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Abstract

Aims: Presently, three generations of epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) are approved against oncogene addicted EGFR-
mutant non-small cell lung cancer (NSCLC). Patients with actionable EGFR mutations invariably develop resistance. This resistance can be intrinsic (primary) or
acquired (secondary).
Materials and methods: This was a retrospective study carried out between January 2016 and April 2021 analysing 486 samples of NSCLC for primary and
secondary resistance to first- (erlotinib, gefitinb), second- (afatinib) and/or third-generation (osimertinib) TKIs in EGFR-mutant NSCLCs by next generation
sequencing (NGS). Tissue NGS was carried out using the Thermofischer Ion Torrent� Oncomine� Focus 52 gene assay; liquid biopsy NGS was carried out using
the Oncomine Lung Cell-Free Total Nucleic Acid assay. All cases were previously tested for a single EGFR gene with the Therascreen� EGFR RGQ PCR kit.
Results: The results were divided into four groups: (i) group 1: primary resistance to first- and/or second-generation TKIs. This group, with 21 cases, showed
EGFR exon 20 insertions, dual, complex mutations and variant of unknown significance, de novo MET gene amplification besides other mutations. (ii) Group 2:
primary resistance to third-generation TKIs. This group showed two cases, with one showing dual EGFR mutation (L858R and E709A) and EGFR gene ampli-
fication. (iii) Group 3: secondary resistance to first- and second-generation TKIs. This group had 27 cases, which were previously reported negative for EGFR
T790M by single gene testing. Significant findings were MET gene amplification in four cases, with one also showing MET exon 14 skipping mutation. Three
cases showed small cell change and one showed loss of primary mutation. (iv) Group 4: secondary resistance to third-generation TKIs. The latter group was
further subgrouped into group 4A: secondary resistance to osimertinib (third-generation TKI) when offered as second-line therapy after first- and second-
generation TKIs on detection of T790M mutation. This group had 15 cases. EGFR T790M mutation was lost in 10 (10/15; 67%) cases and was retained in five
cases. Patients with T790M loss experienced early resistance (6.9 months versus 12.6 months mean, P ¼ 0.0024) compared with cases that retained T790M. Two
cases gained MET amplification as the resistance mechanisms. Other mutations that were found when EGFR T790M was lost were in FGFR3, KRAS, PIK3CA,
CTNNB1, BRAF genes. One case had EML4-ALK translocation. Two cases showed driver EGFR deletion 19, retained T790M and C797S mutation in Cis form. Group
4B: secondary resistance to osimertinib (when given as first-line therapy) in EGFR-mutant NSCLC. This group had three cases. The duration of osimertinib
treatment ranged from 11 to 17 months. Two patients showed additional C797S mutation along with primary EGFR mutation.
Conclusion: This study shows the wide spectrum of primary and secondary EGFR resistance mechanisms to first, second and third generation of TKIs and helps
us to identify newer therapeutic targets that could carry forward the initial advantage offered by EGFR TKIs.
� 2022 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction

The dramatic clinical response to tyrosine kinase in-
hibitors (TKIs) in molecularly driven non-small cell lung
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cancer (NSCLC) has been a major milestone in precision
medicine. It began in 2004, when epidermal growth factor
receptor (EGFR) mutations were initially identified in a
subset of lung adenocarcinoma [1]. EGFR mutations were
found to be sensitive to TKIs and offer improved
progression-free survival, overall survival and quality of life
advantages over conventional chemotherapy [2].
All rights reserved.
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Subsequent years have witnessed many newer genera-
tions of EGFR-sensitive TKIs, each offering some advantages
over the previous generation. Presently, three generations
of EGFR TKIs are approved. The first-generation agents are
erlotinib, gefitinib and icotinib; second-generation agents
are afatinib and dacomitinib; and the recently introduced
osimertinib is a third-generation EGFR TKI [3]. After the
FLAURA trial, osimertinib was propelled to the first-line
choice in EGFR-mutant patients, owing to the advantage
offered by better overall survival (hazard ratio 0.63; 95%
confidence interval 0.45e0.88, P¼0.0068), reduced death
rate (37% reduction in the risk of death), decreased grade 3
or higher side-effects (34% versus 45%) and a better central
nervous system penetration compared with standard EGFR
TKI therapy [4].

