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Summary
Background The mechanism of missense alteration at EGFR Ly92F in patients with non-small cell lung cancer eBioMedicine 2022;83:
resistant to osimertinib has not been sufficiently clarified. We aimed to explore the critical molecular events and cop- 104200

ing strategies in osimertinib resistance due to acquired Ly92F mutation. Published online xxx
https://doi.org/10.1016/j.

Methods Circulating tumor DNA-based sequencing data of 1153 patients with osimertinib resistance were collected ebiom.2022.104200

to illustrate the prevalence of EGFR Ly92F mutation. Sensitivity to osimertinib was tested with constructed EGFR
19Del/T79oM-cis-L792F cell lines in vitro and in vivo. The correlation and linked pathways between M2 macrophage
polarization and EGFR Ly92F“-induced osimertinib resistance were investigated. Possible interventions to suppress
osimertinib resistance by targeting IL-4 or STAT3 were explored.

Findings The concomitant EGFR L792F was identified as an independent mutation following the acquisition of
T790M after osimertinib resistance, in that 5 of the 946 patients with osimertinib resistance harbored EGFR
T790M-cis-L792F mutation. Transfected EGFR 19Del/T79oM-cis-L792F in cell lines had decreased sensitivity to osi-
mertinib and enhanced infiltrating macrophage with M2 polarization. Silico analyses confirmed the role of M2
polarization in osimertinib resistance induced by EGFR T79oM-cis-L792F mutation. EGFR T79oM-cis-L792F muta-
tion upregulated phosphorylation of STAT3 Tyryos and promoted its specific binding to IL4 promoter, enhancing
IL-4 expression and secretion and inducing macrophage M2 polarization. Furthermore, blockade of STAT3/IL-4
(SH-4-54 or dupilumab) suppressed macrophage M2 polarization and regressed tumor sensitivity to osimertinib.

Interpretation Our results proved that targeting EGFR T79oM-cis-L792F/STAT3 Tyryos/IL-4 pathway could be a
potential strategy to suppress osimertinib resistance in NSCLC.

Funding This work was supported by the National Natural Science Foundation of China (81871889, 82072586,
81902910), Beijing Natural Science Foundation (7212084, 7214249), the China National Natural Science Founda-
tion Key Program (81630071), the National Key Research and Development Project (2019YFC1315704), CAMS Inno-
vation Fund for Medical Sciences (CIFMS 2021-1-12M-012), Aiyou Foundation (KY2o17o1) and CAMS Key
Laboratory of translational research on lung cancer (2018PT31035).

Copyright © 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Non-small cell lung cancer; EGFR; Ly92F mutation; Osimertinib resistance; M2 macrophage
polarization

*Corresponding authors at: State Key Laboratory of Molecular Oncology, Department of Medical Oncology, National Cancer Cen-
ter/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medi-
cal College, 17 Pan-jia-yuan South Lane, Chaoyang District, 100021 Beijing, China.

E-mail addresses: zZlhuxi@163.com (J. Wang), wangzj@cicams.ac.cn (Z. Wang).
! These authors contributed equally: Yiting Sun, Yiting Dong, Xijuan Liu.

www.thelancet.com Vol 83 Month, 2022 1


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.104200&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zlhuxi@163.com
mailto:wangzj@cicams.ac.cn
https://doi.org/10.1016/j.ebiom.2022.104200
https://doi.org/10.1016/j.ebiom.2022.104200

Articles

Research in context

Evidence before this study

With the success of osimertinib, the first third-genera-
tion epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor (TKI) in lung cancers, acquired resis-
tance is a growing clinical challenge. Previous studies
have reported acquired mutations, including EGFR
C797S and M766Q induced osimertinib resistance. Also,
mutations at EGFR L792 have been found in tumor tis-
sues and circulating tumor DNA (ctDNA) of patients
resistant to osimertinib. However, the specific molecular
mechanism by which EGFR L792F mutation induced
resistance to osimertinib has not been demonstrated,
and a corresponding strategy for overcoming osimerti-
nib resistance has not been explored.

Added value of this study

We identified EGFR T790M-cis-L792F mutation in
ctDNA from Chinese lung cancer patients resistant
to osimertinib. EGFR T790M-cis-L792F-mut cell lines
were constructed and observed resistance to osimer-
tinib in vitro and in vivo. We discovered that EGFR
T790M-cis-L792F mutation activated phosphorylation
of STAT3 Tyr705 and thus promoted its specific bind-
ing to IL4 promoter, which induced resistance to osi-
mertinib. Enhancing IL-4 synthesis and secretion
facilitated CD206* M2 macrophage polarization.
Knocking down STAT3 or IL-4 or blockade with SH-4-
54 or dupilumab could inhibit the proliferation of
T790M-cis-L792F-mut cells and tumor growth of cor-
responding xenografts under osimertinib treatment.

Implications of all the available evidence

Our study demonstrated that EGFR T790M-cis-L792F
mutation could induce osimertinib resistance via
activating STAT Tyr705/IL-4 and subsequently pro-
moting M2 macrophages polarization. Blockade of
STAT3 or IL-4 could partly restore the sensitivity to
osimertinib, providing insights about molecular
mechanisms of osimertinib resistance and potentially
clinical strategies coping it in lung cancers. In addi-
tion, we bridged the correlation of EGFR L792F in
manipulating macrophages’ switch, which also pro-
vided a chance to reverse the acquired osimertinib
resistance by interfering with the tumor microenvi-
ronment of NSCLC. Although the mutation frequency
of EGFR L792X, including L792F/H/P/V, was 2.46% in
this study, considering the substantial NSCLC patient
base in China and worldwide, the number of
patients with L792X mutations and resistance to osi-
mertinib might be pretty huge. Overcoming L792X
mutations-induced resistance is vital to this large
patient population. Our discoveries may also provide
insights into EGFR TKI resistance induced by other
endogenous mutations.

Introduction

Epidermal growth factor receptor (EGFR) mutations are
vital driver mutations in non-small-cell lung cancers
(NSCLC). Tyrosine kinase inhibitors (TKIs) targeting
mutant EGFR have brought great survival benefits to
patients. With the progresses of drug development,
third-generation TKIs, including osimertinib, aumoler-
tinib and furmonertinib, have been recommended as
the first-line setting for EGFR mutant NSCLC
patients,'  as salvage treatment for T79oM mutation-
positive patients after resistance to first- and second-
generation EGFR TKIs* 7 and as adjuvant therapy for
post-surgery EGFR-mutant NSCLCs.® Other developing
third-generation TKIs, including lazertinib,® abiverti-
nib,’® and rezivertinib" have shown powerful anti-
tumor potentials in Ty9oM-positive NSCLC patients.
However, with widespread clinical applications of osi-
mertinib and other third-generation TKIs, acquired
resistance is a growing clinical challenge.”

Several studies have described a range of acquired
resistance on target mutations hypothesized to be
involved in osimertinib resistance, including EGFR
C797S, L792X, G724S, and M766Q mutations.” '®
Classified as off-target mutations, functional alterations
in MET and other driver genes and transformation to
small-cell lung cancer also play vital roles in osimertinib
resistance.”® Acquired EGFR Cy797S or G724S muta-
tion has mediated osimertinib resistance.'®'” How-
ever, its specific underlying mechanisms remain
poorly understood.

