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Summary
Background Tyrosine kinase inhibitors (TKIs) are currently the standard therapy for patients with non-small cell lung
cancer (NSCLC) bearing mutations in epidermal growth factor receptor (EGFR). Unfortunately, drug-acquired
resistance is inevitable due to the emergence of new mutations in EGFR. Moreover, the TKI treatment is
associated with severe toxicities due to the unspecific inhibition of wild-type (WT) EGFR. Thus, treatment that is
customised to an individual’s genetic alterations in EGFR may offer greater therapeutic benefits for patients with
NSCLC.

Methods In this study, we demonstrate a new therapeutic strategy utilising customised antisense oligonucleotides
(ASOs) to selectively target activating mutations in the EGFR gene in an individualised manner that can overcome
drug-resistant mutations. We use extracellular vesicles (EVs) as a vehicle to deliver ASOs to NSCLC cells.

Findings Specifically guided by the mutational profile identified in NSCLC patients, we have successfully developed
ASOs that selectively inhibit point mutations in the EGFR gene, including L858R and T790M, while sparing the WT
EGFR. Delivery of the EGFR-targeting ASOs by EVs significantly reduced tumour growth in xenograft models of
EGFR-L858R/T790M-driven NSCLC. Importantly, we have also shown that EGFR-targeting ASOs exhibit more potent
anti-cancer effect than TKIs in NSCLC with EGFR mutations, effectively suppressing a patient-derived TKI-resistant
NSCLC tumour.

Interpretation Overall, by harnessing the specificity and efficacy of ASOs, we present an effective and adaptable
therapeutic platform for NSCLC treatment.
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Research in context

Evidence before this study
Non-small cell lung cancer (NSCLC) is usually diagnosed at a
late stage and has a poor prognosis. NSCLC tumours are
genetically heterogenous but rely on certain oncogenes to
proliferate and spread. In the Asian population, EGFR is the
most common hotspot of mutations, accounting for almost
50% of patients with NSCLC. Patients who are EGFR-positive
respond well to TKIs, but resistance and relapse are inevitable
due to the rapid evolution of mutations at the drug-binding
site. Antibodies targeting EGFR show only a modest effect
and benefit only a small cohort of patients. An alternative
approach to target EGFR is to suppress its gene expression
using antisense oligonucleotides (ASOs). However, the highly
anionic charge makes it difficult for naked ASOs to efficiently
enter cells. Our group has recently developed a new platform
for efficient delivery of nucleic acid drugs using red blood cell-
derived extracellular vesicles (RBCEVs). We have successfully
utilized RBCEVs for ASO delivery to tumor cells in various
models of leukemia and solid cancers.

Added value of this study
Here, we present a novel therapeutic strategy that employs
customized ASOs to selectively target activating mutations in
the EGFR gene and deliver these ASOs to NSCLC cells using
RBCEVs. Based on the mutational profile of NSCLC patients,
the ASOs were designed to selectively target and inhibit the
EGFR L858R and T790M mutations, while leaving the wild-
type EGFR unaffected. Surface functionalization of RBCEVs
with a tumour-targeting nanobody further enhances their
specificity, leading to reduced tumour growth in xenograft
mouse models. Importantly, ASO-loaded RBCEVs exhibit
potent anti-cancer effects, compared to TKIs, and effectively
suppress the growth of a patient-derived TKI-resistant NSCLC
tumour.

Implications of all the available evidence
We have successfully developed an EV-delivered ASO
therapeutic platform that is both effective and versatile, with
the potential to advance personalised and precision medicine
for the treatment of NSCLC.
Introduction
Non-small cell lung cancer (NSCLC) is the predominant
subtype, accounting for approximately 80% of all lung
cancer cases, and is associated with a poor 5-year sur-
vival rate.1 While NSCLC cells exhibit genetic hetero-
geneity, they are addicted to certain driver oncogenes for
survival and progression, such as mutant epidermal
growth factor receptor (EGFR), Kirsten rat sarcoma vi-
rus (KRAS) and anaplastic lymphoma kinase (ALK).2