EGFR-mutant patients who are treated with TKIs
invariably eventually develop resistance. This resistance can
be intrinsic (primary) or acquired (secondary). Primary
resistance is de novo and the TKI treatment does not offer
any benefit clinically. Secondary resistance develops after a
period of clinical benefit [5]. The common mutations that
confer primary resistance to TKIs are the result of non-
sensitive EGFR mutation. Some of the known examples of
mutations are L747S/D761Y in exon 19, T790M in exon 20
and T854A in exon 21 [6]. Apart from these, other mecha-
nisms could be activation of different pathways by muta-
tions in HGF (hepatocyte growth factor) [7,8], IGF1R (insulin
growth factor 1 receptor) [9], BIM (BCL2-like 11) [10], MET
(MET proto-oncogene, receptor tyrosine kinase) [11] and/or
PI3K/AKT (phosphatidylinositol-3-kinase and protein kinase
B) genes [12]. These mechanisms of primary resistance are
seen primarily after the use of first- and second-generation
TKIs. There is limited literature available on primary resis-
tance to osimertinib, although occasional case reports on
small cell change causing primary resistance have been
known [13].

On the other hand, secondary resistance in EGFR mu-
tants post-TKIs is quite common and well documented in
the literature. Most of the available data are for post-first
(gefitinib and erlotinib) and second (afatinib) generation
TKIs. The most common reported mechanism of resistance
is T790M mutation in the EGFR gene, which accounts for
more than 50% of the cases. We have also published a
similar incidence of T790M mutation from our institution
[14]. Osimertinib is the drug of choice in EGFR-mutant
patients who develop T790M mutation upon progression
with first- and second-generation TKIs. This third-
generation TKI has shown superior outcomes to chemo-
therapy in this clinical setting [15]. Rarely, D761Y, T854A
and L747S mutations in the EGFR gene have also been
reported as a mechanism of secondary resistance [16e18].
Apart from these, other molecular mechanisms of sec-
ondary resistance are MET, HER2 MAPK amplification,
PIK3CA, BRAF mutations, epithelial-to-mesenchymal tran-
sition, small cell transformation and a few other alternate
pathway activation mechanisms [19]. Secondary resistance
mechanisms to osimertinib differ from its predecessors. It
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can be secondary resistance when osimertinib is used as a
second-line TKI after the development of T790M mutation
or when it is used as first-line therapy. There are certain
unique known mutations, such as C797S, G796R and
certain translocations in RET, FGFR3, ALK genes (which
have not been seen as resistance mechanisms in previous
generation TKIs) [20,21].
Materials and Methods

Our study comprised 486 samples of NSCLC. As an insti-
tutional protocol, all cases of lung cancer undergo basic
immunohistochemistry (IHC) for TTF-1, p63/p40 and PDL1.
All cases with a histological diagnosis of adenocarcinoma
and poorly differentiated (or not otherwise specified) car-
cinoma were subjected to single gene molecular testing for
EGFR by real-time polymerase chain reaction using
Therascreen� EGFR RGQ PCR kit from Qiagen, ALK by IHC
(VENTANA ALK (D5F3) CDx Assay) and ROS by fluorescent in
situ hybridisation. This was a retrospective study and
included cases selected based on clinician’s discretion and
were subjected to next generation sequencing (NGS). These
cases were selected from primary, secondary or tertiary
tissue and/or liquid biopsy with primary or secondary clin-
ical resistance to TKI therapy. New biopsies (preferably from
a new metastatic site) after first and second clinical resis-
tance were referred to as secondary and tertiary biopsies,
respectively. For tissue NGS, formalin-fixed and paraffin-
embedded (FFPE, 5 � , 10 mm) tumour biopsies with more
than 20% tumour were chosen (macrodissectionwas carried
out where required). DNA and RNA were isolated using the
Promega ReliaPrep� FFPE gDNA Miniprep System (A2352)
and the Promega ReliaPrep� FFPE Total RNA Miniprep Sys-
tem (Z1002), respectively. For liquid biopsy, 18 ml blood
samples were collected in EDTA tubes and centrifuged
within 1 h for plasma preparation. Cell-free nucleic acids
were extracted using the QIAmp circulating nucleic acid kit
(Qiagen) according to the manufacturer’s protocol. NGS on
tissue biopsy was carried out using the Thermofischer Ion
Torrent� Oncomine� Focus 52 gene assay and on liquid
biopsy was carried out using Oncomine Lung Cell-Free Total
Nucleic Acid Assay (12 gene assay including single nucleo-
tide variations, translocation and copy number alterations).
The library was prepared according to the user manual. All
variants were also analysed using IGV (Integrative Genomic
Viewer version 2.3 or higher). The sequences were aligned
with the reference genome hg 19. The median coverage
depth for tissue samples was >500 � with 5% limit of
detection. For liquid biopsy, the assay median coverage
depth was >20,000 � with 0.1% limit of detection. All the
pathogenic mutations were checked in the NCBI and COS-
MIC databases. Variants of unknown significance were
searched on ClinVar, VarSome search engine. In silico pre-
diction tools were also used to predict pathogenicity [22,23].
Patient clinical and treatment details were curated from the
medical records of the institute.
 Social Security de ClinicalKey.es por Elsevier en noviembre 11, 2022. 
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The cases were divided into four clinical groups, as
shown in Figure 1.

