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Abstract
Background  Despite an initial favorable response of EGFR-mutant non–small cell lung cancer (NSCLC) to osimertinib, 
an EGFR tyrosine kinase inhibitor (TKI), resistance to this drug inevitably develops. Whereas genetic mechanisms 
for such acquired resistance have been identified, the molecular mediators of resistance induction have remained 
unclear.

Methods  To identify factors that mediate induction of osimertinib resistance, we studied clinical samples from 
individuals with EGFR-mutant NSCLC as well as cell lines including PC-9 and H1975. Methods adopted included 
transcriptomics analysis and immunohistochemistry of pretreatment NSCLC specimens, spatial transcriptomics 
analysis, a cell viability assay, immunofluorescence and quantitative PCR analysis, RNA sequencing, immunoblot 
analysis, comprehensive proteomics analysis by mass spectrometry, co-immunoprecipitation and proximity ligation 
assays, and a mouse xenograft tumor model.

Results  Transcriptomics analysis of pretreatment clinical specimens identified IFITM3 (interferon-induced 
transmembrane protein 3) as a gene specifically upregulated in patients with a poor response to osimertinib 
treatment. Immunohistochemistry confirmed that patients with IFITM3-positive tumors experienced a shorter 
progression-free survival on osimertinib treatment. Spatial transcriptomics and other analyses further revealed that 
IFITM3 expression in tumor cells was increased in response to cytokines derived from the tumor microenvironment 
(TME) during osimertinib treatment. IFITM3 was found to promote the development of osimertinib resistance in 
NSCLC cell lines through interaction with MET and activation of the AKT signaling pathway. Furthermore, combined 
treatment with a MET inhibitor suppressed the development of osimertinib resistance in a mouse xenograft tumor 
model.
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Introduction
Lung cancer continues to be the leading cause of cancer-
related deaths worldwide, with non–small cell lung can-
cer (NSCLC) being responsible for more than 80% of all 
lung cancer diagnoses [1]. Mutations of the epidermal 
growth factor receptor (EGFR) gene are present in ~ 40% 
of NSCLC cases among Asian populations and in ~ 10% 
of those among individuals of European descent [2, 3]. 
Osimertinib, a third-generation EGFR-targeting tyro-
sine kinase inhibitor (TKI), has shown superior efficacy 
compared with earlier-generation EGFR-TKIs and has 
become a standard therapeutic option for patients with 
EGFR-mutated NSCLC [4]. Despite its initial effective-
ness, however, the median progression-free survival 
(PFS) conferred by osimertinib is limited to ~ 19 months, 
with about one-third of patients developing resistance 
within a year. Although genetic alterations such as sec-
ondary mutations of EGFR and amplification of MET or 
HER2 have been identified as resistance mechanisms [5–
8], nearly half of cases do not present identifiable genetic 
resistance mutations, indicating that nongenetic mecha-
nisms may contribute to such resistance [9].

Recent studies have suggested that the tumor micro-
environment (TME) plays a key role in the development 
of resistance to EGFR-TKIs [10–14]. Specifically, cyto-
kines present within the TME—such as tumor necrosis 
factor–α (TNF-α), interleukin-6 (IL-6), and interferon-γ 
(IFN-γ)—have been implicated in the promotion of treat-
ment resistance through modulation of signaling path-
ways in tumor cells [15–18]. These findings suggest that 
comprehensive analysis of the TME and tumor cells will 
be essential to identify key clinical determinants of resis-
tance to osimertinib.

We have now performed RNA–sequencing (seq) analy-
sis of clinical specimens collected from NSCLC patients 
before osimertinib treatment. We identified IFITM3 
(interferon-induced transmembrane protein 3) as a gene 
that is specifically upregulated in patients with a poor 
response to osimertinib treatment. We also investigated 
the mechanism by which IFITM3 induces resistance to 
osimertinib and propose that MET inhibition is a poten-
tial therapeutic strategy to suppress the development of 
osimertinib resistance in individuals with NSCLC posi-
tive for EGFR mutations.

Materials and methods
Patients and clinical specimens
Clinical information, including PFS for osimertinib, was 
collected for 127 individuals with EGFR mutation–posi-
tive NSCLC who received osimertinib monotherapy as 
first-line treatment across eight institutions between 
January 2016 and April 2023. Formalin-fixed, paraffin-
embedded (FFPE) sections of tumor tissue were prepared 
before osimertinib treatment. In the case of specimens 
for which RNA-seq analysis was feasible, the analysis 
was performed for 10 patients with a PFS of < 12 months 
(short PFS) and 22 patients with a PFS of > 20 months 
(long PFS). The remaining 95 specimens not subjected 
to RNA-seq analysis were instead subjected to immu-
nohistochemistry (IHC) for IFITM3, with tumor cells 
being confirmed by hematoxylin-eosin (HE) staining. 
At the time of the analysis, 59 of the 95 patients (62.1%) 
had experienced disease progression during osimertinib 
treatment. Postprogression tumor specimens were also 
collected from an additional 18 patients who developed 
resistance to osimertinib and were subjected to IHC 
analysis of IFITM3.

RNA-seq analysis of clinical tumor specimens
Tumor tissue was obtained by macrodissection, and 
RNA was extracted from two FFPE sections (thickness of 
10  μm), each with an area of > 1  cm², with the use of a 
MagMAX FFPE DNA/RNA Ultra Kit (#A31881, Thermo 
Fisher Scientific). Formaldehyde-induced cross-linking 
was minimized by protease treatment of FFPE sec-
tions for 2 h at 55 °C and subsequent incubation for 1 h 
at 90  °C. RNA-seq analysis was performed with a Twist 
Human Core Exome Panel (Twist Biosciences). Libraries 
were prepared from 100 to 200 ng of RNA, depending on 
the DV200 (percentage of RNA fragments of > 200 nucle-
otides). Precapture libraries were indexed for Illumina 
sequencing and amplified for 11 to 16 cycles. Pooled 
libraries were subjected to hybridization with biotinyl-
ated DNA probes for 16  h at 70  °C and were then cap-
tured with streptavidin beads (Thermo Fisher Scientific) 
and amplified to generate postcapture libraries. Quality 
control was performed with an Agilent Bioanalyzer, and 
libraries were normalized to a concentration of 2 nM 
before sequencing. RNA sequencing was conducted with 
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a NovaSeq instrument (Illumina) and with paired-end 
reads. All sequencing reads were trimmed of low-quality 
bases and adapters with the use of Fast p (version 0.23.4, 
Bolger AM), and RNA-seq reads were mapped to the 
hg38 genome with the use of HISAT2 software (version 
2.2.1). Raw counts for each gene were estimated for each 
sample with FeatureCounts (version 2.0.6). The log2(fold 
change) and P values were calculated with edgeR (version 
4.0, R Bioconductor).