These genetic alterations offer specific molecular tar-
gets for therapeutic intervention in NSCLC treatment.
For instance, EGFR tyrosine kinase inhibitors (TKIs),
such as erlotinib and gefitinib, have shown impressive
responses in patients of NSCLC with activating EGFR
mutations. However, cancer relapse eventually happens
within 10–14 months of the TKI treatment due to the
inevitable development of resistance.3 The cause of TKI-
acquired resistance is the emergence of the T790M
gatekeeper mutation in the catalytic domain of the
EGFR kinase. More than half of patients experiencing a
relapse in cancer development who initially received
first or second-generation TKIs develop this mutation,
which enhances their affinity to adenosine tri-
phosphates (ATPs) and reduces their binding to TKIs.4,5
The third-generation TKI, Osimertinib, which irrevers-
ibly binds to EGFR with T790M at 200 times stronger
than to the wild-type EGFR,3 is superior to earlier gen-
erations of TKIs in prolonging survival and has become
the current standard of care for EGFR-addicted tu-
mours.6 Unfortunately, resistance to Osimertinib has
emerged due to the quick development of a mutation in
the EGFR residue C797 within the ATP-binding site.7 In
addition to TKIs, anti-EGFR antibodies, such as Cetux-
imab, block epidermal growth factor (EGF) binding,
leading to the nonspecific internalization and degrada-
tion of EGFR. However, they only elicit a modest impact
on a specific sub-population of patients.8

In addition to small molecules or protein drugs,
antisense oligonucleotides (ASOs) have attracted sig-
nificant attention due to their simplicity and versatility
in designing, screening, and testing. By regulating gene
expression at mRNA levels, ASOs can overcome limi-
tations associated with small molecules in targeting
undruggable molecules that lack active binding pockets;
and outcompete monoclonal antibodies in targeting
intracellular proteins. Moreover, ASO sequences are
easily customised to target any mutated gene, contrib-
uting to a significant progress in precision and
www.thelancet.com Vol 108 October, 2024
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personalised medicine. ASO drugs have demonstrated
safety and therapeutic efficacy and have received
approval for treatments against several rare diseases.9,10

However, the delivery of ASOs to target sites and their
cellular uptake face significant challenges due to their
undesirable in vivo biodistribution, susceptibility to
degradation, and low cell permeability owing to their
negative charges. Therefore, efficient carriers for ASO
therapeutics are highly desirable to advance their
potential.

Recently, natural nanocarriers have been increas-
ingly used for nucleic acid delivery, with extracellular
vesicles (EVs) being the most prominent example.
Secreted by cells, facilitating cell-to-cell communication,
and possessing the ability of tissue-homing, EVs are
actively investigated in various clinical trials for the
treatment of infectious diseases and degenerative dis-
eases, or as anti-cancer drug carriers.11 In our previous
studies, we have demonstrated that red blood cell-
derived EVs (RBCEVs) can be produced at a large
quantity and effectively loaded with various types of
nucleic acid therapeutics.12 Furthermore, RBCEVs can
be conjugated with targeting moieties, which substan-
tially enhance their biodistribution to target tissues and
their uptake by target cells.13,14 In this study, we
employed RBCEVs to transport therapeutic ASOs to
NSCLC cells. Guided by the mutational profile identi-
fied in tumour cells from patients with NSCLC, we have
successfully developed ASOs targeting specific EGFR’s
point mutations, L858R and T790M, with minimal ef-
fect on the WT EGFR. ASO-loaded RBCEVs were taken
up by NSCLC cells, suppressing EGFR protein expres-
sion in NSCLC cells harbouring L858R/T790M co-
mutation, leading to a potent anti-cancer effect
compared to TKI treatments. We further showed that
surface functionalization of RBCEVs with a cancer-
targeting nanobody resulted in enhanced delivery of
the ASO to cancer cells in vivo, leading to improved anti-
cancer efficacy.
Methods
Purification of human RBCEVs
Blood samples were obtained from healthy donors via
Innovative Research Inc. (USA) with informed consent.
RBCEVs were then purified from human red blood cells
(RBCs) in collaboration with ESCO Aster (Singapore),
following our established protocol12 according to the
approval by our University Institutional Review Board
(IRB) (NUS-IRB Reference Code: LH-19-058E). Briefly,
RBCs were separated from the plasma by centrifugation
at 1000×g for 8 min at 4 ◦C, followed by washing with
PBS thrice at the same speed. White blood cells were
removed using leukodepletion filters (Nigale, China).
The resulting RBC suspension was collected in Nigale
buffer (0.2 g/L citric acid, 1.5 g/L sodium citrate,
7.93 g/L glucose, 0.94 g/L sodium dihydrogen
www.thelancet.com Vol 108 October, 2024
phosphate, 0.14 g/L adenine, 4.97 g/L sodium chloride,
14.57 g/L mannitol), diluted in CPBS (PBS containing
0.1 mg/mL calcium chloride), and incubated overnight
with 10 μM calcium ionophore (Sigma–Aldrich, USA) at
37 ◦C with 5% CO2 to induce vesiculation. RBCs and
cell debris were subsequently removed through
sequential centrifugation. The supernatant, containing
RBCEVs, was filtered through a 0.45 μm filter mem-
brane, followed by ultracentrifugation at 50,000×g for
1 h. The pelleted RBCEVs were further purified by ul-
tracentrifugation at 50,000×g overnight with a 60% su-
crose cushion to completely remove protein
contaminant. Finally, the purified RBCEVs were resus-
pended in PBS containing 4% trehalose (Sigma–
Aldrich) and stored at −80 ◦C.