Statistical Analysis

Continuous data are reported as median (range),
whereas the count data are reported as numbers.
KaplaneMeier curves comparing survival between treat-
ment groups were drawn usingMedcalc Statistical Software
version 19.6.3 and estimates were reported with 95% con-
fidence intervals. Alpha <0.5 was set as significant before-
hand. Swimmer’s plot was created using Excel following
Peltier Tech charts for Excel version 4.0.
Results

Group 1: Primary Resistance to First- and/or Second-
generation Tyrosine Kinase Inhibitors (Table 1)

This group had 21 cases. The median age was 52 years,
with an age range of 32e85 years. This included 11 female
and 10 male patients. In 11 cases, no mutation was detected
on single gene testing. Out of these 21 cases, eight cases
were exon 20 insertions (cases 2, 4, 7, 10, 16, 17, 19, 20), a
dual mutation e EGFR L833V and H835L (case 3), a rare
mutation e EGFR p.(E709_T710delinsD) (case 21) and a
variant of unknown significance e EGFR p.(Ile853Ser).
There were also two complex mutations (EGFRp.Glu746_-
Leu747delinsValPro and EGFR p.Leu747Pro) (cases 1 and 6),
which were detected as deletion 19 in the single gene assay
but did not respond to either first- or second-generation
TKIs. Two cases had additional de novo MET gene amplifi-
cation (cases 8 and 14) apart from the primary mutation.
One of the case showed additional T790M mutation apart
from deletion 19 and KRAS mutation (case 15). T790M
Fig 1. Clinical groups describing primary and secondary resistance to fi
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mutation had a variant allele frequency (VAF) of 2% and was
not detected earlier by single gene assay. There were addi-
tional TP53, PTEN, PIK3CA and KRAS mutations. Three cases
did not show any other additional abnormality (cases 5, 11
and 13).

Group 2: Primary Resistance to Osimertinib (Third-
Generation Tyrosine Kinase Inhibitor)

This group had just two cases. The median age was 69
years. One casewasmale and the other was female. The first
case (case 1) had dual EGFR mutation (L858R and E709A)
together with EGFR amplification on NGS. Initially, only
L858R was detected by single gene assay (as E709Awas not
included in the assay). This patient presented with brain
metastasis and was started on osimertinib. She did not
respond and was shifted to chemotherapy within 1 month
of treatment. Subsequently, she received six cycles of
chemotherapy. On progression, 5 months later, NGS showed
dual EGFR mutation with EGFR amplification. The patient
later showed a partial response to afatinib and was stable
for the last 7 months. The second case did not show any
additional mutation on NGS testing.

