURE 1 | Schematic representation of an overview of pathways implicated in resistance emergence to third-generation EGFR-TKIs. Mechanisms of resistance to
third-generation EGFR-TKIs include aberrant activation of receptor tyrosine kinases (MET, AXL, IGF1-R, FGFR, and EGFR) and/or the downstream pathways (PI3K/
AKT, RAS/MAPK, and NFKB) and histological transformation. RTK activation is due to overexpression of the protein with or without copy number gain, through its
transactivation involving transcription factors (e.g., Jun and FOXA1) or consequently to the overexpression of its specific ligand (e.g., IGF2 and GAS6). Activation of
the downstream cascades can also be due to somatic mutations (e.g., RAS, RAF, and PI3K). Histological transformations consist of EMT and EMT-related stemness
features including downregulation of E-cadherin and miR200 family, upregulation of Vimentin, Zeb1 and ANKRD1, enrichment in CD44hight/CD24low and ALDHA1hight

populations, HES1 overexpression, and autophagy activity. Resistance also required apoptosis modulation through Bim degradation and Bcl-1 upregulation. Non-
classified resistance mechanisms include activation of AURKA and its coactivator TPX2 and upregulation of CDK4/6 and IRE1. Green color indicates activation or
overexpression; red indicates down-regulation. P: phosphorylation. Star: point mutation. This figure was created using the free version of the Biorender website.
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time (10). In another study, the KRASG12D mutation detected in
patient’s plasma relapsing on first-line osimertinib therapy was
associated with the CTNNB1S37F mutation. Notably, the initial
Del19 has not been detected in the post-therapy plasma sample
(11). Clearance of the Del19 subpopulation may be due to
different sources of the pre- and post-therapy samples or to
selection of EGFRWT cells during the development of resistance.
The KRASQ61R variant has also been reported in the occurrence
of osimertinib resistance (78). KRAS G12A, Q61H, and A146T
variants were found in patients treated with rociletinib that were
not detected in their pre-treatment plasma specimens (25).
KRAS amplification has also been involved in osimertinib
resistance. Molecular profiling of patients who relapsed on
osimertinib therapy showed one case of KRAS/MDM2/CDK4
co-amplification (78). Finally, the BRAFV600E mutation has been
reported as a mechanism of resistance to osimertinib treatment,
both alone (80) and in combination with MET amplification
(81). The variant was also identified in a liquid biopsy sample
from a patient undergoing treatment with ASP8273, a Japanese
3rd G EGFR-TKI (82). Combination therapies with 3rd G EGFR-
TKIs and MEK inhibitors have been developed for lung cancers
with EGFR mutations (NCT02143466).

As with ERK, maintained AKT activation is shown in the
majority of preclinical models resistant to 3rd G TKIs and its
restoration to normal status often required dual therapy.
Shigenari et al. reported Src-AKT pathway activation, through
Integrin b1 overexpression, as a resistance mechanism in
established osimertinib- and rociletinib-resistant H1975 cells
(Table 1). Either dasatinib or bosutinib, both Src inhibitors,
suppressed Src phosphorylation and restored sensitivity to 3rd G
EGFR-TKIs. Finally, to understand if the co-occurring of
PIK3CAG106V with CTNNB1S37F mutations observed in a
patient that had progressed on rociletinib treatment had a role
in acquired resistance, HCC827 cells were engineered with single
or both mutations. While PIK3CAG106V expression promoted
invasion and migration, CTNNB1S37F activated the wnt/beta-
catenin pathway, promoted cellular invasion and suppressed
apoptosis in response to rociletinib. Authors suggested a non-
redundant cooperation of CTNNB1 with PI3CA alterations to
promote tumor metastasis or limit EGFR inhibitor response (83).
b-catenin has been shown to play an important role in acquired
resistance to EGFR-TKIs and EMT in NSCLC cells (84, 85).