EGFR Ly92X, mainly L792F/H, is found in post-osi-
mertinib plasma cell-free DNA,” " suggesting the
potential roles of L792X in osimertinib resistance. The
mutation allele frequency (AF) of a single L792 muta-
tion ranges from 0.5% to 8.8%.”">'9 Interestingly, the
occurrences of Ly92F/Y/H mutations were all on the
same sequencing reads with Ty9oM but were
completely exclusive from Cy97S,” which prompted
L792X driving osimertinib resistance independent of
C797S. Moreover, according to the University of Texas
MD Anderson Lung Cancer Moonshot GEMINI and
Moffitt Cancer Center lung cancer databases, up to 26%
of L792X mutants were presented in T79oM-preserved
cases treated with osimertinib.”® Furthermore, in vitro
experiments have validated that Ly92F/Y/H alone or
concurrent with Ty9oM could confer osimertinib resis-
tance in 19Del- or L858R-mutated cells lines."* In
addition, predicting the structural collision of EGFR
L792-mutated residue and osimertinib complex, Ly92H
interrupted osimertinib binding to EGFR.” These find-
ings suggest that L792 mutations contribute to osimer-
tinib resistance. Nevertheless, whether Ly92F/Y/H
induces osimertinib resistance in vivo remains unclear.
Moreover, specific mechanisms need to be elucidated.
To the best of our knowledge, studies determining the
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functional cell behaviors of EGFR Ly92 mutations in
osimertinib-tolerant cells have not been conducted yet.
Therefore, our study emphasized the internal mecha-
nism in TKI resistance of this phenotype.

After osimertinib resistance, only 7.5—14% of the
patients presented with MET alterations, suggesting that
the other independent mechanisms of EGFR secondary
resistant mutations should be further identified."*"
Therefore, this study aimed to identify other functional
mechanisms of osimertinib resistance and develop strate-
gies to overcome osimertinib resistance. We determined
the prevalence of acquired EGFR Ly92F mutation in a
Chinese NSCLC cohort with disease progression after osi-
mertinib treatment. We further tested the sensitivity to osi-
mertinib with constructed 19Del/T79oM-cis-Ly92F
mutation and control cell lines in vitro and in vivo. The
correlation and linked pathways between M2 macrophage
polarization and EGFR 19Del/T79oM-cis-L792F-induced
osimertinib resistance were investigated. In addition, pos-
sible interventions to reverse osimertinib resistance by tar-
geting interleukin (IL)-4 or signal transducer and activator
of transcription 3 (STAT3) were explored.

Methods

Patient case and cohort

A Go-year-old patient provided informed consent for
peripheral blood and tumor tissue collection for next-
generation sequencing according to the protocol
approved by the Ethics Committee of Cancer Hospital,
Chinese Academy of Medical Sciences and Peking
Union Medical College.

Peripheral blood circulating tumor DNA (ctDNA)
sequencing data of 1383 samples from 1153 patients
receiving first-line (236 samples from 207 patients) or
second-line (1147 samples from 946 patients) osimerti-
nib treatment from 2016 to 2021 were collected from
Geneplus Technology database. The baseline character-
istics of these patients are presented in Supplemental
Table S1. All patients provided informed consent for tis-
sue and peripheral blood collection for next-generation
sequencing according to the protocol approved Cancer
Hospital, Chinese Academy of Medical Sciences (refer-
ence number: NCC2019C-156).

Gene expression and lentivirus preparation

Oligonucleotide sequences encoding short hairpin RNA
(shRNA) targeting EGFR (Supplementary Table S2)
inserted into pLentiG-vector-Blasticidin were identified.
pLenti6-UG vector carrying NTC sequence was used as
the negative control. The mutation sequences of EGFR
(19Del, Ly92F, 19Del-cis-L792F, or 19Del/T790oM-cis-
L792F) were constructed into pLENSs vector with Zocin
selection, whose targeting shRNA oligonucleotide
sequences were replaced by synonymous codon. Small
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guide RNAs (sgRNAs) of STAT3 and IL4 (Supplemen-
tary Table S2) designed using the Benchling tool
(https://benchling.com) were inserted into SaCasg-2A-
GFP into the Bsal sites after annealing. According to
the manufacturer’s instructions, various lentiviruses
were packaged in 293T cells by Lipofectamine 2000
(Invitrogen, Grand Island, NY, USA), as described in
our previous study.”**'

Cell lines

The Madison lung cell line of syngeneic BALB/c mice
(M109) cells was grown in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium with 10% fetal bovine serum
(EBS). To establish osimertinib-resistant (OR) subclones
of M1o9, cells were cultured with various concentrations
of osimertinib for 12 weeks and constantly incubated with
10 pmol/L osimertinib. Surviving resistant subcloned cells
were passaged four times, which was conducted prior to
performing the experiments. Tohoku Hospital Pediatrics-1
(THP-1, RRID: CVCL_0006) and the human lung adeno-
carcinoma cell lines Higys (RRID ID: CVCL_1511) and
PC-9 (RRID ID: CVCL_B260) were purchased from the
American Type Culture Collection. All cells were cultured
in RPMI 1640 medium supplemented with 10% (v/v)
FBS from Invitrogen. The PC-9 and H19g7s cell lines were
characterized by Genetic Testing Biotechnology Corpora-
tion (Suzhou, China) using short tandem repeat (STR)
markers. The THP-1 and M1og cell lines were identified
with STR markers by Guangzhou Cellcook Biotech and
Beijing Miroread Genetics, respectively. Mycoplasma con-
tamination testing was performed with negative results,
and plasmon was added into the medium for two weeks
before experiments.

Circulating tumor DNA-based next-generation
sequencing

Peripheral blood samples were collected in Streck tubes
(Streck, Omaha, NE, USA) and centrifuged within 72h
to separate the plasma and cells. Circulating tumor
DNA (ctDNA) was extracted from plasma samples using
QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden,
Germany). Genomic DNA (gDNA) was extracted from
peripheral blood cells using QIAamp DNA Blood Mini
Kit (Qiagen, Hilden, Germany).

Among all 1383 samples, 167 of them were sequenced
with a 59-genes panel, 265 of them were sequenced with a
73-genes panel, and 951 of them were sequenced with a
1021-genes panel. The corresponding genes contained in
different panels were displayed in Supplemental Table S3.
Sequencing libraries of both ctDNA and gDNA were con-
structed using the KAPA DNA Library Preparation Kit
(Kapa Biosystems, Wilmington, MA, USA), according to
the manufacturer’s protocol. The capture probe was
designed to cover coding sequencing or hot exons of corre-
sponding genes frequently mutated in solid tumors.
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Libraries were hybridized to custom-designed biotinylated
oligonucleotide probes (Integrated DNA Technologies,
Iowa, IA, USA). DNA sequencing was performed using
the HiSeq 3000 Sequencing System (Illumina, San Diego,
CA) with 2 x 101-bp paired-end reads.

From raw data, terminal adaptor sequences and low-
quality reads were removed. BWA (version o.7.12-
r1039) was employed to align the clean reads to the ref-
erence human genome (hgrg). Picard (version 1.98)
was used to mark polymerase chain reaction (PCR)
duplicates. Realignment and recalibration were per-
formed using GATK (version 3.4-46-gbco2625). Single
nucleotide variants were called using MuTect (version
1.1.4) and NChot. Software was developed in-house to
review hotspot variants (24). GATK was called small
insertions and deletions (indels). Somatic copy-number
alterations were identified with CONTRA (version
2.0.8). Significant copy number of variations was
expressed as the ratio of adjusted depth between ctDNA
and control gDNA. The final candidate variants were all
manually verified in the Integrative Genomics Viewer.