Group 3: Secondary Resistance to First- and Second-
Generation Tyrosine Kinase Inhibitors (Figure 2,
Supplementary Table S1)

As an institutional policy, most of our cases of secondary
resistance to first- and second-generation TKIs are subject
to single gene EGFR testing (either liquid/repeat tissue bi-
opsy/or both). Most of the patients who harbour EGFR
T790M mutation are offered osimertinib. This group rep-
resents patients who were negative for T790M mutation
(on single gene testing) and were subjected to NGS to look
for other mechanisms of resistance on secondary biopsy.
rst-, second- and third-generation tyrosine kinase inhibitors (TKIs).
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Table 1
Group 1 cases showing primary resistance to first- and/or second-generation tyrosine kinase inhibitors (TKIs)

Serial no. Age (years) Gender EGFR mutation
status on single
gene testing

Months of
TKI treatment

NGS findings Additional comments

1. 32 F EGFR deletion 19 3 months EGFR
p.Glu746_Leu747delinsValPro

Complex deletion 19 mutation.
No response to gefitinib

2. 47 F No mutation
detected

Not given EGFR p.(Asp770_771insGly)
(exon 20 insertion)

3. 51 F No mutation
detected

4 months
Afatinib

EGFR L833V and H835L
mutation

Patient was initially treated
with chemotherapy but did not
respond. She was offered
afatinib therapy and showed a
response for 4 months.

4. 53 F No mutation
detected

Not given EGFRp.(P772_H773insHV)
(exon 20 insertion), TP53
p.(R280K), PTEN p.(K267fs)

5. 74 F EGFR deletion 19 2 months EGFR p.(E746_A750del)
6. 50 M EGFR deletion 19 3 months EGFR p.Leu747Pro

(c.2239_2240delTTinsCC)
Complex deletion 19 mutation
(EGFR c.2239_2240delTTinsCC).
No response after 3 months of
erlotinib

7. 59 F No mutation
detected

Not given EGFR
p.(Pro772_His773insHisVal)
(exon 20 insertion)

8. 67 M EGFRL858R 1 month EGFRL858R and MET
amplification

9. 57 F EGFR deletion 19 3 months EGFR p.(E746_A750del)
PIK3CA C420_P421del along
with

10. 52 F No mutation
detected

Not given EGFR, p.(A767_S768insSVD);
c.2311_2312insGCG; TGGACA
(exon 20 insertion)

11. 45 M L858R 3 months EGFRL858R
12. 72 M EGFR exon 19 del 3 months EGFR p.(E746_A750del)
13. 56 F EGFR L858R 3 months EGFR L858R
14. 48 M EGFR L858R 2 months EGFRL858R and MET

amplification
15. 32 M EGFR exon 19 del 2 months EGFR p.(E746_A750del), EGFR

T790M(variant allele frequency
2%), KRAS G13C

EGFR T790M mutation was not
detected on RT PCR testing
(Therascreen� EGFR RGQ PCR
kit from Qiagen). Only EGFR
p.(E746_A750del) was
detected.

16. 51 F No mutation
detected

Not given EGFR p.(D770delinsES)
c.2309_2310insGTC(exon 20
insertion), PIK3CA p.(E542K)
c.1624G>A, TP53 p.(S183*)
c.546C>G

17. 77 M No mutation
detected

Not given EGFR Splice site variant: c.2284
e6C>CTCCAGG AAGCCT
leading to exon 20 insertion

18. 80 M No mutation
detected

Not given EGFR p.(Ile853Ser)- variant of
unknown significance

In silico analysis detected this
mutation to be pathogenic. The
patient was not offered any TKI
therapy for 3 months and was
later lost to follow-up.

19. 49 F No mutation
detected

Not given EGFR p.(P772_H773insHV)
c.2321_2322insCCACGT(exon
20 insertion), TP53 p.(R280K)
c.839G>A
PTEN p.(K267fs)c.801delG
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Fig 2. Swimmer’s plot of group 3 cases showing secondary resistance mutations to first- and second-generation tyrosine kinase inhibitors (TKIs)
in epidermal growth factor receptor (EGFR)-mutant lung cancers. Inset: KaplaneMeier graph showing no difference in time of development of
resistance post first- and second-generation TKI treatment (P ¼ 0.2977) for EGFR L858R and deletion 19 mutations.