Cell lines and reagents
Five human NSCLC cell lines with EGFR activating 
mutations (PC-9 [ECACC #90071810], HCC827 [ATCC 
#CRL-2868], H1975 [ATCC #CRL-5908], H1650 [ATCC 
#CRL-5883], and HCC4006 [ATCC #CRL-2871]) and 
five human NSCLC cell lines wild type (WT) for EGFR 
(A549 [ATCC #CCL-185], H322 [ECACC #95111734], 
Calu-3 [ATCC #HTB-55], H1437 [ATCC #CRL-5872], 
and H1299 [ATCC #CRL-5803]) were studied. The 
EGFR mutation status of each cell line is provided in 
Supplemental Table 1. PC-9, H1975, H1650, HCC827, 
HCC4006, H322, H1437, and H1299 cells were cultured 
in RPMI 1640 medium (Gibco), and A549 and Calu-3 
cells were maintained in Dulbecco’s modified Eagle’s 
medium (Gibco). Each medium was supplemented with 
10% fetal bovine serum and 1% penicillin-streptomy-
cin (Gibco). All cells were maintained under a humidi-
fied atmosphere of 5% CO2 and at 37  °C. Osimertinib 
(#S7297, Selleck Chemicals), MK-2206 (#S1078, Selleck 
Chemicals), capmatinib (#S2788, Selleck Chemicals), 
and methyl-β-cyclodextrin (#S6827, Selleck Chemicals) 
were dissolved in dimethyl sulfoxide (Fujifilm Wako) and 
stored at − 20 °C. Infliximab (Mitsubishi Tanabe Pharma, 
Osaka, Japan) and tocilizumab (Chugai Pharmaceuti-
cal, Tokyo, Japan) were stored at − 20  °C. Recombinant 
human TNF-α (#210-TA-005, R&D Systems), recombi-
nant human IFN-γ (#300-02, Peprotech), and recombi-
nant human IL-6 (#206-IL, R&D Systems) were dissolved 
in sterile phosphate-buffered saline (PBS) containing 
0.1% bovine serum albumin and were stored at − 20 °C.

RNA interference
Cells were transferred to 96-well plates (Greiner Bio-
One) and subjected to transient transfection for 24 h with 
a small interfering RNA (siRNA) specific for IFITM3 (ID 
s195035, Thermo Fisher Scientific) or a negative con-
trol siRNA (ID 4390843, Thermo Fisher Scientific), each 
mixed with the RNAiMAX reagent (Thermo Fisher Sci-
entific). For establishment of stable IFITM3-depleted 
PC-9 and H1975 cell lines, a lentiviral vector contain-
ing the IFITM3 short hairpin RNA (shRNA) sequence 
as well as enhanced green fluorescent protein (EGFP) 
and puromycin resistance genes—pLV[shRNA]-EGFP: 
T2A: Puro-U6 > hIFITM3 (ID VB900080-7459hfw)—was 

constructed and packaged by VectorBuilder. A lentivi-
ral vector for a scrambled shRNA—pLV[shRNA]-EGFP/
Puro-U6 > Scramble_shRNA (ID VB010000-0009mxc)—
was similarly constructed and packaged.

Retrovirus transduction for generation of stable cell lines
Complementary DNA for IFITM3 was derived from 
H1975 cells. Corresponding polymerase chain reaction 
(PCR) amplicons were prepared with the use of Prime-
STAR GXL DNA Polymerase (#R050A, Takara Bio) and 
specific primers (Supplemental Table 2) and were ligated 
into the pQCXIP retroviral vector (#639648, Clontech) 
between the NotI and BamHI sites with the use of an 
In-Fusion HD Cloning Kit (#639648, Takara Bio). The 
resulting vector was designated pQCXIP-IFITM3. A vec-
tor for Flag-tagged IFITM3 (pQCXIP-Flag-IFITM3) was 
similarly prepared (Supplemental Table 2). For estab-
lishment of cell lines stably expressing IFITM3 or Flag-
IFITM3, the pQCXIP-IFITM3 or pQCXIP-Flag-IFITM3 
vector (or the corresponding empty vector [EV] as a 
control) was first introduced into HEK293T cells (ATCC 
#CRL-1573) with the use of a Retrovirus Packaging Kit 
Ampho (#6161, Takara Bio) and the Lipofectamine 3000 
reagent (Invitrogen). The resulting culture superna-
tant containing the recombinant retroviruses was then 
passed through a 0.45-µm filter, and the filtrate was incu-
bated overnight at 4  °C with a Retro-X Concentrator 
(Clontech) and then centrifuged at 1500 × g for 45 min 
at 4 °C for isolation of virus pellets. PC-9 or H1975 cells 
were infected with the retroviruses for 24 h in the pres-
ence of polybrene (Nacalai Tesque) at 8 µg/ml and were 
then cultured in growth medium for an additional 24  h 
before selection by culture in the presence of puromycin 
(Invitrogen) at 2  µg/ml. The established cell lines were 
designated PC-9/EV, H1975/EV, PC-9/IFITM3, H1975/
IFITM3, and PC-9/Flag-IFITM3 accordingly.

Cell viability assay
Cells (3000 per well) were seeded in a 96-well flat-bottom 
plate (Greiner Bio-One) and incubated at 37 °C under 5% 
CO2 for 24 h before exposure to test agents and incuba-
tion for an additional 72 h. Cell Counting Kit 8 (Nacalai 
Tesque) reagent (10 µl) was then added to each well, the 
cells were incubated for an additional 2 h, and absorbance 
at 450 nm was measured with a Multiskan FC instrument 
(Thermo Fisher Scientific).

Induction of osimertinib resistance in cell lines
For examination of the development of osimertinib resis-
tance, PC-9/EV, PC-9/IFITM3, H1975/EV, and H1975/
IFITM3 cells (1.2 × 105 per well) were seeded in six-well 
plates (Greiner Bio-One) and exposed to increasing con-
centrations of osimertinib from 10 nM to 1 µM over a 
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maximum of 30 days, with the drug concentration being 
increased when the cells had achieved 70% confluence.

Proteomics analysis by LC-MS/MS
Proteomics analysis was performed by label-free quan-
titation with liquid chromatography and tandem mass 
spectrometry (LC-MS/MS). Peptides were separated 
with a NANO HPLC Capillary Column (Nikkyo Tech-
nos), with elution performed over 90  min with a gradi-
ent of 5% to 95% acetonitrile at 500 nl/min. Samples 
were analyzed with an Orbitrap Exploris 240 instrument 
(Thermo Fisher Scientific) via nano–electrospray ioniza-
tion. The instrument was operated in data-dependent 
acquisition mode, capturing full-scan MS spectra at a 
resolution of 60,000. The top 10 peaks were fragmented 
with a 30% collision energy and 1.6-m/z isolation win-
dow, with auto–dynamic exclusion. The acquired spectra 
were analyzed with Proteome Discoverer 3.0 software 
(Thermo Fisher Scientific). Proteins that were enriched 
at least fivefold in samples prepared with antibodies to 
IFITM3 relative to those prepared with control immuno-
globulin G (IgG), and with a P value of < 0.05, were con-
sidered true binding partners of IFITM3.