In patients, PIK3CAmutations, including E542K, E545K, and
E418K, are frequently observed in resistance to 3rd G EGFR-
TKIs (25, 62, 78, 83). They accounted for 7% of the resistance
mechanisms to first-line osimertinib therapy (76).
ALTERNATIVE RECEPTOR TYROSINE
KINASE ACTIVATION

MET
Activation of C-mesenchymal–epithelial transition factor (c-
MET) appears to be a common resistance mechanism to third-
generation EGFR-TKIs, and has been found to be associated with
Frontiers in Oncology | www.frontiersin.org 7
resistance to osimertinib, to rociletinib (10), and to AC0010 (86).
In preclinical studies, MET activation is due to gene copy gain or
protein overexpression. No MET point mutations have been
reported as observed in patients. In an preclinical, in vivo, model,
rociletinib-resistant tumors were collected from mice bearing
PC9 tumors (Table 1). Genomic and biochemical analysis
revealed MET amplification and activation as the only
mechanism of acquired resistance. The combination of
rociletinib with crizotinib, a kinase inhibitor with multiple
targets including MET, reduced significantly the viability of cell
lines derived from rociletinib-resistant tumors. Dual therapy
effectively decreased growth on mice of patient-derived
xenograft tumors harboring L858R and MET copy gain (25).
In a second original model, established by Wanhong et al.,
AC0010-resistant H1975 cells were generated in two steps first,
in vivo, and then after selection, in vitro (Table 1). The derived
cells were cross-resistant to EGFR-TKIs of other generations and
showed upregulation of MET. Consistent with the above
mentioned, double inhibition of EGFR and MET with AC0010
and crizotinib, respectively, prevented colony formation and
suppressed MET activation in resistant cell lines and reduced
significantly tumor growth in xenograft, compared with single
therapy (86). MET activation has also been reported in cell line-
based models generated by exposure to progressively increasing
concentrations of 3rd G EGFR-TKI. Increased MET copy
number was observed in osimertinib-resistant HCC827 cells
(Table 1), which were also cross-resistant to rociletinib and the
1st-generation EGFR-TKI, erlotinib. MET inhibitors such as
crizotinib, ARQ179, or SGX523 sensitized osimertinib-resistant
cells (26). In a second model, increased MET phosphorylation
was reported to be responsible for acquired resistance in
naquotinib-resistant PC9 cells (Table 1). Interestingly, dual
therapy by naquotinib with crizotinib or SGX-523 had a
limited effect on bulk resistant cells, while drastically reducing
the proliferation of monoclonal resistant cells, suggesting that
heterogeneity may underlie the resistance to a specific TKI target.
Notably, the one clone that overexpressed MET protein showed
an increase in MET copy number, which was not observed in the
resistant parental cells arguing for clonal evolution in the
development of resistance. In addition, naquotinib
administrated with crizotinib induced robust regression in
mice bearing monoclonal resistant cell tumors without
apparent cytotoxicity (22).

In clinical studies, MET copy number gains are the most
common alternative bypass mechanisms for osimertinib
resistance, regardless of treatment line (76, 78). In a recent
report, MET amplification was found in 66% (n = 6/9) of
patients treated with first-line osimertinib (12). Besides
osimertinib, MET amplification has also been reported in
tumor biopsies from patients with lung adenocarcinoma who
developed resistance to rociletinib (10). Point mutations, such as
MET P97Q, I865F, and H1094Y, have also been identified in
patients with lung cancer progressing on osimertinib (62, 77).
The efficacy of MET inhibitors alone or in combined therapy
with 3rd G EGFR-TKIs has been reported in clinical studies
(87, 88). Recently, the feasibility of combining osimertinib with
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savolitinib, a potent and selective MET inhibitor, has been tested
in clinical trials (89).