Table 1 (continued )

Serial no. Age (years) Gender EGFR mutation
status on single
gene testing

Months of
TKI treatment

NGS findings Additional comments

20. 85 M No mutation
detected

Not given EGFR, p.(A767_S768insSVD);
c.2311_2312insGCG; (exon 20
insertion)

21. 46 M No mutation
detected

3 months EGFR p.(E709_T710delinsD) Chemotherapy 6 cycles with no
response to afatinib. Not (3
months) detected by RT PCR

EGFR, epidermal growth factor receptor; NGS, next generation sequencing; RT PCR, reverse transcription polymerase chain reaction.
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We have previously reported our experience with second-
ary T790M mutation [14]. This group had 27 cases. The
median age was 54 years, with an age range of 27e78 years.
This included nine female and 20 male patients. The dura-
tion of TKI treatment ranged from 5 to 66 months before a
second biopsy was carried out. There were 14 patients who
had EGFR deletion 19 on primary biopsy and 13 patients
who had EGFR L858R. Thirteen cases had only driver mu-
tation on secondary biopsy with no additional mutation.
Four cases had MET amplification with one of them (case
20) also showing MET exon 14 skipping mutation. Addi-
tional gene amplifications were seen in EGFR (cases 2 and
12), MYC (case 24) and CDK4 (case 15). There was loss of
primary mutation in one case (case 26) with poorly
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differentiated histology. Three cases showed small cell
change on secondary biopsy (cases 16, 17 and 27). TP53,
PIK3CA and KRAS mutations were also seen in different
cases.

Group 4: Resistance to Osimertinib

This group was further divided into two groups.
Group 4A (Table 2): when third-generation TKIs were

offered as second line after first- and second-generation
TKIs on detection of EGFR T790M mutation. Group 4A
comprised 15 patients. The median age was 64 years, with
an age range of 32e76 years. This group included four fe-
male and 11 male patients. The duration of TKI treatment
cial Security de ClinicalKey.es por Elsevier en noviembre 11, 2022. 
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Table 2
Group 4Ae third-generation tyrosine kinase inhibitors (TKIs) were offered as second-line therapy after first- and second-generation TKIs on
detection of EGFR T790M mutation

Serial no. Age
(years)

Gender EGFR on RT PCR
(First biopsy)

Second tissue/liquid
biopsy
(Single gene assay/NGS)

Duration of
osimertinib
treatment (months)

NGS on tertiary
Biopsy

T790M
Lost/
retained

1. 32 M EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M
KRAS G13C(NGS -tissue
biopsy)

7 EGFR
p.(E746_A750del)
FGFR3 p.(G90V)

Lost

2. 46 M EGFR p.(L858R) EGFR p.(L858R)
EGFR T790M (single gene
tissue biopsy)

5 EGFR L858R
MET amplification, TP53
p.(F270C)

Lost

3. 45 F EGFR p.(L858R) EGFR p.(L858R)
T790M (single gene
tissue biopsy)

11 EGFR p.(L858R)
EGFR T790M

Retained

4. 56 F EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
T790M (single gene
tissue biopsy)

8 p.(E746_A750del)
EGFR T790M

Retained

5. 54 F EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
T790M (single gene
tissue biopsy)

8 EGFR
p.(E746_A750del)
KRAS p.(G12C)
PIK3CA p.(E542K)

Lost

6. 44 M EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M
(single gene tissue
biopsy)

5 EGFR p.(E746_A750del)
CTNNB1p.(D32N)

Lost

7. 76 M EGFR p.(L858R) EGFR p.(L858R)
EGFR T790M (single gene
liquid biopsy)

6 EGFR p.(L858R)
BRAFp.(G469A)
KRASp.(G12V)

Lost

8. 54 M EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M (single gene
tissue biopsy)

9 EGFR p.(E746_A750del)
MET amplification

Lost

9. 48 M EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M (single gene
tissue biopsy)

15 EGFR p.(E746_A750del,
EGFR T790M
EGFRp.Cys797Ser(in Cis)
Figure 2

Retained

10. 45 M EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M (single gene
liquid biopsy)

8 EGFR p.(E746_A750del) Lost

11. 76 M EGFR p.(L858R) EGFR p.(L858R)
EGFR T790M (single gene
liquid biopsy)

6 EGFR p.(L858R) Lost

12. 54 M EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M (single gene
tissue biopsy)

7 EGFR p.(E746_A750del) Lost

13. 58 M EGFR
p.(E746_A750del)

EGFR T790M (single gene
tissue biopsy)

15 EGFR p.(E746_A750del)
, T790M &p.Cys797Ser(in
Cis)

Retained

14. 48 F EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M (single gene
tissue biopsy)

14 EGFR p.(E746_A750del,
EGFR T790M

Retained

15. 70 M EGFR
p.(E746_A750del)

EGFR p.(E746_A750del)
EGFR T790M (single gene
liquid biopsy)