Cell proliferation assay

Aliquots of 1.0—3.0 x 10° cells/mL cells were plated in a
96-well microplate (Costar, USA). Cells were treated
with different doses of osimertinib, gefitinib, cisplatin,
paclitaxel, and pemetrexed, which were kept cultured at
37°C under 5% CO, for a further 48 or 72 h. Subse-
quently, cells were exposed to the MTS for 1 h and mea-
sured spectrophotometrically at a wavelength of 450 +
2 nm.

Multiplex fluorescence flow cytometry analysis
Fluorochrome-labeled antibodies used for staining
tumor-associated T cells, macrophages, monocytes, den-
dritic cells, and neutrophils were anti-CD3e-BVG6os,
anti-CD45.2-APC-Cyy, anti-CD11b-BV421, anti-Ly6C-
PE-Cy7, anti-F4-80-PE, anti-CD206-Alexa G674,
anti-CD86-BV650, anti-CD27-BVs10, anti-CD49B-PE-
CFs5947, and 7AAD-Percp-Cys.5. The epithelial cell of
human cells was separated from xenografted tissues
using anti-CD326-BB515. Unless otherwise indicated,
all antibodies and reagents were purchased from BD
Biosciences (San Jose, CA) and are described in Supple-
mental Table S4. All antibodies have been validated by
their manufactory. All antibodies RRID tags were dis-
played in Supplemental Table S4.

Multiplex immunohistochemistry (mIF) and
hematoxylin and eosin (H&E) staining

Five-um formation-fixed paraffin-embedded slides were
prepared for multiplex immunohistochemistry staining.
Briefly, sections were deparaffinized and subjected to
heat-induced epitope retrieval in Tris buffer (pH 8.0).
Next, a 5-plex panel (CD206, F4-80, iNOS, SMA, and

DAPI) was designed, which is described in Supplemen-
tal Table S4. Anti-rabbit TSA HRP (Panovue) was used
as the secondary antibody. Each biomarker was visual-
ized and performed using tyramide signal amplifica-
tion-conjugated fluorophores  (PerkinElmer). The
number of non-overlapping regions of interest per slide
ranged from 25 to 36, as previously reported.**

For immunohistochemistry and hematoxylin and
eosin staining, tissues were fixed, and staining was per-
formed based on the protocol described previously. In
addition, the primary antibody CD206 (Abcam) was
used as a macrophage M2 marker. All antibodies RRID
tags were displayed in Supplemental Table S4.

Animal xenograft tumor formation

All animals were randomized assigned to experimental
or control group with randomized numbers. For the
tumorigenicity assay, each 100 uL mixture containing
10° cells was injected into the back of 4—G-week-old
BALB/c mice with innate immune responses or immu-
nodeficient, athymic BALB/c-nude mice (Vital River,
Beijing, China). Tumor formation was monitored every
3 days. Mice were treated with osimertinib (10 mg/kg,
p-o., 5 days a week) or a vehicle (osimertinib diluted
solution) or STAT3 inhibitor SH-4-54 (10 mg/kg p.o.
twice a week, Selleck) or IL-4 inhibitor dupilumab
(1o mg/kg p.o. twice a week, MedChem Express).
Tumor volumes were calculated using the formula
length x width® x o.52. Mice were sacrificed by CO,
without suffering, and the tumors were dissected. The
treatments and measurements were conducted at the
same time. All animal experiments were approved by
Peking University Cancer Hospital (license number:
SYXK 2016-0015) and conformed to the regulatory
standards (EAEC 2018-14) in accordance with the
National Institutes of Health Guide (Guide for the Care
and Use of Laboratory Animals, 2011).

Cytokine antibody array assay

H1975 L792F" and control cell cultures were tested for
cytokine and chemokine secretion by a combination of
11 non-overlapping arrays to measure the relative
expression levels of 440 human cytokines following the
manufacturer’s instructions (G-Series Human Cytokine
Antibody Array 440, GSH-CAA-440, Norcross, GA
30092, http://www.RayBiotech.com).

Western blot

Cell lysis, sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and western blot were performed using stan-
dard protocols described in the literature. All the primary
antibodies used are listed in Supplemental Table S4.
HRP-conjugated secondary antibodies were purchased
from Jackson ImmunoResearch. Membranes were
exposed and visualized wusing chemiluminescence
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(Millipore). All antibodies RRID tags were displayed in
Supplemental Table S4.

Quantitative real-time polymerase chain reaction
RNAs of cells and tissues were extracted using RNeasy
Mini Kit for the gene (Qiagen, Hilden, Germany), and
cDNA was synthesized using M-MLV Reverse Tran-
scriptase kit (Invitrogen). To quantify changes in
mRNA levels of CD206, IL-10, and ARG1, quantitative
real-time PCR (qRT-PCR) was performed with SYBR
Green qPCR Master Mix (TOYOBO, Osaka, Japan),
and appropriate primers (nucleotide sequences are
provided in Supplementary Table Ss5) on the ABI
Prism 7500 Fast (Applied Biosystems, Foster City,
CA) according to the manufacturer’s instructions, as
previously reported.*®

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed
according to the manufacturer’s instructions (Milli-
pore). The cells were cross-linked by 37% formaldehyde,
followed by sonicating lysate to shear DNA. The mixture
was precipitated by p-STAT?3 with protein G agarose and
was washed with different salt concentration buffers.
DNA was extracted from the complex for further PCR
and qRT-PCR analysis.

Luciferase reporter assays

To determine luciferase activity, cells were seeded and
co-transfected with pGL3 firefly luciferase reporter vec-
tor with wild type or mutation of IL-4 promoter in bind-
ing sequence and pRL-TK Renilla luciferase reporter
vector using Lipofectamine 3000 (Invitrogen). After 24
h, luciferase activities were detected by FLUO star
OPTIMA (BMG, LabTech, Offenburg, Germany) using
the Dual-Luciferase Reporter System (Promega, Madi-
son, WI, USA) according to the manufacturer’s instruc-
tions.

Statistical analyses

All data were from at least three independent experiments
unless otherwise specified. Variations within each group
were estimated and were all statistically compared. Contin-
uous normal distribution data are presented as mean +
standard deviation and analyzed using the Statistical Pack-
age for the Social Sciences version 13.0 software. The sig-
nificant differences between the two groups were
determined with a two-sided Student’s t test. P< 0.05 was
considered statistically significant.

Role of funding source

The Funders had no role in the study design, data col-
lection, data analyses, interpretation, or writing of
report, and the decision of paper submission.
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Results

Acquired EGFR L792F mutations was associated with
osimertinib resistance

Based on the essential role of acquired EGFR mutations
in the EGFR-TKI resistance, we reported the dynamic
occurrence of EGFR involving mutations in a patient
with metastatic lung adenocarcinoma who received
serial EGFR-TKI therapy. As depicted in Figure 1a, a
Go-year-old male was diagnosed with lung adenocarci-
noma, and EGFR p.745-750 deletion mutation was
detected in his needle biopsy specimen. He was initially
treated with pemetrexed plus cisplatin and maintained
with pemetrexed. The lesions progressed after 11
months. Considering the previous existing EGFR p.745-
750 del mutation, the patient additionally received the
first-generation EGFR-TKI (gefitinib). The disease pro-
gressed again 23 months later. EGFR T79oM mutation
was detected in the patient’s tumor during the second-
ary biopsy. Thus, the patient received the third-genera-
tion EGFR-TKI osimertinib (Figure 1a). When disease
progression was observed after 7 months of osimertinib
treatment, biopsied tumor tissue and peripheral blood
were obtained. Through next-generation sequencing,
19Del, TygoM, C797S, and Ly92F in EGFR were found
with the following AFs: 96% and 6%, 89% and 9%,
0%, and 0.1%, and 87% and 2% for 19Del, T79oM,
C797S, and Ly92F, respectively, in the tumor tissue
and blood samples, respectively (Figure 1b). Then, he
was treated with multiple therapies, including peme-
trexed rechallenge, nano-albumin paclitaxel, whole
brain radiation therapy, etc., but the disease progressed
rapidly. Eight months after the detecting of Ly92F/H
mutations, he was dead due to disease progression.