AXL
In NSCLC, it has been reported that anexelekto (AXL) plays a
role in resistance to many anti-cancer drugs including EGFR
inhibitors (90). Indeed, Tanguichi et al. showed that PC9 cells do
not have basal AXL activity as it is the case for MET and HER3
and that AXL phosphorylation appears shortly (4 h) after
exposure to osimertinib and increases throughout the exposure
period. They also observed a concomitant increase in MET,
HER3, and EGFR phosphorylation, suggesting that AXL
activation may accelerate the emergence of tolerant cells (59).
In addition, drug-tolerant cells isolated from PC9, HCC4011, or
H1975, 9 days after high-dose osimertinib treatment (3 mmol/L)
expressed a higher level of AXL than parental cells and were
highly sensitive to the AXL inhibitor, ONO-7475, in contrast to
parental cells (28). Moreover, initial combined treatment with
osimertinib and ONO-7475 had more effective effect on tumor
regression PC9-derived xenograft when used as the initial
treatment than as an alternative therapy once resistance to
osimertinib developed (28). Since PC9 cells are enriched in
AXL, this indicates that AXL expression level may be a
predictor of response to osimertinib. Moreover, primary
PE2988 cells, established from the pleural effusion of a patient
who developed resistance to osimertinib showed high level of
total and phosphorylated AXL and of stanniocalcin (STC2) and
responded to the combination of AXL inhibitors and osimertinib
(29). STC2 is involved in EGFR-TKIs resistance and was found
upregulated in established gefitinib-resistant PC9 and
osimertinib-resistant H1975 cells (Table 1). Indeed, exogenous
overexpression of STC2 activated AXL and increased c-jun level
and phosphorylation. In fact, c-jun forms with c-Fos the
transcription factor, activation protein-1 (AP-1), which binds
to AXL promoter (91), suggesting the involvement of the STC2-
JUN-AXL axis in EGFR-TKI resistance (29, 92). Another
mechanism of resistance to osimertinib and gefitinib, involving
AXL, was described by Kim et al. in osimertinib-resistant
HCC827 cells (Table 1). The model showed increased
expression level of GAS6, a ligand of AXL, and prolonged
protein degradation rates in parallel with AXL overexpression.
Thus, YD-mediated AXL degradation synergized with
osimertinib to restore osimertinib sensitivity in vitro and in
vivo (30). AXL activation was identified as the mechanism of
resistance in different established osimertinib-resistant cell lines,
despite different EGFR mutational profiles (Table 1). It has been
observed alone, with an EMT phenotype, or with MET
amplification (31–33). Cabozantinib, a multiple TKI including
AXL (31), or CB469, a dual inhibitor of MET and AXL, with
osimertinib (32) overcame resistance. Notably, resistant clones
generated with AXL upregulation lost the T790M subpopulation
and some the Del19 population, indicating that clonal evolution
leads to heterogeneity in resistance mechanisms. In testing a
library of drugs, foretinib, a type II inhibitor targeting a panel of
RTKs including MET and AXL, showed the lowest IC50 in
resistant cell lines, which were T790M-negative (33), indicating
Frontiers in Oncology | www.frontiersin.org 8
that clonal heterogeneity is very likely to impair the efficacy of
targeted therapy.

In clinical data, high AXL expression was associated with low
RR to osimertinib in patients with EGFR-mutated NSCLC (59).
Furthermore, PFS and ORR were inversely correlated with AXL
mRNA expression in patients with EGFR-mutated NSCLC (93).
Results of phase 1 clinical trials to assess the safety and
tolerability of DS-1205c, a specific AXL inhibitor, when
combined with osimertinib in metastatic or unresectable
subjects with EGFR-mutant NSCLC (NCT03255083) are not
yet published.

IGF1-R
Insulin-like growth factor receptor (IGF-R) activation is involved
in EGFR-TKIs resistance in NSCLC cell lines (94) and patients
(95). Regarding its implication in resistance to 3rd G EGFR-TKIs,
it was shown that drug-tolerant cells obtained 72 h after
osimertinib treatment expressed elevated levels of total and
phosphorylated IGF1-R without changes in the expression of its
ligands, IGF1 and IGF2. This activation in the presence of
osimertinib was due to epigenetic activation of its own
transcription, mediated by the transcription factor FOX1.
Moreover, osimertinib treatment enhanced the association of
IGF1-R with its adaptor proteins Gab1 and IRS1, thereby
promoting cell survival (58). Indeed, WZ4002-resistant PC9 cells
(Table 1) showed activated IGF1-R associated with IGFBP3
downregulation. Chemical inhibition of IGF1-R with AG-1024
or the blocking monoclonal anti-IGF1/2 antibody, BI836845,
restored sensitivity to WZ4002, in vitro, and in xenograft mice
(34). Loss of IGFBP3 was shown to induce activation of IGF1-R
signaling and enhance resistance toWZ4002 in gefitinib-resistance
cell line. Reciprocally, addition of recombinant IGFBP3 was
sufficient to restore sensitivity to the 3rd G EGFR-TKI (96). In
osimertinib-resistant cell line models, IGF1-R activation was
observed in the presence (35) or absence of T790M (Table 1).
Indeed, a protein phosphorylation array performed in PC9
osimertinib cells (Table 1) detected high activity of the “p-Y-
IRS1 p-IRS2 bind PI3K” pathway, which is involved in IGF1-R
signaling. Interestingly, the pathway was not activated in gefitinib-
or erlotinib-resistant PC9, suggesting a mechanism specific to
third-generation EGFR inhibitors. In contrast to the above models,
the resistant cells did not show IGFBP3 downregulation but did
show increased IGF2 expression. The IGF1-R inhibitor linsitinib
overcame osimertinib resistance in resistant cell lines and in the
patient-derived KOLK43 cells [established from pleural effusion of
a erlotinib- and osimertinib-resistant patient with high IGF1-R
phosphorylation (36)]. Increased phosphorylation of IGF1-R was
observed, by immunohistochemistry, in the tumor sample of an
EGFR‐mutated NSCLC patient who acquired resistance to
osimertinib (35).
HISTOLOGICAL TRANSFORMATION