8 EGFR p.(E746_A750del)
EML4-ALK fusion (EML4-
ALK.E2A20)
(ALK fusion was
confirmed by
immunohistochemistry.
Patient was treated with
crizotinib and responded
for 4 months)

Lost

EGFR, epidermal growth factor receptor; NGS, next generation sequencing; RT PCR, reverse transcription polymerase chain reaction.
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ranged from 5 to 15 months before a second biopsy was
carried out. There were 11 patients who had EGFR deletion
19 on primary biopsy and four patients who had EGFR
L858R. EGFR T790M mutation was lost in 10 (10/15; 67%)
cases, which included seven cases of deletion 19 and three
cases of L858R mutation. T790M mutation was retained in
five cases, which included four cases of deletion 19 and one
case of L858R mutation in EGFR gene. The duration of osi-
mertinib treatment before progression ranged from 8 to 15
months. Patients with T790M loss experienced early resis-
tance (6.9 months versus 12.6 months mean, P ¼ 0.0024;
Figure 3) compared with cases that retained T790M. Two of
the cases (cases 2 and 8) that lost T790M had gained MET
amplification as the resistance mechanisms and one case
also had TP53 mutation (case 2). Mutations in FGFR3, KRAS,
PIK3CA, CTNNB1, BRAF genes and EML4-ALK translocation
were seen in the subgroup where T790M was lost. Three
cases which had lost T790M only showed driver EGFR
mutation. Three of the five cases that retained T790M mu-
tation had only driver EGFR mutation together with the
former (cases 3, 4 and 14). Two cases (cases 9 and 13)
showed driver EGFR deletion 19, retained T790M and C797S
mutation in Cis form. One case (case 15) showed ALK
translocation, which was also confirmed by IHC.

Group 4B: when the patient developed secondary resis-
tance to first-line osimertinib. This was a small group
composed of three patients who were all males with a
median age of 63.3 years. Two cases (cases 2 and 3) were
EGFR deletion 19 and one case was L858R. The duration of
osimertinib treatment ranged from 11 to 17 months. One of
Fig 3. Group 4A e patients who lost epidermal growth factor receptor
versus 12.6 months mean) compared with cases that retained T790M (P
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the patients had irregular treatment. Two patients showed
additional C797S mutation (cases 1 and 2). The third patient
showed only primary mutation (case 3).
Discussion

EGFR-mutant lung cancer is a single oncogene driven
tumour that shows a remarkable response to molecular
therapy in most cases. Eventually the tumour outsmarts the
targeted therapy and therapeutic resistance develops. This
can be primary or at times develop after a period of
response. There are various escape mechanisms that could
lead to a loss of response. These involve a direct change in
the target site of the molecular drug, activation of an
alternate upstream or downstream pathway, increased
adaptive signalling by the tumour and/or epigenetic alter-
ations [24]. NGS-based technologies with broader panels
and a higher depth of coverage have the advantage of
detecting low level and uncommonmutations, which give a
better insight into the tumour biology.

We carried out a retrospective audit of molecular find-
ings in NSCLC cases that presented at our institute with any
kind of resistance in known EGFR gene abnormality. Our
data suggested that the most common cause of primary
resistance to first- and second-generation TKIs was un-
common EGFR mutations. There were eight cases of EGFR
exon 20 insertions including a splice site mutation (group
1). These insertions were not detected by single gene assays.
Most of the single gene assays can detect only limited exon
(EGFR) T790M mutation experienced earlier resistance (6.9 months
¼ 0.0024).
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20 insertions. EGFR exon 20 insertions together account for
around 4e10% of all EGFR mutations in NSCLC [25,26].
These mutations are characterised by duplications of up to
seven amino acid sequences (762e774) in a-C helix and
adjacent loop of EGFR gene. These mutations are known to
offer de novo resistance to all three generations of approved
TKIs. The EGFR gene is activated in these insertions without
any decrease in ATP affinity compared with the wild type.
This hinders the competitive inhibition offered by common
TKIs [27]. Also, a rigid a-C helix configuration formed due to
the insertion is known to inhibit drug binding [28]. Only
one EGFR exon 20 insertion mutation A763_Y764FQEA has
shown a good response to erlotinib in various studies [29].
We did not find this mutation in our samples. There are
certain novel agents, such as poziotinib (formerly HM781-
36B), mobocertinib (TAK788) and TAS6417 (CLN-081), that
can bind to the inactive and rigid ATP-binding site of exon
20 insertion mutations and have shown some promise [30].
Newer dual action agents (EGFR and hepatocyte growth
factor receptor or MET inhibitor), such as amivantamab and
heat shock protein 90 (Hsp90) inhibitor luminespib (NVP-
AUY922), have shown clinical promise [31,32].