To generally illustrate the distribution of EGFR
L792F co-occurrence with T79oM, ctDNA sequencing
data of 1147 samples from 946 patients with lung can-
cers with acquired resistance to osimertinib as second-
line treatment were collected, in that five patients pre-
sented with EGFR Lyg2F mutation (Figure 1c, Table
S1). Among these five patients harboring EGFR Ly92F
mutation, Ly92F mutation was identified with TygoM
mutation in the same sequencing read of every sample
(Figure S1), which suggested that Ly92F and Ty9oM
were in cis. Although patients 1 and 2 harbored both
L792F and Cy97S, these two mutations (Ly92F and
C797S) did not co-exist in the same read, which sug-
gested that they were in trans (Figure S1). For patient 3,
L792F was identified, accompanied by other EGFR
mutations in trans, such as L792H and L792P. In sam-
ples of patients 2 and 4, Ly92F was not accompanied by
any other EGFR mutations in cis or trans. In addition,
ctDNA sequencing data of 236 samples from 207
patients with lung cancers, with acquired osimertinib
resistance as first-line treatment, were collected, revealing
that L792X mutation was not detected (Figure S2). Only 2
of these 236 samples were detected with EGFR Ty9oM
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Figure 1. Epidermal growth factor receptor (EGFR) mutations in a patient with lung adenocarcinoma resistant to osimertinib. (a).
EGFR mutations in a patient with lung adenocarcinoma who received chemotherapy and EGFR-tyrosine kinase inhibitor (TKI) treat-
ment. (b). Table of mutation frequencies in tissue and circulating tumor DNA. (c). Heatmap of targeted sequencing analysis in

patients with lung cancers receiving second-line osimertinib (n

= 1147). (d). Structure prediction of EGFR with T790M and L792F°

mutation in complex with osimertinib. The greenstick model shows osimertinib; the navy stick model shows the fragment of EGFR
sequence from p.789 to p.798; red arrows indicate hydrogen bonds or covalent bonds linking the amino acids. CH/p interactions
presented approximately 3.1 A. Substitutions could prevent osimertinib binding by introducing spatial confliction (black arrow)

from mutated residue. PR, partial response; PD, progressive dise

mutation (Figure S2). Hence, we believed that it was the
T790M-cis-L792F mutation, rather than a single Ly92F
mutation, that induced osimertinib resistance.

To further demonstrate the potential effect of Lyg2F
mutation on osimertinib, EGFR Ty9oM-cis-L792F bind-
ing with osimertinib was shown as a cartoon diagram,
displaying a stick model and hydrogen bonds within the
structure. Ty9oM single mutation and the residues
interacting with osimertinib showed that the multiple
amino acids within the ATP-binding pocket interacted
with hydrogen bonds without covalent binding. Interest-
ingly, a benzene or imidazole ring was demonstrated to
the side chain of this residue in the T79oM-cis-Ly92F
complex, which resulted in the disruption of orientation

ase.

and spatial stabilization for osimertinib binding
(Figure 1d). Considering the high frequency of Ly92
mutation in the patient with osimertinib resistance, we
hypothesized that T79oM-cis-Ly92F was associated
with the third-generation TKI resistance. These epide-
miological and spatially simulated results suggested
that Ty9oM-cis-Ly92F might be associated with
acquired resistance to osimertinib.

EGFR T790M-cis-L792F induced osimertinib resistance
To determine the roles of EGFR Tyg9oM-cis-Ly92F
mutation in osimertinib resistance, lentivirus particles
containing EGFR 19del/Ty9oM-cis-Ly92F mutation
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plasmid (L792F") or control plasmid including r9del/
T79oM mutation (control), were stably transfected into
Hi975 and PC-9 cell lines, respectively. The half-maxi-
mal inhibitory concentration (ICs0) of each group in
Hig75 and PC-g was tested to verify the effects of EGFR
T790M-cis-L792F on sensitivity to osimertinib. In
Hrg75 and PC-g cell lines, the ICs0 value to osimertinib
of the L792F" group was higher than that in control
(3-183 vs. 0.762 uM, p=o.02 in Higys and 0.486 vs.
0.026 uM in PC-9, p=0.027, t test, Figure 2a—b).

H1975 -e-control

Moreover, no significant difference was observed on the
IC50 value between the L;792F“ and control groups for
cisplatin (6.64 vs. 5.867 uM, p>o.05 in Higys and
3.09 vs. 2.643 uM, p>o.05 in PC-9, t-test, Figure
S3a—b), paclitaxel (105.5 vs. 116.8 nM, p>o0.05 in Higys
and 7.332 vs. 7.199 uM, p>o0.05 in PC-9, t test, Figure
S3c—d), and pemetrexed (2.377 vs. 2.485 uM, p>o0.05 in
Hi97s5 and 2.182 vs. 1.966 uM, p>o0.05 in PC-9, t test,
Figure S3ze—f). These findings suggested that Ty9oM-
cis-L792F mutation induced osimertinib resistance.
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Figure 2. EGFR 19Del/T790M-cis-L792F was related to the third-generation EGFR TKI resistance. (a-b). Representative cell viability
curve (left panel) and osimertinib half-maximal inhibitory concentration (IC50) value (right panel) in the H1975 (a, p=0.02) and PC-9
(b, p=0.027) cells transfected with L792F mutation under osimertinib treatment for 72 h (n = 3). (Statistical differences were evalu-
ated using t test). (c). Growth curves of the control and L792F¢ groups of H1975 (left panel) and PC-9 (right panel) for 24, 48, 72,
and 96 h using the MTS assay (n = 3). (d). Tumor images and weights from H1975 (control and L792F, upper panel, p=0.74) and
PC-9 (control and L792F, down panel, p=0.48) cells (n = 3). (Statistical differences were evaluated using t test). (e-f). Tumor growth
curves (e) and tumor weights (f) in the PC-9 control and PC-9 L792F® mice models with control (5% dimethyl sulfoxide, 40%
PEG300, 5% Tween 80, and 50% water) or osimertinib (10 mg/kg, 5 days a week) treatments at the indicated time points (n = 5,
p=0.027. Statistical differences were evaluated using t test). Scale bar, 1 cm.
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In addition, compared to the effect of cis-mutated
EGFR Ly92F with Ty9oM to osimertinib resistance, the
trans-L792F mutation did not present different cell via-
bility with control in H1gys cells (p>o0.05, t test, Figure
S4a) or PC-9g cells (p>o0.05, t test Figure S4b), similar
with 19Del group or 19Del/Ly792F group.

Constantly, the proliferation of EGFR Ty9oM-cis-
L792F was tested. Without osimertinib treatment, the
proliferation capability was similar between the
L792F and control groups in either Hig7ys or PC-g
cells (Figure 2c). These results were confirmed in sub-
cutaneous xenograft models (p=0.74 and 0.48, respec-
tively, t test, Figure 2d). However, under osimertinib
treatment, the tumor volume and weight of the L7¢2F
group were significantly higher than those of the control
group (p=0.027, t test, Figure 2e—f).