Histological and phenotypic transformations in preclinical
models of resistance to 3rd-generation EGFR-TKIs correspond
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mainly to epithelial–mesenchymal transition (EMT) and to
EMT-related stemness. In contrast to clinical data,
transformation into small cell lung cancer has not been
reported in preclinical models to date. Features of EMT,
including decreased E-cadherin and increased vimentin
expression, were reported in the generated osimertinib-
resistant cell lines. The phenotype was observed in association
with upregulation of the zinc finger transcription factor ZEB1
and the formation of spheroids, a feature of stemness (Table 1).
Reversal of EMT by dual HDAC and the 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor, JMF3086,
successfully restored sensitivity to osimertinib (37). In fact,
ZEB1 could recruit HDAC1 or DNMT1 to the E-cadherin
promoter leading to E-cadherin silencing and EMT induction
(97). A similar model (Table 1) had shown, in addition, a
decrease in microRNA-200c expression (38). In fact, the EMT
process is governed by a mutually inhibitory miR-200/ZEB
feedback loop (98). Glycogen synthase kinase-3-beta (GSK-3b)
inhibitor (LY2090314) that emerged in drug screening with
significant inhibition of resistant cell growth, in combination
with osimertinib, bypassed resistance by suppressing AKT
signaling and restoring apoptosis in resistant cells (38). GSK-
3b inhibition has been shown to decrease mesenchymal markers
and to reduce the associated properties of cancer stem cells
(CSC) in aggressive breast cancer (99). A third preclinical model
of osimertinib-resistant cells (Table 1) reported that the EMT
phenotype and downregulation of the miR-200 family were
associated with overexpression of Ankyrin Repeat Domain1
(ANKRD1) (39). Indeed, when upregulated, ZEB1 forms a
transactivation complex of ANKRD1 with YAP and JUN
(100). Imatinib, by inhibiting ANKRD1 and ZEB1, restored
apoptosis in resistant cells by increasing levels of Bcl-2 and
cleaved PARP (39). Recently, established osimertinib-resistant
H1975 clones (Table 1) had exhibited EMT characteristics and
autophagy activity by downregulating of p62 and upregulation of
LC3 (40). Notably, autophagy has been shown to play an
important role in promoting cancer metastasis, and inhibition
of autophagy might be an effective treatment strategy for
malignant cancer (101). Interestingly, whole-genome CRISPR
screening in a resistant mesenchymal cell line established from
biopsies of NSCLC patients who progressed on 3rd G EGFR-
TKIs (41) identified FGFR1 as the top sensitization target of
EGF816-resistant cells. Dual EGFR/FGFR inhibition by
combining EGF816 with BGJ398, a selective FGFR1–3
inhibitor, induced mesenchymal cell death but had no effect on
patient-derived epithelial cell lines (42). In accordance with this,
in vitro analysis demonstrated that FGF2 supplementation
conferred resistance to osimertinib in EGFR mutant NSCLC
cells. The same study reported FGFR amplification in patients
after progression on osimertinib (102).

Anticancer drug resistance and EMT have been associated
with CSCs. However, there are no suitable CSC markers for
NSCLC-associated drug resistance and EMT. Upregulation of
aldehyde dehydrogenase ALDH1A1, a widely used cancer stem
cell marker, was observed in osimertinib-resistant HCC827 cells
Frontiers in Oncology | www.frontiersin.org 9
with EMT features and MET amplification (31) (Table 1).
EGFR-TKIs, including osimertinib, have been shown to induce
enrichment of ALDH positive subpopulations in EGFR-mutated
NSCLC models (103, 104), suggesting that specific dual targeting
could overcome this adverse effect. Furthermore, osimertinib-
resistant PC9 clones (Table 1) showed ALDH1A1 or Hairy and
enhancer of split homolog-1 (HES1) overexpression (43). HES1
is a transcriptional factor that plays a critical role in gaining and
retaining stemness capacity (105). Clinical studies showed HES1
protein levels increased during relapse and were negatively
correlated with PFS in EGFR-mutated patients treated with
TKIs including osimertinib (43, 106).
APOPTOSIS MODULATORS