Immunoblot analysis
Cells were washed with ice-cold PBS and then lysed in 
RIPA buffer (Thermo Fisher Scientific) containing pro-
tease and phosphatase inhibitors (Nacalai Tesque). The 
lysates were fractionated by SDS-polyacrylamide gel elec-
trophoresis on a 10% gel, and the separated proteins were 
transferred to a polyvinylidene difluoride membrane. 
The membrane was incubated overnight at 4 °C with pri-
mary antibodies to IFITM3 (#59212), to phospho-EGFR 
(#3777), to EGFR (#4267), to phospho-ERK1/2 (#4370), 
to ERK1/2 (#9102), to phospho-AKT (#9271), to AKT 
(#9272), to the DYKDDDDK Flag tag (#14793), to phos-
pho-MET (#3077), to MET (#8198), to phospho-GSK3β 
(#9323), to GSK3β (#9315), to phospho-mTOR (#5536), 
to mTOR (#2983), or to β-actin (#4970), all of which 
were obtained from Cell Signaling Technology and used 
at a dilution of 1:1000. The membrane was subsequently 
incubated for 1 h at room temperature with horseradish 
peroxidase–conjugated antibodies to rabbit IgG (diluted 
1:10,000; #NA9340, Cytiva), after which immune com-
plexes were detected with the use of Pierce ECL Plus 
Immunoblotting Substrate (Thermo Fisher Scientific) 
and images were captured with a ChemiDoc Touch MP 
system (Bio-Rad). Signals in each lane were quantified 
with Image Lab (Bio-Rad) and compared with the corre-
sponding β-actin signal for normalization. Correspond-
ing blots were derived from the same experiments and 
were processed in parallel.

Co-immunoprecipitation for LC-MS/MS or immunoblot 
analysis
Cells were lysed in Pierce IP Lysis Buffer (#87787, Thermo 
Fisher Scientific), and the lysates were centrifuged at 
15,000 × g for 15 min at 4 °C. The resulting supernatants 
were subjected to immunoprecipitation with constant 
mixing overnight at 4  °C with antibodies to IFITM3 
(#59212, Cell Signaling Technology), control rabbit IgG 
(#2729, Cell Signaling Technology), or antibodies to 
Flag (#14793, Cell Signaling Technology) as well as with 
magnetic protein A/G beads (Pierce). The immune com-
plexes were washed with Tris-buffered saline and then 
suspended in Pierce IgG Elution Buffer, pH 2.0 (#21028, 
Thermo Fisher Scientific) for proteomics or immunoblot 
analysis.

IHC for IFITM3
Tumor tissue was fixed in 10% neutral buffered formalin 
for preparation of FFPE sections. The sections (thickness, 
3 μm) were subjected to IHC as previously described 
[19]. In brief, antigen retrieval was performed with the 
use of Immunosaver (Nissin EM), and the sections were 
incubated overnight at 4 °C with a rabbit monoclonal 
antibody to IFITM3 (#59212, Cell Signaling Technology). 
Immune complexes were detected with the Histofine 
Simple Stain MAX-PO (M) reagent (Nichirei Bioscience) 
and the chromogenic substrate diaminobenzidine (His-
tofine DAB, Nichirei Bioscience). IFITM3 immunostain-
ing results were based on staining of neoplastic cells and 
were reported as positive or negative by an experienced 
pathologist. The IFITM3 IHC score was defined as fol-
lows: 0, < 1% IFITM3-positive tumor cells; 1, 1% to 10%; 
2, 10% to 50%; and 3, >50%.

RNA-seq analysis of NSCLC cell lines
Total RNA was isolated with the use of an RNeasy Mini 
Kit (#74016, Qiagen) from PC-9 cells stably expressing 
IFITM3 or control shRNAs. Three biological replicates 
were processed for each condition. The quantity and 
quality of the isolated RNA were determined with the 
use of a NanoDrop-2000 spectrophotometer (Thermo 
Fisher Scientific) and a 2200 TapeStation (Agilent Tech-
nologies), respectively, and rRNA was removed with an 
MGI Easy rRNA Depletion Kit (MGI) before library con-
struction with an MGI Easy RNA Directional Library 
Prep Set (MGI). Sequencing was conducted with a Nova-
Seq instrument and with 150-bp paired-end reads. All 
sequencing reads were trimmed of low-quality bases and 
adapters with the use of Fast p (version 0.23.4), and RNA-
seq reads were mapped to the hg38 genome with the use 
of HISAT2 software (version 2.2.1). Raw counts for each 
gene were estimated for each sample with FeatureCounts 
(version 2.0.6). Gene set enrichment analysis (GSEA) was 
performed with the use of Metascape [20].
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Spatial transcriptomics analysis of clinical specimens
Sample processing and clustering annotation methods 
were as previously described [21]. A total of eight FFPE 
tumor specimens was analyzed, including four samples 
collected from two EGFR-mutant NSCLC patients before 
and after osimertinib treatment as well as an additional 
four pretreatment samples. Spatial transcriptomics 
analysis was performed with the 10X Genomics Visium 
HD platform. The FFPE sections were depleted of paraf-
fin, stained with HE, and imaged with an Evident VS200 
microscope. RNA quality was assessed on the basis of 
DV200, ensuring that all samples met a threshold of ≥ 
30%. Gene expression libraries were prepared according 
to the 10X Genomics protocol, checked for quality, and 
sequenced with the NovaSeq X Plus platform (150-bp 
paired-end reads). Sequencing data were processed with 
Space Ranger (v3.0.0) to generate spatial gene expression 
profiles. Major clustering analysis was performed accord-
ing to a single-cell RNA-seq–like pipeline with the use 
of Scanpy, with low-quality cells and genes being filtered 
out. Batch effects were corrected by Harmony integra-
tion. Leiden clustering at a resolution of 0.4 identified 
18 clusters, which were classified into epithelial, stromal, 
and immune cell types on the basis of known marker 
expression. Subclustering analysis was further conducted 
within these major cell types, incorporating inferCNVpy 
to distinguish tumor cells from normal epithelial cells.

RT-qPCR analysis
Total RNA was extracted from cell lines with the use 
of an RNeasy Mini Kit (Qiagen) and was subjected 
to reverse transcription (RT) with a PrimeScript RT 
Reagent Kit (#RR037A, Takara Bio). The resulting cDNA 
was subjected to quantitative PCR (qPCR) analysis with 
SYBR Green PCR Master Mix (#4344463, Thermo Fisher 
Scientific) and specific primers (Supplemental Table 3). 
Relative expression of IFITM3 was analyzed with the 
2–ΔΔCt method and was normalized by GAPDH mRNA 
abundance.