Taken together, EGFR Ty9oM-cis-L792F mutation
induced resistance to osimertinib in vitro and in vivo
but did not influence the proliferation ability and
response to chemotherapeutic drugs in lung adenocarci-
noma.

M2 polarization of macrophages was associated with
osimertinib resistance
To further investigate the mechanism of osimertinib
resistance, the single-cell data (GSE160244) from xeno-
graft tumors of PC-9 cells with osimertinib treatment
was downloaded from Gene Expression Omnibus
(GEO), showing 19 clustered cell populations (Figure
Ssa). Primary cell types contained cancer cells, fibro-
Dblasts (active and inactive), macrophage cells, and leuko-
cyte cells (Figure Ssb). The macrophage subtypes were
evidently distinct between the osimertinib treatment
and control groups (Figure Ssc). Drug perturbation sig-
naling analysis in each cell cluster indicated that the
macrophage subtype was significantly affected by osi-
mertinib treatment (Figure Ssd). Evidently, CD206, a
marker of M2 macrophage, was enhanced from 0.2% to
0.8% in total cells (Figure Sse). Interestingly, the cell
cycle, wound healing, extracellular matrix, senescence,
and autophagy in cancer were also enriched in the
tumors with osimertinib treatment (Figure Ssf).
Furthermore, M109 cell xenograft models with osi-
mertinib resistance and EGFR Ty9oM-cis-L792F xeno-
grafts tumors were established. After the xenografts
were treated with osimertinib, multiplex immunofluo-
rescence flow cytometry was applied to assess the pro-
portions of immune cells in tumor tissues and the
blood of mice (Figure 3a). As shown in Figure 3b, in the
blood samples, the uniform distribution of dot by t-dis-
tributed stochastic neighbor embedding analysis indi-
cated no difference in immune phenotypes between
the osimertinib resistance (OR) and control groups. In
contrast, different classifications of dots in tumor tis-
sues showed that the immune cells undergoing osimer-
tinib treatment were clustered. The proportion of

macrophages (CD45%/CDi1ib*/F4-80" cells) in the tis-
sue of the OR group was higher than that in the control
group (12.1% vs. 4.6%, Figure 3c upper panel). More-
over, the proportion of M2 macrophages (CD45"/
CD11b*/F4-80"/CD206" cells) in the OR group was
higher than that in the control group (12.2% vs. 3.4%,
Figure 3c bottom panel). However, the proportions of
CD3e" T cells (32.6 % vs. 33.2%, Figure 3d upper panel
and Figure S6a) and LyC6~/CD49"* or CD1ib*/CD27"
natural killer (NK) cells (1.1% vs. 1.0 %, Figure 3d bot-
tom panel and Figure SGb) were similar between the
OR and control groups.

EGFR T790M-cis-L792F derived M2 macrophage
polarization

Based on EGFR Ty9oM-cis-L792F xenografts tumors
with H1975 and PC-g cells in Figure 3a, the proportions
of F4-80* macrophages in the Lyg2F“ group were
higher than that in the control group of Hi975 (19.2%
vs. 7.2%) and PC-9 (19.3% vs. 5.3%) (Figure S6¢). In
addition, F4-80*/CD206* M2 macrophage in L7g2F®
group tissue was also higher than that in the control
group of H1975 (13.7% vs. 1.7%, Figure 3e upper panel)
and PC-9 (19.3% vs. 1.0%, Figure 3e bottom panel). Fur-
thermore, the percentage of NK cells was not significant
between the Lyg2F“ and control groups in Higys
(0.5% vs. 0.8%) and PC-9 (1.6% vs. 1.1%) (Figure SGd).
Multiple immunohistochemistry was further used to
test the M2 macrophage phenotype. CD206 and iNOS
expressions were enhanced in L792F tumors of
Hig7s and PC-g9 (Figure 3f). Moreover, the positive
staining of F4-807/CD206" (M2 macrophage) was
higher in the L792F group than that in the control
group (both p<o.o0o1, t test, Figure 3g). In contrast, F4-
80+/iNOS+ (M1 macrophage) staining was lower in the
L792F group than that in the control group of H1g7s
and PC-9 (both p<o.001, t test, Figure SGe).

Next, macrophage cell line THP-1 was harvested at
the conditional medium (CM) culturing from L7g2F
cells, showing more migrated cells than culturing from
the control cells group (p=0.022 and 0.0406, respec-
tively, t test, Figure 4a—b). The mRNA and protein lev-
els of M2 macrophage-associated markers, including
CD206, IL-10, and ARGI, were higher in the L792Fds
group than in the control group (p=0.0009, 0.0004
and o.o11, respectively, t test, Figure 4c—d). Finally,
sorted F4-80+ macrophages from the xenograft tumors
in the mice model showed that the mRNA levels of
CD2006, IL-10, and ARG1 were higher both in the
H1975 L792F (p=0.000051, 0.004 and 0.004 respec-
tively, t test, Figure 4e) and PC-9 Ly92F™ (p=0.016,
o.019 and o.o11, respectively, t test, Figure 4f) groups
than in the control group.

These results suggested that EGFR Ty79oM-cis-
L792F mutation was associated with M2 macrophage
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Figure 3. Macrophage phenotype in lung adenocarcinoma cells with osimertinib resistance. (a). Schematic diagram of immunophe-
notype analysis in xenograft tumors with osimertinib resistance. The BALB/c mice with M109 tumors or BALB/c-nude mice with PC-
9 L792F® tumors were treated with control (5% dimethyl sulfoxide, 40% PEG300, 5% Tween 80, and 50% water) or osimertinib
(10 mg/kg, 5 days a week) for 4 weeks. The resected tumors were further analyzed with immunophenotype by flow cytometry on
the markers, including CD45e, CD326, 7AAD, CD118, Ly6C, CD206, F4-80, CD3e, CD49B, CD86, and CD27, and immunohistochemistry
on the staining of CD206, SMA, F4-80, iNOS, and DAPI. (b). t-distributed stochastic neighbor embedding plot of blood and formed
tumor from the mice injected with M109 cells by multiplex fluorescence flow cytometry. (c). F4-80, CD45, CD11b, and CD206 stain-
ing on tumors of M109 control and M109 osimertinib resistance (OR) by multiplex fluorescence flow cytometry analysis. (d). Histo-
grams show CD3e for T cell and Ly6C/CD49B for NK cell analysis in the tumors of M109 control and M109 OR. (e). CD326, 7AAD,
CD3e, CD45, CD11b, Ly6C, F4-80, CD86, and CD206 staining (indicated by colors) on tumors of H1975 control, H1975 L792F and
PC-9 control, and PC-9 L792F by multiplex fluorescence flow cytometry analysis for tumor-associated macrophages. (f). Multiplex
immunohistochemistry staining, including CD206, SMA, F4-80, iNOS, and DAPI, with the multiple colors as indicated on tumors of
H1975 control, H1975 L792F", PC-9 control, and PC-9 L792F. The scale bar was 200 um. (9). Graphs show the F4-80+/CD206+ influ-
ence ratio in the tumors of H1975 control, H1975 L792F, PC-9 control, and PC-9 L792F by multiplex immunohistochemistry analy-
sis (n=25, both p<0.001. Statistical differences were evaluated using t test).
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Figure 4. EGFR-19Del/T790M/L792F drove the infiltration of M2-like macrophages. (a-b). Representative images (a) and histogram
(b, p=0.022 or 0.046, respectively. Statistical differences were evaluated using t test) show migrated cells of THP-1 cultivated in con-
ditional medium derived from H1975 control, H1975 L792F, PC-9 control, and PC-9 L792F* cells by Boyden chamber assay (n=3).
The scale bar in (a) was 100 um. (c). qRT-PCR analyses of CD206, IL-10, and ARG1 expression in the THP-1 cultivated in conditional
medium from H1975 control and H1975 L792F cells (p=0.009, 0.0004 or 0.011, respectively. Statistical differences were evaluated
using t test). (d). The protein level of CD206, IL-10, and ARG1 by western blot assay. (e-f). gRT-PCR analyses of CD206, IL-10, and
ARG1 expression in the formed tumors of nude mice derived from H1975 control, H1975 L792F%(e, p=0.00005, 0.004 or 0.004,
respectively), PC-9 control and PC-9 L792F°s(f, p=0.016, 0.019 or 0.011, respectively) (both n=3, Statistical differences were evaluated
using t test). Data are presented as the means + standard deviation.