Bcl2-like 11 (BIM) has emerged as a key modulator of EGFR-
TKI induced apoptosis. Low levels of BIM expression in primary
tumors are reported to be associated with shorter PFS in patients
treated with EGFR-TKI (107). In preclinical studies, osimertinib-
resistant PC9 and HCC827 cells (Table 1) showed Bim
downregulation and Mcl-1 upregulation in association with
ERK activation (44). Bim and Mcl-1 are known to be regulated
by ERK (108, 109). MEK inhibitors such as PD0325901,
AZD6244, or GSK1120212 suppressed phosphorylation of
ERK, Bim, and Mcl-1 in cell lines and effectively decreased the
growth of osimertinib-resistant xenografts (44). Alternatively,
HDAC inhibitors (SAHA and LBH589) plus osimertinib induced
significant growth inhibition of osimertinib-resistant cells and
xenografts through Bim stabilization (45). Furthermore, a drug
screen performed in gefitinib-resistant cells in which WZ4002
failed to restore Bim expression identified ABT-263 (navitoclax),
a dual inhibitor of BCL-XL and BCL-2 at the head of compounds
that achieve maximal growth inhibition in combination with
WZ4002, suggesting a role for BCL-2 in the occurrence of
resistance against 3rd G EGFR-TKIs (55). Indeed, RNA
sequencing of AC0010-resistant H1975 cells generated in vitro
(Table 1) revealed an overexpression of BCL-2 (8.6-fold
compared to parental cells). Dual therapy with ABT263 and
AC0010 enhanced apoptosis in resistant cells and reduced colony
formation (86). In another model of osimertinib-resistant H1975
cells (Table 1) with BCL-2 upregulation, ABT263 as well as
ABT199 (BCL-2 inhibitor) synergized with osimertinib to
overcome resistance through downregulation of p21or
downregulation of SQSTM1 and Survivin (46). Clinical trials
studying oral combination therapy with navitoclax and
osimertinib in advanced EGFR-mutant NSCLC with prior TKI
treatment have reported an ORR of up to 100% and a median
PFS of 16.8 months. However, thrombocytopenia and
lymphopenia were the most common adverse events (37%)
observed in the study (110). Finally, it was found that C-FLIP
knockdown restored osimertinib-induced apoptosis in resistant
cells (Table 1), suggesting that C-FLIP depletion may be an
effective strategy to overcome osimertinib resistance in NSCLC
April 2022 | Volume 12 | Article 853501
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(44, 111). Moreover, silencing of C-FLIP had sensitized EGFR-
mutant NSCLC to erlotinib and, conversely, its overexpression
rescued EGFR-mutant lung cancer cells from erlotinib treatment,
presumably through modulation of NF-kB activity (112).
NF-KB PATHWAY

Enhanced nuclear factor binding near the k light chain gene in B
cells (NF-kB) signaling activity has been implicated as a possible
mechanism of resistance to EGFR-TKIs since patients with
EGFR mutations who had developed resistance to erlotinib
showed low expression of the NF-kB inhibitor, IkBa (112).
Activation of NF‐kB by overexpression of NF-kB1 (p50) and
its precursor (p105), without altering the expression level of p65,
has been reported as a mechanism of acquired resistance against
CNX‐2006, a prototype for rociletinib, in resistant H1975 cells
(Table 1). Notably, resistant cells showed a variety of differences
compared to parental cells, but the involvement of NF‐kB was
the most studied. Bortezomib, TPCA-1, or BEZ-235, all
inhibitors of the NF‐kB pathway, synergized with CNX‐2006
to inhibit cell growth, but with different efficiencies (47). A
similar phenotype was observed in established rociletinib-
resistant cells (Table 1) that expressed higher levels of p50,
p65, phospho-IKKa/b, and phospho-KBa proteins than the
parental cells. As in the previous model, combination
treatment of rociletinib with TPCA‐1 or with Metformin,
which is known to inhibit the NF‐kB activity (113), overcame
resistance (48). More recently, NF-kB1 was identified among the
top ten upregulated gene in AC0010-resistant H1975 generated
in vitro (Table 1), but no further investigations have been
conducted to understand the mechanism involved in acquired
resistance (86).