Immunofluorescence analysis of IFITM3 expression
PC-9 cells were cultured to 70% confluence on 12-mm-
diameter coverslips (Matsunami) placed in 24-well plates 
(Corning). They were fixed for 15 min with 4% parafor-
maldehyde in PBS, permeabilized for 10  min with 0.3% 
Triton X-100 in PBS, and incubated overnight at 4  °C 
with a 1:500 dilution of Alexa Fluor 488–conjugated anti-
bodies to IFITM3. The antibodies to IFITM3 (#59212, 
Cell Signaling Technology) were conjugated to the fluo-
rescent dye with the use of a FlexAble CoraLite Plus 488 
Antibody Labeling Kit for Rabbit IgG (#KFA001, Pro-
teintech). The cells were subsequently incubated over-
night at 4℃ with Alexa Fluor 594–conjugated phalloidin 
(#ab176757, Abcam). Images of IFITM3 and phalloidin 

signals were obtained with a BZX800 all-in-one fluores-
cence microscope (Keyence). Optical sectioning images 
of IFITM3 particles in multiple cells acquired from top 
to bottom of each cell were combined into a z-projection 
image with the use of full-focus imaging (BZ-H4A, Key-
ence). The number of IFITM3 signals per cell was quanti-
fied in nine fields, including a total of at least 50 cells for 
each condition, with the use of BZ-X Analyzer software 
(BZ-H4A, Keyence).

In situ proximity ligation assay (PLA)
PC-9/EV and PC-9/IFITM3 cells were cultured to 70% 
confluence on 12-mm-diameter coverslips in 24-well 
plates, fixed, and permeabilized as described in the pre-
vious section. They were then incubated overnight at 
4 °C with 1:500 dilutions of mouse antibodies to IFITM3 
(#2524, Cell Signaling Technology) and rabbit antibod-
ies to MET (#8242, Cell Signaling Technology) for detec-
tion of IFITM3-MET complexes with the use of Duolink 
PLA Fluorescence Kits (#DUO92002 and #DUO92004, 
Sigma-Aldrich). The cells were subsequently incubated 
overnight at 4℃ with antibodies to E-cadherin (#AF648, 
R&D Systems) and for 1  h at room temperature with 
Alexa Fluor 488–conjugated donkey antibodies to goat 
IgG (#A11055, Invitrogen). Imaging and analysis of PLA 
and E-cadherin signals were performed as described in 
the previous section.

Animal studies
Four-week-old female athymic mice were obtained from 
CLEA Japan. PC-9/EV or PC-9/IFITM3 cells (5.0 × 106) 
were injected subcutaneously into the flank of the mice, 
which were randomly divided into the treatment groups 
described in Fig.  6 at 7 days after cell injection. Tumor 
dimensions were measured twice each week, and tumor 
volume was calculated according to the formula: (length 
× width × width)/2. Mice were killed by cervical disloca-
tion under anesthesia with a mixture of medetomidine, 
midazolam, and butorphanol when tumors achieved 
a volume of > 2000 mm3 or at 28 days after treatment 
onset.

Statistical analysis
Data are presented as means ± s.e.m. unless indicated 
otherwise and were compared by Fisher’s exact test or 
by one-way analysis of variance (ANOVA) followed 
by Tukey’s test as performed with GraphPad Prism 10 
software. The optimal cutoff for IFITM3 positivity was 
determined according to model selection criteria, includ-
ing the Corrected Akaike Information Criterion (AICc) 
and Bayesian Information Criterion (BIC), with the use 
of JMP 17 software. Kaplan-Meier analysis and log-rank 
tests were also performed with JMP 17. A P value of 
< 0.05 was considered statistically significant.
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Results
High IFITM3 expression is associated with poor efficacy of 
osimertinib treatment for EGFR-mutant NSCLC
We analyzed FFPE tumor sections and clinical data 
for 127 individuals with EGFR-mutant NSCLC who 
received osimertinib monotherapy as a first-line treat-
ment between January 2016 and April 2023 across eight 
institutions. We defined short and long PFS as < 12 and 
>20 months, respectively, on the basis of the results of 
a previous clinical study of osimertinib treatment [4]. 
RNA-seq analysis was performed for 32 patients with a 
short PFS (n = 10) or long PFS (n = 22) who had sufficient 
RNA available, with these individuals constituting the 
discovery cohort (Fig. 1a and Supplemental Table 4). The 
remaining 95 patients constituted the validation cohort, 
which was analyzed by IHC (Fig. 1a). The RNA-seq anal-
ysis was successful for all specimens of the discovery 
cohort, with a high number of detected genes and high 
mapping rate (which was >80% in all and >90% in most 
cases, indicative of the consistently high quality of the 
data) (Supplemental Fig. 1a). In addition, gene expression 
patterns were closely aligned among the samples (Supple-
mental Fig. 1b). Comparison of gene expression between 
patients with a short versus long PFS identified IFITM3 
as the only significantly upregulated gene among >19,000 
genes analyzed (Fig. 1b). Patients with high IFITM3 
expression manifested not only a shorter PFS but also 
a poorer response rate for osimertinib treatment com-
pared with those with low IFITM3 expression (Fig. 1c, 
d). To validate the association between IFITM3 expres-
sion and osimertinib efficacy, we performed IHC analy-
sis for the 95 eligible clinical specimens in the validation 
cohort (Fig. 1e–h and Supplemental Table 5). We inves-
tigated the optimal cutoff for the percentage of IFITM3-
positive tumor cells within tissue sections by comparing 
thresholds of 1%, 10%, and 50% with model selection 
criteria (AICc and BIC), with this analysis indicating 
that 10% was the best-fitting cutoff (Supplemental Table 
6). Patients with IFITM3-positive tumors experienced a 
significantly shorter PFS relative to those with IFITM3-
negative tumors (median of 18.4 vs. 24.8 months; hazard 
ratio [HR] of 1.87, with a 95% confidence interval [CI] of 
1.06–3.30; P = 0.013) (Fig. 1f ).

IFITM3 expression is associated with osimertinib resistance 
in EGFR-mutant NSCLC cell lines
Immunoblot analysis revealed that the abundance of 
IFITM3 was higher in NSCLC cell lines harboring EGFR 
driver mutations (L858R point mutation or exon-19 dele-
tions) than in those WT for EGFR (Fig. 2a). Analysis of 
public data for 1156 solid tumor cell lines in the Cancer 
Cell Line Encyclopedia (CCLE) [22] also revealed that 
IFITM3 mRNA abundance was significantly higher in 

cell lines with EGFR driver mutations than in those WT 
for EGFR or with other EGFR mutations (Fig. 2b). We 
also analyzed transcriptomics data for clinical samples 
of advanced-stage lung adenocarcinoma in the The Can-
cer Genome Atlas (TCGA) cohort stratified by EGFR 
genotype. Consistent with the cell line results, tumors 
with EGFR driver mutations showed significantly higher 
IFITM3 expression compared with those WT for EGFR 
(Fig. 2c). These results suggested that IFITM3 expres-
sion is closely associated with EGFR signaling, and that 
targeting of IFITM3 is potentially more important for 
tumors with EGFR driver mutations. We therefore inves-
tigated the role of IFITM3 in osimertinib resistance in 
such EGFR-mutated NSCLC cell lines. We subjected 
five EGFR-mutant NSCLC cell lines to siRNA-mediated 
knockdown of IFITM3. Combined IFITM3 knockdown 
and osimertinib exposure resulted in a significantly 
greater loss of cell viability compared with either treat-
ment alone (Fig. 2d). Consistent with these findings, 
stable knockdown of IFITM3 with a specific shRNA 
increased sensitivity of the cell lines to osimertinib (Fig. 
2e, f ), whereas forced expression of IFITM3 reduced 
osimertinib sensitivity (Fig. 2g, h). Long-term exposure 
to osimertinib revealed that cells overexpressing IFITM3 
developed resistance to 1 µM osimertinib within 30 days 
of treatment, whereas control cells did not manifest such 
resistance (Fig. 2i, j).