polarization, which induced osimertinib resistance in
lung adenocarcinoma.

EGFR T790M-cis-L792F mutation promoted IL-4
expression and secretion by activating STAT3 Tyr705
phosphorylation and its specific binding to /L4
promoter

To explore the specific mechanism by which T79oM-cis-
L792F mutation regulated M2 macrophage polariza-
tion, we applied a cytokine chip to determine IL-4
expression with the highest fold change (Log2FC = 5.61)
in L792F" group cells than that in control cells
(Figure sa). Since IL-4 is a well-known cytokine to
induce M2 polarization, the top 10 highly expressed pro-
tein in L792F“ was analyzed by protein-protein interac-
tion (PPI) using the String website. The results revealed
that migration and macrophages were enriched in the
L792F group cells (Figure S7). Furthermore, western
blotting (Figure 5b) and enzyme-linked immunosorbent
assay (ELISA) (Figure 5c, t test) tests confirmed that IL-
4 expression and secretion were higher in L792F cells

than in the control cells of Higys and PC-9. Gene
Ontology (GO) analysis demonstrated that leukocyte
migration and chemotaxis, cell chemotaxis, and Janus
kinase (JAK)-STAT signaling pathway were activated in
L792F% cells (Figure 5d). Subsequently, downstream
signals of EGFR, such as ERK, AKT, JAK, STAT3, and
STATG, were examined, and phosphorylation levels of
AKT, JAK, and STAT3™7° were higher in LygaF
cells than in control cells (Figure se). In addition, a
binding site in a transcript factor p-STAT3 was identi-
fied in the promoter region of IL4 (Figure s5f). After
ChIP, PCR and qRT-PCR confirmed that p-STAT3 was
bound to the IL4 promoter specifically (p=0.0006, t test,
Figure 5g—h). Furthermore, L792F cells had higher
promoter activity of IL4, whereas when the binding
sequence was mutated, the promoter activity of IL4 was
significantly inhibited (p=1.1E-5 and 2.1E-5, respectively,
t test, Figure 5i).

These results revealed that EGFR Ty9oM-cis-L792F
activated JAK/STAT3 pathway and p-STAT3 Tyryos
bound explicitly to the IL4 promoter and increased the
subsequent transcription.

www.thelancet.com Vol 83 Month , 2022



Articles

Top 10 b H1975_ _ PC-9 d
~~._ Proteins Log2FC & &
IL-4 561 RSO BRI,
hCGb 2.96 £ O d \,/\ Cytokine-cytokine receptor interaction{ _
G-CSF 2.34
6Ckine 2.23 IL-4 f .‘ -— .- 5D Chemokine signaling pathway 1 -_
ENA-78 2.09 Rheumatoid arthritis
GAPDH S —35kDa
\ ilol(;és ggi B ' — Jak-STAT signaling pathway. _
\ LDLR 201 C " PI3K-Akt signaling pathway - ”"a":_os
\;Lymphotactin 2.00 50 mmcontrol M L792F IL-17 signaling pathway - 3e-06
Eotaxin-3 1.98 *p=0.016 *p=0.0007
™ MAPK signaling pathway - 2-06
~ 40
z nflammatory bowel disease (80){ [l 1ege
\g 30 Malaria -
; 20 TNF signaling pathway | -
—
-~ 10 Fluid shear stress and atherosclerosis | -
0 Ras signaling pathway -
H1975 PC9 0 20 40 60
e H1975 PC-9
N &
\ o - o
S & &
& & o >
& &S f 9 o &5
2 -
ERK{/2 ae wme 8= &% 40kDa — N AS g
IL4 o P
p-ERK1/2 Thi202/Tyr204 i @ e &% _ 20k0a -1000bp 12 1bp IL4 promoter

AKT -- d -_55kDa
pAKT Thidos (S S ST ., (0.
p-AKT Ser473 —- B 55 kDa

JAK e o s s 130 kDa

©

p-JAK Tyr1034/1035 . W 130 kDa

L)

STAT3 e . - _ 70 kDa

p-STAT3 Tyr705 - 0
p-STAT3 Ser727 B - 70 kDa

STATG “ - - .

GAPDH -‘ “— 35 kDa

N

Relative enrichment
(Fold change over IgG control)
=

o

ISTAT3 TFBs — promoter

100bp

. *p=11E-5 *p=2.1E-5
p=0.006 _ —
2
=
3 6
(3
3 4-
£
S
o
<« 2
=
0= o\ N\
3 O W
IgG  p-STAT3 o o 5
o® *°©

Figure 5. EGFR 19Del/T790M-cis-L792F stimulated JAK/STAT3/IL-4 signaling. (a). Heatmap of cytokine antibody array in H1975 con-
trol and H1975 L792F° cells. (b-c). IL-4 expression was detected by western blot (b) and ELISA analyses (c) in the H1975 control,
H1975 L792F, PC-9 control, and PC-9 L792F" cells (n=3, p=0.016 or 0.007, respectively. Statistical differences were evaluated using
t test). (d). Signal pathway enrichment in the H1975 L792F% cells compared to the H1975 control cells. (e). Western blot shows ERK,
p-ERK Thr202/Tyr204, AKT, p-AKT Ser473, JAK, p-JAK Tyr1034/1035, STAT3, p-STAT3 Tyr705, p-STAT3 Ser727, STAT6, and p-STAT6
Try641 expression in the H1975 control, H1975 L792F, PC-9 control, and PC-9 L792F cells. (f). Schematic depiction of the
IL4 promoters (—1000 to 1 base pair, black line) with STAT3 transcription factor binding sites (TFBs). (g-h). ChIP assay using
p-STAT3 antibody and IgG as internal controls. PCR (g) and RT-gPCR (h, n=3, p=0.006, statistical differences were evaluated
using t test.) were performed to amplify p-STAT3 TFBs of /L4 promoter in the ChIP product. (i). IL4 promoter activity of lucif-
erase reporter in the PC-9 control and PC-9 L792F cells with wild-type or mutant p-STAT3-binding sequences (n=3,
p=0.00001 or 0.00002, statistical differences were evaluated using t test). PRL-TK plasmid was used as an internal control.

Data are presented as means + standard deviation.