Our study also showed that complex EGFR deletion 19
mutations (EGFRp.Glu746_Leu747delinsValPro and EGFR
p.Leu747Pro) can also cause primary resistance to TKI
therapy. Wu et al. [33], in their series of 1261 lung cancer
cases, reported two patients who had EGFR p.Leu747Pro
mutation. Both patients did not respond to TKI therapy. The
true incidence of complex EGFR mutations is largely un-
known and has mostly been reported as a part of other rare
mutations. Various studies have quoted the incidence to be
between 3 and 14% [34]. These complex mutations are
diagnosed as deletion 19mutations on single gene testing. It
is only after clinical resistance to TKI therapies and subse-
quent sequencing of the tumour that the complex nature of
these mutations is detected. Most of these complex muta-
tions are unlikely to respond to TKIs. This inadvertently
delays appropriate treatment. Two of our cases had de novo
MET amplification together with the primary EGFR muta-
tion. MET amplification has been reported in around 3% of
patients with EGFR mutation without any prior treatment
[35]. MET receptors are encoded by proto-oncogene MET
and activate downstream RAS/ERK/MAPK and PI3K-AKT
when bound to the HGF ligand. This pathway is essential
for cell proliferation, survival, migration, motility and
invasive properties. METgene amplification can dysregulate
this pathway, causing resistance to TKIs in EGFR-mutant
lung cancer patients [36]. These patients have also shown
a response to the combination of EGFR and ALK inhibitors in
some studies [37]. One of our cases (case 15) had EGFR
deletion 19 together with T790M (variant allele frequency
2%) and KRAS G13C mutation. The baseline T790M muta-
tionwas not detected by single gene assay. T790Mmutation
was below the limit of detection of single gene assay. Such
de novo EGFR T790M mutations are a very rare occurrence
seen in <1% of patients and a cause of primary resistance to
first- and second-generation TKIs [38]. Two cases showed
mutations in PTEN and PIK3CA. These are known to cause
aberrant activation in the PI3K/AKT pathway and in turn
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hinder EGFR TKI to act [39,40]. Apart from these, there are
other reported abnormalities, such as MDM2 amplification,
BIM polymorphism and germline EGFR mutation T790M
and V843I [19,41,42], which can cause primary resistance.

There is limited literature available on the de novo
resistance mechanisms of osimertinib. We also had two
cases. One of them had dual EGFR L858R and E709A mu-
tations with EGFR amplification. EGFR E709A mutations are
rare and over 75% are reported as dual mutations. Preclin-
ical studies have reported a response to afatinib [43]. This is
the first time that clinical primary resistance to osimertinib
has been reported for this mutation. Our case also later
responded to afatinib.

The most common cause of secondary resistance to first-
and second-generation TKI is T790M mutation in the EGFR
gene [44]. We have also reported a high incidence of T90M
in our previous study [14]. MET amplification was the sec-
ond most common mechanism of resistance. Various
studies have reported MET amplification in 5e20% of such
cases [19]. Amplification leads to an aberrant excessive
hepatocyte growth factor, which is a natural ligand for this
gene and reduces the susceptibility to TKIs [45]. One of our
cases also showed MET exon 14 skipping mutation together
with MET amplification as a resistance mechanism. This is a
rare occurrence and has been reported to show some
response to a combination of MET and EGFR inhibitor
therapy [46]. Other resistance mechanisms, such as EGFR
amplification, KRAS, PIK3CA and TP53, have also been pre-
viously reported [19]. Three of our cases showed small cell
change in the new biopsy (secondary biopsy) taken after
the development of resistance. One of these also showed
T790M mutation. Most of such cases are known to have a
dismal prognosis. There have been occasional reports of a
response to third-generation TKIs in such cases [47]. One of
our cases showed loss of (driver EGFR deletion 19) mutation
with poorly differentiated histology in the secondary bi-
opsy. This is a rare occurrence and has been reported in
preclinical studies [48]. This could possibly be due to loss of
EGFR gene itself.