IFITM3 expression increases after osimertinib treatment
We previously performed a spatial transcriptomics 
analysis for clinical specimens of EGFR-mutant NSCLC 
collected before osimertinib treatment and after the 
development of drug resistance [21]. Using this data set, 
we analyzed IFITM3 expression and its potential modula-
tors within the TME for two patients: one who developed 
resistance to osimertinib treatment with a short PFS of 
6 months, and one showing prolonged drug efficacy with 
a long PFS of 36 months. Transcriptional and histologi-
cal (HE staining) analyses identified distinct cell clusters 
including those corresponding to tumor cells, macro-
phages, fibroblasts, T cells, and B cells (Fig. 3a). Tumor 
cells showed the highest IFITM3 expression among all 
cell clusters (Fig. 3b). For the pretreatment specimens, 
IFITM3 expression in tumor cells was significantly higher 
for the patient with the short PFS than for the patient 
with the long PFS (Fig. 3a, c), consistent with our RNA-
seq and IHC findings. Of note, IFITM3 expression was 
increased in the posttreatment specimens compared with 
the pretreatment specimens for both patients (Fig. 3a, 
c). Comparison of IFITM3 protein expression between 
the 95 pretreatment specimens of the validation cohort 
(Fig. 1a) and an additional 18 posttreatment specimens 
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revealed that the abundance of IFITM3 was significantly 
higher in the latter specimens (Supplemental Fig. 2a). 
Together, these findings suggested that osimertinib treat-
ment induces IFITM3 expression in tumor cells.

Osimertinib induces IFITM3 expression in a cytokine-
dependent manner
Given that IFITM3 expression has been shown to be 
upregulated by various cytokines [23, 24], we examined 

Fig. 1  IFITM3 expression is associated with poor clinical outcomes in EGFR-mutant NSCLC. a Experimental design. The overall cohort of EGFR-mutated 
NSCLC patients who received first-line osimertinib treatment (n = 127) was divided into a discovery cohort (n = 32) subjected to RNA-seq analysis and a 
validation cohort (n = 95) subjected to IHC analysis. In the discovery cohort, patients with a short PFS (< 12 months, n = 10) were compared with those 
with a long PFS (> 20 months, n = 22). b Volcano plot of differences in gene expression for patients with a short PFS versus those with a long PFS. The red 
dot in the upper right quadrant indicates an upregulated gene in patients with a short PFS (adjusted P value of < 0.05, log2(fold change) of > 1). c Heat 
maps of IFITM3 and other gene expression levels for the 32 patients in the discovery cohort arranged from left to right in ascending order of PFS. PFS is 
shown as a bar graph, with asterisks indicating censored patients. d IFITM3 mRNA abundance according to treatment response in the discovery cohort. 
Responders were defined as patients who showed a complete response (CR) or partial response (PR), and nonresponders as those showing stable disease 
(SD) or progressive disease (PD). ****P < 0.0001 (one-way ANOVA followed by Tukey’s test). e–h, Representative low (e-g) and high (f-h) magnification im-
ages for IHC analysis of IFITM3 in tumor specimens with low (e-f) or high (g-h) IFITM3 expression. Scale bars, 50 μm. i, Kaplan-Meier plot for PFS according 
to IFITM3 expression status for the validation cohort
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Fig. 2  IFITM3 expression reduces osimertinib sensitivity and induces osimertinib resistance. a Immunoblot analysis of IFITM3 and β-actin (loading con-
trol) in human EGFR-WT and EGFR-mutant NSCLC cell lines. b,c, IFITM3 mRNA abundance according to EGFR genotype for 1156 solid tumor cell lines in the 
CCLE database (b) and for 199 stage III or IV lung adenocarcinoma patients in the TCGA database (c). VUS, variant of uncertain significance; RSEM, RNA-
seq by Expectation-Maximization. Bars indicate the median and 95% CI. The P values were determined with one-way ANOVA followed by Tukey’s test. d, 
Colorimetric viability assay for EGFR-mutant NSCLC cell lines transfected with control or IFITM3 siRNAs and exposed to 100 nM osimertinib or vehicle for 
72 h. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA followed by Tukey’s test). e-f, Viability assay for PC-9 (e) and H1975 (f) cells stably 
transduced with IFITM3 or scrambled shRNAs and exposed to the indicated concentrations of osimertinib for 72 h. g-h, Viability assay for PC-9 (g) and 
H1975 (h) cells stably overexpressing IFITM3 or harboring the corresponding empty vector and exposed to the indicated concentrations of osimertinib 
for 72 h. i-j Time course for the development of osimertinib resistance in PC-9 (i) and H1975 (j) cells stably overexpressing IFITM3 or harboring the cor-
responding empty vector. The concentration of osimertinib was gradually increased from 10 nM to 1 µM each time the cells achieved 70% confluence. 
Osimertinib concentration increments are indicated on the y-axis. Data in d to h are means ± s.e.m. of triplicates from one experiment and are representa-
tive of three independent experiments. Median inhibitory concentration (IC50) values with the 95% CI are indicated in e to h. Data in i and j are for one of 
two independent experiments, each conducted without replicates
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Fig. 3  IFITM3 expression is upregulated by cytokines released in the TME in response to osimertinib treatment. a–f, Spatial transcriptomics analysis of 
tumor specimens obtained before and after osimertinib treatment for two EGFR-mutated NSCLC patients, one with a long and one with a short PFS [21]. 
a HE staining and clustering analysis (upper panels), IFITM3 expression in all cells (middle panels), and IFITM3 expression in tumor cells (lower panels). 
b IFITM3 expression and the number of cells positive for such expression according to cell type. c, IFITM3 expression in tumor cells before and after the 
development of osimertinib resistance for the two patients with a long or short PFS. Bars indicate the median and 95% CI. d-e, Sankey diagrams showing 
expression of cytokine genes in cells surrounding tumor cells before and after osimertinib treatment for the two patients with a long (d) or short (e) PFS. f, 
Bubble plot showing the expression levels of cytokine genes and the corresponding number of positive cells for each cell type among all cells. g RT-qPCR 
analysis of IFITM3 mRNA abundance in EGFR-mutant NSCLC cell lines incubated in the absence or presence of TNF-α (10 ng/ml), IL-6 (10 ng/ml), or IFN-γ 
(50 ng/ml) for 24 h. h Immunofluorescence analysis of IFITM3 (green) in PC-9 cells incubated in the absence or presence of osimertinib (100 nM) or IFN-γ 
(50 ng/ml) for 24 h. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue). The representative images were obtained by optical sectioning. 
Scale bars, 20 μm. The number of IFITM3 fluorescent particles per cell was also determined (n = 9 fields including a total of at least 50 cells). Bars indicate 
median values. i, RT-qPCR analysis of IFITM3 mRNA abundance in PC-9 and H1975 cells incubated with or without osimertinib (100 nM) and antibodies 
to TNF-α (infliximab, 1 µg/ml) or to IL-6R (tocilizumab, 10 µg/ml) for 24 h. Data in g and i are means ± s.e.m. for triplicates from one experiment and are 
representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA followed by Tukey’s test)
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the expression of cytokine genes in cells surround-
ing tumor cells using the spatial transcriptomics data 
for the clinical specimens. The expression of inflamma-
tory cytokine genes including those for TNF-α, IL-6, 
and IFN-γ was markedly elevated in the posttreatment 
samples compared with the pretreatment samples for 
both patients (Fig. 3d, e). Furthermore, the expression 
of these cytokine genes in cells around tumor cells was 
higher in the pretreatment specimen from the patient 
with the short PFS than in that from the patient with the 
long PFS (Supplemental Fig. 2b). Although these cyto-
kine genes were found to be expressed predominantly 
by TME cells, they were also expressed in tumor cells 
(Fig. 3f ). RT-qPCR analysis confirmed that treatment 
with TNF-α, IL-6, or IFN-γ or with osimertinib indeed 
increased IFITM3 expression in EGFR-mutant NSCLC 
cell lines (Fig. 3g and Supplemental Fig. 3a). Immuno-
fluorescence analysis similarly showed that IFITM3 pro-
tein abundance in PC-9 cells was upregulated in response 
to osimertinib treatment or cytokine stimulation (Fig. 
3h), and that a fraction of the protein was localized to 
the cell membrane (Supplemental Fig. 3b). Treatment 
with antibodies to the IL-6 receptor (IL-6R) or to TNF-α 
suppressed the osimertinib-induced increase in IFITM3 
expression in NSCLC cell lines (Fig. 3i), indicating that 
this effect of osimertinib was dependent on cytokines 
derived from the tumor cells. To investigate possible dif-
ferences in cell types surrounding tumor cells with or 
without IFITM3 expression, we performed spatial tran-
scriptomics analysis for a total of eight samples includ-
ing an additional four pretreatment samples as well as 
the four previously analyzed samples (Supplemental Fig. 
4a). IFITM3 expression in tumor cells was heterogeneous 
across the specimens (Fig. 3a and Supplemental Fig. 4a), 
with a total of 14,698 IFITM3-positive cells and 112,490 
IFITM3-negative cells. We analyzed cell type for the 50 
cells closest to each tumor cell and found no significant 
differences in the proportions of TME cell types accord-
ing to the absence or presence of IFITM3 expression in 
the tumor cells (Supplemental Fig. 4b).