Inhibiting STAT 3 or IL-4 overcame osimertinib
resistance

To investigate whether inhibiting STAT3 or IL-4 could
suppress osimertinib resistance induced by EGFR
T790M-cis-L792F mutation, we designed sgRNAs tar-
geting STAT3 or IL4 and sgSTAT3#2 and #3; sglL4#2
and #3 were selected for further studies (Figure Ga).
When PC-9 L792F cells were co-cultured with THP-1
cells, IC50 decreased in the sgSTAT3#2/3 (0.027/
0.06 Vs. 0.443 uM, p=o0.007 and o.001, respectively, t
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test, Figure Gb) and sglIL4#2/3 groups (0.097/0.047 vs.
0.449 puM, p=o.0o1 and 0.00006, respectively, t test,
Figure 6c¢). In addition, sgSTAT3#2/3 (p=o.o11 and
o.o01, respectively, t test, Figure G6d) and sglL4#2/3
(p=9E-8 and 1E-8, respectively, t test, Figure Ge) inhib-
ited the tumor volume and weight in xenograft models.
Moreover, SH-4-54, a small molecular inhibitor tar-
geting STAT3, and dupilumab, a specific antibody
against the IL-4 receptor, were applied to inhibit STAT3
or IL-4 in vivo. In xenograft models from PC-g L;792F,

1



Articles

12

a N D C
e & B -
NAPASPASAS p=0.001
S é\ é\ %’\ —_— =120 -e-scramble
& S z 120 ~e-scramble ~ 067 "p=0.0007 g msgiLatz 08
= -m-SgSTAT3#2 = — > —asgIL4#3 é
STAT3 -— £ +sgSTAT3#3 = = <
- —70kDa § 80 S 04 § g 0.4
GAPDH DSBS eses .., - i 3 é
S 40 £02 e £ 02
SR g £ 5 £
RGN e o © 00 @ © o0
© N = © QAMNNANND \& Y ) o Q\ Q’-\ N
L4 Fe¥er T8 NG SR
-4 - - — 15kDa %éfa 5(\>~ Q«P o
Osimertinib (uM) SIS Osimertinib (uM)
GAPDH WE——_ )
d 2000 * p=0.01 € 1200
—scramble 1500 —_— —~-scramble @ D H &8 & 800 *p=1E-08
& a -sSgiL4H2 & B e v e e .
1600 —sgSTAT3#2 5 £ = p=9E-08
sg/L4#3 = —
% —_sgSTAT#3 £ 2 goo{ ™ N— £,600
2 1200+ £ £ £
S 2 = k=
2 8001 : s 2 400
5 s 5 400 5
£ 5 E £ 200
2 4004 = s ~
0 T 1 1 1 1 1 1 11171 0 T T T T T T T 7T 0
1417 20 23 26 29 32 35 38 41 44 47 &° ,\@é%\fg&b 12 15 18 21 24 27 30 33 36 &° »»%””»u&%
XAty Days @ B o
Days EOEKANIN-Y L P
ENCS)
f ¢} h i
1200— ) * p=0.0012
-e-0si .W 100+ -e- 0si+SH4-54
@ -#-0si+SH4-54 — = -m- osi+dupilumab
§ -+ osi+dupilumab i ) & 80
< 8004 P osi £ o
E z & 60
= =]
2 osi+SH4-54 e gb 40
S 400 ; X 5 i
E osi+dupilumab [l A E € 20
0
LI DTS . U P L AL T ) PCO L792Fe 0 15182124273033363942
12 15 18 21 24 27 30 33 36 39 @‘3
b > Days
ays
j osi osi+SH-4-54 05i+dupi|umab K
5 S vt o
2 osi osi+SH-454 osi+Dupilumab
£ . " —— ,
§ Y T "1.9% 18.3% "2.6% 1.2% "2.5% 2.3%
o 3 o 1 {
R : 50 im 50 pm 50, 4m © ©.
T = K S
i Q- | .
FORNer ke : B Ol— 0]
FATEEE ; | e
g il P L ‘
8 . . A z @ 1’__474: 7o | 5.5%
o v T Fa-80

DOl 3 2 S0m, l cD326+ [l 7AAD-/CD326- [ CD3e-/CD45+ [ CD11b+/LY6c- [l F4-80+ [l CD206+ [l CD86+
Figure 6. Inhibition of STAT3/IL-4 signaling restored sensitivity to osimertinib. (a). Western blot shows STAT3 expression in the PC-9
L792F* cells transfected with scramble, sgSTAT3#1, sgSTAT3#2, or sgSTAT3#3, and IL-4 expression in the PC-9 L792F cells trans-
fected with scramble, sgl/L4#1, sglL4#2, or sglL4#3. (b-c) Representative cell viability curve and osimertinib IC50 value in the PC-9
L792F cells transfected with scramble, sgSTAT3#2 or sgSTAT3#3 (b, n=3, p=0.001 or 0.0007, respectively. Statistical differences
were evaluated using t test.), and in the PC-9 L792F% cells transfected with scramble, sglL4#2 or sglL4#3 (c, n=3, p=0.0006 or 0.001,
respectively. Statistical differences were evaluated using t test.), under osimertinib treatment for 72 h. (d-e). Tumor growth curves
and tumor images of the PC-9 L792F“-scramble, PC-9 L792F-sqSTAT3#2, PC-9 L792F*-sgSTAT3#3 (d) (n=5, p=0.01 or 0.001, respec-
tively. Statistical differences were evaluated using t test), and PC-9 L792F“ scramble, PC-9 L792F-IL4#2, and PC-9 L792F-IL4#3 (e)
(n=6, p=1E-08 or 9E-08, respectively. Statistical differences were evaluated using t test) in the nude mice with osimertinib
(10 mg/kg, 5 days a week) treatment. Scale bar, 2 cm. (f-h). Growth curve (f), tumor images (g), and tumor weight (h, n=5, p=0.0012
or 0.0028, respectively. Statistical differences were evaluated using t test) of PC-9 L792F xenografts treated with osimertinib
(10 mg/kg, 5 days a week), osimertinib (10 mg/kg, 5 days a week) + STAT3 inhibitor (SH-4-54, [10 mg/kg, twice a week]), and osimer-
tinib (10 mg/kg, 5 days a week) + IL-4 receptor antibody (dupilumab, 10 mg/kg, twice a week). Scale bar, 2 cm. (i). Inhibitory rates of
SH-4-54 and dupilumab for PC-9 L792F" xenografts. (j-k). Images of H&E (upper panel in j), immunohistochemistry staining for
CD206 (down panel in j) and CD206%/F4-80* macrophages fractions in PC-9 L792F xenografts treated with osimertinib,
osimertinib + SH-4-54, and osimertinib + dupilumab (k). Scale bar, 50 um.
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tumor volumes and weights of groups treated with SH-
4-54 and dupilumab plus osimertinib were lower than
those treated with osimertinib only (p=0.0028 and
0.0012, t test, Figure 6f—h). The inhibitory rate of SH-
454 and dupilumab was approximately 80%
(Figure G6i). In addition, immunohistochemistry con-
firmed that CD206 expressions in SH-4-54 or dupilu-
mab plus osimertinib groups were higher than the
group with only osimertinib (Figure 6j). CD206 was
inhibited from 18.3% to 1.2% and 2.3% in the SH-4-54
or dupilumab plus osimertinib groups, respectively
(Figure 6k).

These results indicated that osimertinib resistance
due to L792F" could be suppressed by inhibiting
STAT3 or IL-4, and one of the potential mediators might
be through suppressing M2 macrophage polarization.