Osimertinib is used as a salvage therapy when EGFR
T790M mutation occurs as an acquired resistance mecha-
nism to first- and second-generation TKIs. The therapy ex-
tends the clinical benefit of the previous TKIs for months.
Eventually resistance develops to the third-line also. Some
of the resistance mechanisms overlap with first- and
second-generation TKIs. Osimertinib shares EGFR, MET and
HER2 amplification and PIK3CA, KRAS, BRAF mutations as
resistance mechanisms with first- and second-generation
TKIs [49]. Our data also showed cases with MET amplifica-
tion, PIK3CA, KRAS, BRAF mutations. Between 10 and 26% of
acquired resistance to osimertinib harbours a newmutation
in the EGFR gene. The most common mutation is C797S,
observed in 14e21% of cases. We saw this mutation in two
(13%) cases. Up to 50% of such cases also experience loss of
T790M mutation [49]. We observed T790M loss in 10 (10/
15; 67%) cases, whereas this was retained in five (5/15; 33%)
cases. The duration of osimertinib treatment varied from 5
to 8 months. T790M mutation was retained in five cases,
four of which had deletion 19 and one L858R mutation in
 Social Security de ClinicalKey.es por Elsevier en noviembre 11, 2022. 
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the EGFR gene. The duration of osimertinib treatment
before progression ranged from 8 to 15 months. Patients
with T790M loss experienced earlier resistance (6.9 months
versus 12.6 months mean, P ¼ 0.0024, Figure 3) compared
with cases that retained T790M. Oxnard et al. [21] have also
reported loss of T790M associated with a shorter period of
resistance. Two cases (2/15; 33%) that retained T790M also
had another mutation C797S in exon 20. Both cases showed
C797S mutation in the cis position (Figure 4). This mutation
is reported in up to 7% of cases. This mutation is known to
cause loss of covalent bond between osimertinib and site of
EGFR mutation. Also, mutation in the cis position means
that both T790M and C797S are on the same allele. Studies
suggest that EGFR C797S rarely responds to first-generation
TKIs. Rarely, when this mutation is on a different allele
(trans position), combination of a first-generation TKI with
osimertinib, which targets T790M, can be used [50]. Other
reported mutations are C797G, G796R, G796S, G796D,
Fig 4. Image from the integrated genomic viewer (IGV) showing the pre
mutation on the same allele.
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L792H, L718Q, G724S, S768I and even exon 20 insertions
[20,50e52]. Two of our cases (2/15; 13%) showed MET
amplification in this group. One was associated with TP53
mutation. This is the most common mechanism of resis-
tance, seen in about 19% of patients [20]. Several preclinical
studies have shown that a combination of MET inhibitors,
such as crizotinib and osimertinib, can overcome this type
of resistance [53].

One case (case 15) showed ALK translocation, which was
also confirmed by IHC. This patient was treated with cri-
zotinib and did show a response for 4 months before pro-
gression. Fusions have been reported earlier in 3e10% of
such cases. Although rare, other previously reported fusions
are RETeERC1, FGFR3eTACC3, CCDC6eRET, NTRK1eTPM3,
AGKeBRAF, PLEKHA7eALK, ESYT2eBRAF and GOPC-ROS1
[21,54,55]. Combining EGFR inhibitor with fusion-specific
inhibitor can prolong the therapeutic window offered by
targeted therapy [56].
sence of epidermal growth factor receptor (EGFR) T790M and C797S
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Secondary resistance to osimertinib showed two cases
with C79S mutation together with the driver mutation. This
group is known to have lesser frequency of EGFR gene
mutations compared with those patients who developed
resistance when osimertinib was used in the second line
after the T790M mutation developed (6e10% in former
versus 10e26% in later). MET amplification is also reported
in lesser frequency (8e17% in former versus 5e50% in later).
Other mutations, amplifications and rearrangements are
reported in almost the same frequency in both groups [49].
Conclusion

This study has shown the wide spectrum of primary and
secondary EGFR resistance mechanisms in first-, second-
and third-generation TKIs. These resistance mechanisms
give deeper insight into the biology of tumour post-TKI
treatment and also provide newer therapeutic options.
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