Osimertinib resistance mediated by IFITM3 is associated 
with activation of the PI3K-AKT signaling pathway
To elucidate the mechanism by which IFITM3 reduces 
the sensitivity of tumor cells to osimertinib, we per-
formed RNA-seq analysis of PC-9 cells stably depleted of 
IFITM3 with a specific shRNA and corresponding con-
trol cells. Knockdown of IFITM3 resulted in downregu-
lation of tumor-promoting genes such as TOP2A and 
MKI67 (Fig.  4a). GSEA further revealed that depletion 
of IFITM3 induced significant downregulation of genes 
associated with poor survival in lung cancer (Fig.  4b). 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis also revealed significant 

changes in the expression of cancer-related genes, with 
the phosphatidylinositol 3-kinase (PI3K)–AKT signal-
ing pathway being markedly affected (Fig.  4c). Consis-
tent with this result, immunoblot analysis showed that 
the phosphorylation level of AKT was increased by sta-
ble overexpression of IFITM3 in EGFR-mutant cell lines 
even in the presence of osimertinib (Fig. 4d and Supple-
mental Fig. 5a). Conversely, siRNA-mediated knockdown 
of IFITM3 reduced AKT phosphorylation, resulting in a 
decreased phosphorylation level for glycogen synthase 
kinase 3β (GSK3β), a downstream effector of AKT sig-
naling (Fig.  4e and Supplemental Fig.  5b–d). Moreover, 
whereas treatment with the AKT inhibitor MK-2206 
alone had little effect on cell viability (Supplemental 
Fig. 6), this agent restored osimertinib sensitivity in cells 
stably overexpressing IFITM3 (Fig. 4f, g). These findings 
indicated that IFITM3-mediated osimertinib resistance is 
driven by activation of the PI3K-AKT signaling pathway.