Discussion

As a type of third-generation EGFR-TKI, osimertinib
suppresses the resistance to first- and second-generation
EGFR TKIs driven by EGFR T79oM mutation and
has achieved a great success."** Unfortunately, most
EGFR Ty9oM-mutant patients finally progressed on
osimertinib,"*" with the specific resistance mecha-
nisms still largely unclear and lacking corresponding
clinical strategies to suppress osimertinib resistance.*
Promising fourth-generation TKIs targeting Cy797S,
including EAlo4s *# and JBJ-04-125-02,° have shown
primary efficacy and safety and are expected to be evalu-
ated in further clinical trials. Nevertheless, treatment
strategies for patients with other resistance mechanisms
apart from Cy97S mutation remain unclear. In addi-
tion, although a previous study has found that EGFR
L792F alteration was detected in tumor tissue or ctDNA
from patients resistant to osimertinib,” the specific
roles of Ly92F in osimertinib resistance and its underly-
ing mechanisms and corresponding clinical strategies
should be further investigated.

Here, we reported that the allele frequencies of
EGFR L792F“ mutation were high in tumor tissue
samples and sole-existed or co-existed samples with
other mutations in trans, indicating that EGFR Ly92F%
mutation might be an independent driver mutation and
is exclusively mutated with C797S, which was consis-
tent with the previous report.*° Based on the X-ray
structure of osimertinib in a non-covalent complex with
EGFR Ty9oM (PDB ID:4ZAU,” GLUD,*® and
6WU8*?), we predicted that EGFR Ly92F, cissmutated
with T79oM, is represented in a blocker with a benzene
or imidazole ring of hydrophobic side chain.” Original
van der Waals contacted with osimertinib phenyl ring
has been destroyed, which is required to stabilize the
ligand—protein complex. Replacement with bulkier
amino acids in Lyg2 strongly reduces the affinity and is
tightly relevant to osimertinib resistance. However, the
T790M-cis-L792F mutant did not influence the

www.thelancet.com Vol 83 Month, 2022

proliferation of Higys or PC-9 cell lines without osi-
mertinib. Interestingly, Tyg9oM-cis-L792F mutant xeno-
grafts in mice present lower growth with constant
osimertinib treatment. Therefore, we hypothesized that
it drove resistance to osimertinib probably via regulating
the tumor immune microenvironment.

In the present study, when testing immune cells in
mice, we utilized the modified panel of 12-color multi-
plex fluorescence flow cytometry assay to identify better
T cells, macrophages, and NK cells in immunocompe-
tent or immunodeficient athymic mice tumor microen-
vironment (TME).>*° We found that EGFR Ty9oM-cis-
L792F mutation tumors highlighted tumor-associated
macrophages (TAMs), but not T cells or NK cells in the
TME. The TME and TAM have been considered targets
to suppress drug resistance, and associated therapeutic
macrophage presence and/or bioactivity is a critical tar-
geting pathway that improves therapeutic efficacy.’” A
recent report has demonstrated that the enriched mac-
rophage CM induced EGFR-TKI resistance.’* Single-
cell RNA sequencing of metastatic lung cancers from
patients before and during targeted therapy revealed
that active T-lymphocytes and decreased macrophages
were present in residual disease while immunosuppres-
sive cells, including TAMs states, characterized progres-
sive disease.”

Moreover, TAM repolarization mediated innate
immunity, and TME remodeling was approved explicitly
for the OR metastasis of NSCLC.>*3> We aimed to reveal
the association and mechanism between EGFR T79oM-
cis-L792F mutation and TAM affected by osimertinib
tolerance. Recruitment of macrophages in TME contrib-
utes to EGFR TygoM-mutated cell metastasis.*® How-
ever, there were few reports assessing the effect of TAM
on EGFR Ty9oM-cis-L792F mutation, except a relevant
study that reported that EGFR T79oM-associated gefiti-
nib resistance reprogramed TAM. That degraded methi-
onine oxidation led to TAM repolarization toward M1 by
elevating the reactive oxygen species pathway.”” Based
on signal cell sequencing, mIF, and PPI, TAM might be
relevant to EGFR Ty9oM-cis-L792F and osimertinib tol-
erance in this study.

Furthermore, RNA sequencing and protein-level
data have supported the notion that the expression and
secretion of IL-4 are increased in EGFR Ty9oM-cis-
L792F cells. As the central switch macrophages from
the pro-inflammatory to the anti-inflammatory subtype,
IL-4 highlights the M2 polarization of TAM, as previ-
ously reported.3®3° This evidence demonstrates that
EGFR Ty9oM-cis-L792F cell-induced osimertinib resis-
tance promotes macrophage M2 polarization through
IL-4 activity.

As a transcription factor, STAT3 is phosphorylated
by downstream pathways when EGFR is activated.*®
Therefore, we also confirmed that EGFR T79oM-cis-
L792F mutation activating STAT3 phosphorylation at
the Tyryo; site (not at Seryzy) induced IL-4
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transcription. A previous investigation reported a coor-
dinated signaling network centered on STAT3 and Src-
YAP signaling that limits targeted therapy response in
EGFR-mut lung cancer cell lines.*' Furthermore, IL-4/
STATG and IL-6/STAT3 signal pathways are considered
to promote solid tumor progression by increasing M2
TAM infiltration.*** This study found that STAT3
phosphorylation level was elevated in T79oM-cis-
L792F-mutated cell lines, and p-STAT3 feedbacked IL-4
secretion by binding to its promoter. In addition, inhib-
iting STAT3 with SH-4-54 and its downstream IL-4 with
dupilumab partly reversed osimertinib resistance in
mice models. Our results together with previous stud-
ies, suggested that promoting M2 macrophage polariza-
tion might be one of the potential STAT3/IL-4
downstream mediators associated with resistance to osi-
mertinib. However, considering the complexity of the
immune system and tumor microenvironment of
EGFR mutant cancers, other mechanisms than M2
macrophage might also be involved in osimertinib resis-
tance, which deserves further extensive exploration.

Several promising small molecular inhibitors tar-
geting STAT3 have shown potential anti-tumor
effectiveness.*** Whether these small molecular
inhibitors could inhibit IL-4 secretion and thus
inhibit M2 macrophage polarization is worth further
validation. Although the safety and efficacy of dupilu-
mab have been interpreted in atopic dermatitis and
asthma,*® #® the dose and impact on osimertinib
resistance in NSCLC patients need to be confirmed
by clinical studies.

In conclusion, we demonstrate that EGFR Ty9oM-
cis-L792F mutation in lung adenocarcinoma upregu-
lated Jak and STAT?3 phosphorylation and increased IL-
4 production via specifically binding to IL4 promoter,
which promotes M2 macrophages polarization and
induces resistance to osimertinib. Inhibiting the axis

activity by SH-4-54 and dupilumab would be a promis-
ing strategy that was encouraged against the failed
third-generation EGFR-TKI therapy for patients with
NSCLC (Figure 7). In addition, we bridged the correla-
tion of EGFR L792F“ in manipulating macrophages’
switch, which also provided a chance to reverse the
acquired osimertinib resistance by interfering with the
TME of NSCLCs. Although the mutation frequency of
EGFR Ly92X, including Ly92F/H/P/V, was 2.46% in
this study, considering the substantial NSLCLC patient
base in China*® and worldwide,’° the number of
patients with L792X mutations and resistance to Osi-
mertinib might be pretty huge. Therefore, overcoming
L792X mutations-induced resistance is vital to this large
patient population. Our discoveries may also provide
insights into EGFR TKIs resistance induced by other
endogenous mutations.
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