Others
AURKA
Aurora kinase A (AURKA) is a serine/threonine kinase that
plays a key role during cell division particularly in the process of
chromosome segregation (114). The Aurora kinase inhibitors,
barasertib and VX680, were identified at the top of the list of
drugs that synergized with osimertinib or rociletinib to reduce
the growth of generated resistant cell lines, respectively
(Table 1). Mechanistically, phosphorylation of AURKA was
associated with increasing TPX2 protein level following
abolition of its CDH1-dependent degradation due to CDH1
sequestration in the cytosol (49). Moreover, barasertib and
tozasertib, a second AURK inhibitor, showed a significant
antiproliferative effect on osimertinib-resistant cells with no
observed difference in AURK expression level (33). Recently,
the importance of AURK inhibition in enhancing BIM- and
PUMA-mediated apoptosis upon EGFR-TKI therapy in EGFR-
mutated lung cancer cells has been described (61). TPX2
expression was significantly increased in tumor tissue samples
obtained from patients with advanced EGFR-mutant NSCLC
after erlotinib treatment failure compared with results from pre-
treatment samples (49).
Frontiers in Oncology | www.frontiersin.org 10
A Phase 1/1b clinical trial of AURKA inhibitor, Alisertib, with
osimertinib in EGFR-mutant stage IV metastatic lung cancer is
currently recruiting participants (NCT04085315).

CDK4/6
Upregu la t ion of CDK4 and CDK6 toge ther wi th
hyperphosphorylation of Rb have been reported as a mechanism
of resistance to osimertinib in H1975-resistant cells (Table 1). The
combination of palbociclib, a selective and potent inhibitor of
CDK4/6, with osimertinib overcomes the resistance (50).
Acquired alterations in cell cycle genes, including amplification
of CDK4/6, CCND1, CCND2, and CCNE1, account for 10% of the
acquired resistance mechanisms detected in patients who relapsed
after first-line treatment with osimertinib (76).

IRE1
Zheng-Hai Tang et al. suggested an increase in Inositol requiring
enzyme 1a (IRE1a) expression as a mechanism of resistance to
osimertinib in resistant HCC827established in vitro (Table 1).
Indeed, IRE1a knockdown or STF-083010, an inhibitor of
IRE1a, reduces cell viability in resistant cells (51).
CONCLUSION AND PERSPECTIVES

In preclinical studies, resistance to 3rd G EGFR-TKIs is mainly
due to genetic alterations that increase activity of receptor
tyrosine kinases (such as MET, IGF1-R, and AXL) and
downstream signaling cascades (such as RAS/MAPK and
PI3K/AKT). Histological transformations are limited to EMT
and EMT-related stemness. Multiple mechanisms of resistance
could be observed in the same population highlighting the
heterogeneity of the process, which may be explained in part
by clonal evolution, and suggesting that combination therapies
will be required to overcome acquired resistance. At this stage,
we cannot conclude which of the mechanisms identified in the in
vitro or in vivo models are the closest to what is described in the
clinic because of limited data on in vivo studies. In general, the
developed models do not really reflect the diversity of
mechanisms observed in the clinic. Somatic alterations in
EGFR, HER2 amplification, and gene fusions (e.g., ALK, RET,
and BRAF fusions) are not identified as mechanisms of
resistance to 3rd G EGFR-TKIs in the preclinical models.
Nevertheless, the models described highlight the utility of early
dual therapy and provide insights into possible combination
therapies to optimize treatment lines. They also allow the
identification of potential biomarkers in pre-existing resistant
cells that will emerge under selective pressures, hence the need to
develop new relevant preclinical models. NSCLC organoids
derived from primary patient tumors or patient-derived
xenograft tumors have been shown to maintain the histologic
and tumorigenic properties of the parental cancer cells and
reflect the drug responses of the parental tumor (115). Such
models as well as murine models of patient-derived xenograft
and syngeneic lung cancer may be suitable to further investigate
resistance mechanisms that are not identified in vitro, such as
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EGFR mutations, or small cell or squamous cell transformation,
while preserving the authenticity of the tumor. They could also
allow the anticipation of investigations on new-generation
therapeutic strategies.
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