IFITM3 induces osimertinib resistance through activation 
of MET-AKT signaling
To investigate the mechanism by which IFITM3 acti-
vates the PI3K-AKT pathway, we performed co-immu-
noprecipitation analysis of two EGFR-mutant NSCLC 
cell lines (PC-9 and H1975) with antibodies to IFITM3. 
The IFITM3 binding proteins in the immunoprecipitates 
were subjected to comprehensive proteomics analysis by 
LC-MS/MS. A total of 546 and 253 proteins were identi-
fied as candidate IFITM3 binding proteins in PC-9 and 
H1975 cells, respectively, with 97 proteins being shared 
between the two cell lines (Fig. 5a). Fifty-eight of these 
97 shared proteins were found to be membrane proteins 
(Supplemental Fig. 7), with the receptor tyrosine kinase 
MET being the only protein associated with the PI3K-
AKT pathway (Fig. 5a and Supplemental Table 7). Co-
immunoprecipitation analysis with antibodies to the Flag 
epitope tag for PC-9 cells stably expressing Flag-tagged 
IFITM3 confirmed the binding of IFITM3 to MET (Fig. 
5b). A PLA revealed a significant increase in the num-
ber of IFITM3-MET complexes in cells stably overex-
pressing IFITM3 compared with control cells (Fig. 5c, 
d). Immunoblot analysis also showed that stable IFITM3 
knockdown in PC-9 cells was associated with a reduced 
level of MET phosphorylation as well as of AKT phos-
phorylation (Fig. 5e and Supplemental Fig. 5e). These 
findings thus suggested that IFITM3 induces activation 
of AKT signaling by binding to MET. We next assessed 
the efficacy of MET inhibition in NSCLC cell lines sta-
bly expressing IFITM3. Whereas treatment with the 
MET inhibitor capmatinib alone had little effect on cell 
viability (Supplemental Fig. 8), this agent restored sen-
sitivity to osimertinib in the cells stably overexpressing 
IFITM3 (Fig. 5f, g). In addition, given that IFITM3 has 
been shown to stabilize lipid rafts [25], we investigated 
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Fig. 4  IFITM3 reduces osimertinib sensitivity via PI3K-AKT pathway activation. a Volcano plot for differences in gene expression revealed by RNA-seq 
analysis of PC-9 cells stably expressing IFITM3 shRNA or a control shRNA (n = 3 biological replicates). The red and blue dots indicate upregulated and 
downregulated genes, respectively, in the IFITM3-depleted cells (adjusted P value of < 0.05, log2(fold change) of > 1 or <–1). b GSEA of the RNA-seq data 
for the Lung Cancer Poor Survival gene set. NES, normalized enrichment score. c, KEGG pathway analysis for the downregulated differentially expressed 
genes identified in the RNA-seq analysis. Pathways are ranked by the number of associated genes and are color-coded according to the –log₁₀(false 
discovery rate [FDR]) values. d Immunoblot analysis of total or phosphorylated (p) forms of EGFR, AKT, ERK, and IFITM3 in PC-9 and H1975 cells stably 
overexpressing IFITM3 or harboring the corresponding empty vector (EV) and exposed to 100 nM osimertinib for 24 h. e Immunoblot analysis of total or 
phosphorylated (p) forms of EGFR, AKT, ERK, and IFITM3 in PC-9 and H1975 cells expressing control or IFITM3 siRNAs in the absence of osimertinib. f-g Vi-
ability assay for PC-9/IFITM3 and PC-9/EV cells (f) or for H1975/IFITM3 and H1975/EV cells (g) treated with the indicated concentrations of osimertinib in 
the absence or presence of MK-2206 (500 nM) for 72 h. Data in f and g are means ± s.e.m. for triplicates from one experiment and are representative of 
three independent experiments. IC50 values with the 95% CI are also indicated
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Fig. 5  IFITM3 activates the AKT pathway by interacting with MET. a Venn diagram showing the overlap in the number of proteins identified as potential 
IFITM3 binding proteins by LC-MS/MS analysis of immunoprecipitates prepared from PC-9 and H1975 cells with antibodies to IFITM3. b Co-immunopre-
cipitation analysis with antibodies to Flag (or control IgG) for PC-9 cells stably expressing Flag-tagged IFITM3. The immunoprecipitates (IP), as well as the 
original cell lysates (10% input) and the flow-through (FT) solution of IP samples, were subjected to immunoblot analysis with antibodies to MET and to 
Flag. c Fluorescence microscopic images of IFITM3-MET complexes (purple) detected by an in situ PLA for PC-9/EV and PC-9/IFITM3 cells. The cells were 
also stained with antibodies to E-cadherin (green) and with DAPI (blue). The representative images were obtained by optical sectioning. Scale bars, 10 μm. 
d The number of IFITM3-MET complexes per cell was determined as in c (n = 10 fields including a total of at least 50 cells). Bars indicate median values. 
****P < 0.0001 (one-way ANOVA followed by Tukey’s test). e Immunoblot analysis of total or phosphorylated (p) forms of MET, AKT, and IFITM3 in PC-9 cells 
expressing IFITM3 or control shRNAs. f-g, Viability assay for PC-9/EV and PC-9/IFITM3 cells (f) or for H1975/EV and H1975/IFITM3 cells (g) treated with the 
indicated concentrations of osimertinib in the absence or presence of capmatinib (100 nM) for 72 h. Data in f and g are means ± s.e.m. for triplicates from 
one experiment and are representative of three independent experiments. IC50 values with the 95% CI are also indicated
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the potential contribution of lipid rafts to IFITM3-medi-
ated MET pathway activation. Treatment with a lipid raft 
inhibitor, methyl-β-cyclodextrin, reversed the IFITM3-
induced increase in MET phosphorylation (Supplemen-
tal Fig. 9a, b) as well as restored sensitivity to osimertinib 
(Supplemental Fig. 9c) in IFITM3-overexpressing cells, 
whereas treatment with MβCD alone had little effect 
on cell viability (Supplemental Fig. 9 d), suggesting that 

IFITM3-mediated MET pathway activation is facilitated 
by lipid rafts.

MET Inhibition suppresses the development of IFITM3-
mediated osimertinib resistance in a xenograft mouse 
model
To further validate our findings in vivo, we established 
a xenograft mouse model by subcutaneously injecting 

Fig. 6  A MET inhibitor suppresses the development of IFITM3-dependent osimertinib resistance in a xenograft mouse model. a Treatment protocol for 
the xenograft mouse model. PC-9/EV or PC-9/IFITM3 cells were injected into the flank of nude mice at day − 10. Treatment by daily oral administration of 
vehicle or osimertinib (2.5 mg/kg) or of vehicle or capmatinib (5.0 mg/kg) was initiated on day 0. The mice were killed on day 28. b Time course of tumor 
volume for subcutaneous tumors formed by PC-9/EV or PC-9/IFITM3 cells in nude mice treated with vehicle or osimertinib from day 0. c Tumors isolated 
from mice in b at day 28. Scale bar, 20 mm. d Time course of tumor volume for subcutaneous tumors formed by PC-9/IFITM3 cells in nude mice treated 
with vehicle, osimertinib, or capmatinib as indicated from day 0. e Tumors isolated from mice in d at day 28. Scale bar, 20 mm. All quantitative data are 
means ± s.e.m. (n = 5 mice per group). **P < 0.01, ***P < 0.001 (one-way ANOVA followed by Tukey’s test)

 



Page 14 of 17Ibusuki et al. Molecular Cancer          (2025) 24:272 

PC-9 cells stably overexpressing IFITM3 (PC-9/IFITM3 
cells) into athymic nude mice (Fig. 6a). Whereas tumors 
derived from PC-9 cells harboring the empty vector 
(PC-9/EV cells) responded well to osimertinib treatment, 
those formed by PC-9/IFITM3 cells rapidly developed 
resistance to osimertinib (Fig. 6b, c). However, this rapid 
tumor growth manifested by PC-9/IFITM3 cells treated 
with osimertinib was effectively inhibited by concur-
rent treatment with capmatinib (Fig. 6d, e), with no mice 
experiencing weight loss of ≥ 10% (Supplemental Fig. 10). 
These findings indicated that MET inhibition is able 
to suppress the development of osimertinib resistance 
mediated by IFITM3.

Discussion
IFITM3, a small antiviral membrane protein whose 
expression is upregulated by various cytokines [26–28], 
has previously been associated with tumor progression 
and treatment resistance [29–31]. However, its potential 
role in EGFR-TKI resistance has been unknown. We have 
now shown that IFITM3 activates the PI3K-AKT signal-
ing pathway through interaction with MET and thereby 
contributes to the development of resistance to osimer-
tinib. IFITM3 expression in cancer cells is upregulated by 
cytokines derived from cells in the TME as well as from 
cancer cells themselves in response to osimertinib treat-
ment. Through its interaction with MET, IFITM3 induces 

persistent AKT phosphorylation, even in the presence of 
osimertinib, thereby promoting cancer cell survival (Fig. 
7).

Previous studies based on next-generation sequenc-
ing for analysis of genetic alterations in tumor specimens 
obtained after the development of EGFR-TKI resistance 
have identified resistance mechanisms including sec-
ondary EGFR mutations and amplification of MET or 
HER2 [5–8, 32]. However, resistance mechanisms have 
remained unknown for about half of all cases, indicative 
of a role for nongenetic factors, such as increased expres-
sion of specific genes or proteins such as cytokines. 
Although inflammatory cytokines, specific immune cell 
types, and cancer-associated fibroblasts have been impli-
cated in EGFR-TKI resistance [33–36], detailed mecha-
nisms by which they might interact with EGFR-mutated 
tumor cells have not been characterized for clinical 
specimens. Our RNA-seq analysis of clinical specimens 
of EGFR-mutant NSCLC identified IFITM3 as the only 
gene that was significantly upregulated in patients with a 
short PFS (< 12 months) compared with a long PFS (>20 
months) for osimertinib treatment. Spatial transcrip-
tomics analysis further indicated that IFITM3 expression 
in tumor cells was increased by inflammatory cytokines 
released predominantly from TME cells surrounding the 
tumor cells after osimertinib treatment. The interaction 
between TME and tumor cells may therefore promote 

Fig. 7  Proposed mechanism for the development of IFITM3-mediated osimertinib resistance in EGFR mutation–positive NSCLC. Cytokines produced 
by immune and nonimmune cells of the TME induce IFITM3 expression in EGFR-mutant lung cancer cells in response to osimertinib treatment. Osimer-
tinib also induces cytokine production in cancer cells themselves, further increasing IFITM3 expression. IFITM3 interacts with MET and thereby acti-
vates the PI3K-AKT pathway, resulting in reduced sensitivity to osimertinib and the development of osimertinib resistance. PIP3, phosphatidylinositol 
3,4,5-trisphosphate
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the survival of tumor cells through upregulation of 
IFITM3. Our approach thus has the potential to provide 
insight into resistance mechanisms that cannot be identi-
fied by conventional sequencing analysis for detection of 
genetic alterations.

We showed that inflammatory cytokines were also pro-
duced by tumor cells themselves in response to osimer-
tinib treatment, consistent with previous observations 
[15, 17, 36, 37]. Given that inhibition of IL-6R or TNF-α 
suppressed the osimertinib-induced increase in IFITM3 
expression in NSCLC cell lines, this effect of osimertinib 
was likely dependent on cytokines produced by the cells 
rather than on EGFR blockade itself. In addition, our 
spatial transcriptomics analysis revealed heterogeneous 
IFITM3 expression within individual tumor specimens, 
and neighborhood analysis showed no consistent dif-
ferences in the surrounding cell populations between 
IFITM3-positive and IFITM3-negative tumor cells. 
These findings suggest that the observed heterogeneity in 
IFITM3 expression may reflect variable responsiveness of 
tumor cells to cytokines or differences in cytokine pro-
duction within the TME. Further research is needed to 
elucidate how cytokines promote IFITM3 expression and 
how signaling heterogeneity arises within tumors.

Whereas activation of the PI3K-AKT pathway has pre-
viously been identified as a mechanism of EGFR-TKI 
resistance [38–40], the precise mechanisms underlying 
such activation have been unclear. We have now shown 
that IFITM3-MET interaction activates the AKT path-
way and thereby induces osimertinib resistance. Our 
results also show that inhibition of lipid rafts attenuated 
MET phosphorylation and restored sensitivity to osimer-
tinib in IFITM3-overexpressing cells. Given that IFITM3 
is thought to function as a scaffold within lipid rafts and 
to activate B cell receptor signaling in B cell leukemia 
and lymphoma [25], it is possible that IFITM3 also acts 
as a scaffold to facilitate MET-PI3K pathway activation 
in lipid rafts of EGFR-mutant NSCLC cells. In addition, 
given that enhanced activity of the EGFR signaling path-
way has been shown to activate the JAK-STAT and IRF 
signaling pathways [41, 42], both of which are known 
to upregulate IFITM3 [43–45], IFITM3 may play a key 
role in supporting the survival of tumor cells with EGFR 
mutations.

MET pathway activation is a well-characterized mech-
anism of acquired resistance to EGFR-TKI treatment 
[46, 47], with MET amplification having been identi-
fied in ~ 15% of cases of acquired resistance to osimer-
tinib [48–50]. Preclinical and clinical studies have 
suggested that combination treatment with an EGFR-
TKI and MET inhibitor is a promising strategy to over-
come MET-driven resistance to EGFR-TKIs [51–55]. We 
have now shown that MET pathway activation can also 
occur through IFITM3 interaction with MET as a result 

of cytokine stimulation during osimertinib treatment, 
resulting in the development of resistance to osimertinib. 
We further showed that the combination of osimertinib 
and a MET inhibitor suppressed the MET-AKT signal-
ing pathway and prevented the development of osimer-
tinib resistance. Our findings highlight the potential of 
combined treatment with EGFR-TKIs and MET inhibi-
tors not only to restore TKI sensitivity in EGFR-mutant 
NSCLC patients with acquired resistance to these drugs 
but also to prevent the development of such resistance 
in treatment-naïve patients. Indeed, the addition of the 
bispecific antibody amivantamab, which targets both 
EGFR and MET, to EGFR-TKI therapy was shown to 
improve PFS in patients with EGFR mutation–positive 
NSCLC [56].

Our study has several limitations. First, the proposed 
interaction between TME and tumor cells was not vali-
dated with in vivo models. Studies with humanized 
mouse models and patient-derived xenografts or cancer 
organoids may provide insight into such interaction and 
further corroborate our findings. Second, the potential 
association between increased IFITM3 expression and 
known acquired genetic alterations linked to osimertinib 
resistance was not assessed. Third, although we showed 
that IFITM3 expression increases in association with the 
development of resistance to osimertinib by IHC and 
spatial transcriptomics analysis of clinical specimens, 
the small number of matched patient samples limits the 
generalizability of these findings. Further large-cohort 
studies are needed to determine whether IFITM3 upreg-
ulation is associated with specific resistance mechanisms 
and to elucidate the detailed interactions between the 
TME and tumor cells.

Conclusions
In conclusion, we have identified upregulation of IFITM3 
by cytokines derived from the TME or tumor cells them-
selves during osimertinib treatment as a previously 
unrecognized mechanism of acquired resistance to this 
drug. Targeting the IFITM3-MET axis offers a promising 
therapeutic strategy to improve treatment outcomes and 
to overcome IFITM3-mediated resistance to osimertinib 
in individuals with EGFR-mutant NSCLC.
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