RBCEV characterization
Since haemoglobin (Hb) is the major component of
RBCEVs, Hb content was used to indicate the quantity
of RBCEVs in this study. Hb content was determined
using a NanoDrop 2000 spectrophotometer (Thermo-
Fisher Scientific, USA) by measuring absorbance at
isosbestic wavelengths for Hb and Oxy-Hb (420 and
586 nm, respectively).

The morphology of RBCEVs was characterised using
TEM. Briefly, RBCEVs were fixed with 2% para-
formaldehyde, mounted on glow-discharged copper
grids, and washed. Subsequently, they were incubated
with 3% uranyl acetate for negative staining, followed by
washing with water, and air-drying. Images of RBCEVs
were captured using a TEM instrument at 100 kV
(Tecnai G2, FEI/Philips, USA).

Surface charge, polydispersity index (PDI), and par-
ticle size distribution of RBCEVs were characterised by
dynamic light scattering (DLS) using Zetasizer Ultra
instrument (Malvern Panalytical, UK). For surface
charge measurement, RBCEVs were diluted in 10 mM
HEPES buffer pH 7.4 and loaded into a capillary zeta
cell (DTS1070, Malvern Panalytical, UK). For PDI and
size distribution, RBCEVs were diluted in PBS and
loaded into a particle size analytical cuvette (DTS0012,
Malvern Panalytical, UK).

For nano-flow cytometric analysis, RBCEVs were
stained with biotinylated anti-human GPA primary
antibody (Biolegend, USA) and then stained with
streptavidin-Alexa Fluor 488-conjugated secondary anti-
body (Abcam, USA). The stained RBCEVs were washed
with PBS twice by centrifuging at 21,000×g, diluted with
PBS, and analysed using a Flow Nanoanalyzer system
(NanoFCM, UK). Plots were generated using FlowJo
V10 software (BD Biosciences, USA).

ASOs, primers, and nanobody synthesis
ASOs against EGFR L858R or T790M mutations,
negative control ASO (NC ASO, 5′-CGACTA-
TACGCGCAATATGG-3′), fluorescein amidites-labelled
NC ASO (FAM-ASO), and Alexa Fluor 488-labelled NC
3
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ASO (AF488-ASO) with 2′-O-methoxyethyl (MOE),
Phosphorothioate (PS), and Locked Nucleic Acid (LNA)
modifications, and qPCR primers (Table S2) were syn-
thesised by Integrated DNA Technologies (USA).

The anti-EGFR nanobody (α-EGFR-VHH) and anti-
mCherry nanobody (α-mCherry-VHH) were cloned
with a 6xHis tag and a FLAG tag and purified according
to our previously published method.13

ASO loading into RBCEVs
1 μg of ASO was loaded into 50 μg RBCEVs using REG-
1 transfection reagent (Carmine Therapeutics,
Singapore) according to the manufacturer’s in-
structions. Briefly, REG-1 and ASOs diluted in Opti-
MEM medium (ThermoFisher Scientific, USA) were
mixed at a final concentration of 70 μg/mL for REG-1
and 10 μg/mL for ASO, respectively. The mixture was
incubated at room temperature for 10 min to facilitate
complex formation between ASOs and REG-1. There-
after, 50 μg of RBCEVs, diluted in Opti-MEM medium
to a concentration of 1 mg/mL, were mixed with the
REG-1/ASO complex and incubated at 37 ◦C in a
HulaMixer (ThermoFisher Scientific, USA) for 30 min
and on ice for 10 min to facilitate the loading of ASO
into the RBCEVs. Afterwards, free ASOs and trans-
fection reagents were washed away by centrifuging at
21,000×g for 30 min.

To quantify the ASO loading efficiency into RBCEVs,
20 μg of RBCEVs loaded with ASOs were resuspended
in 0.1% Triton-X (Sigma–Aldrich, USA) for 5 min at
room temperature, and subsequently with heparin sul-
fate at a final concentration of 20 mg/mL for 1 h at 37 ◦C
with shaking at 100 rpm. After incubation, a 6X gel
loading dye (New England Biolabs, USA) was added and
the resulting mixture was loaded onto a 2% Tris-acetate-
EDTA agarose gel with GelRed® nucleic acid gel stain
(Sigma–Aldrich, USA), separated at 100 V for 15 min
and visualised with a ChemiDoc™ XRS + imaging
system (Bio-Rad Laboratories, USA). The band fluores-
cence intensity was quantified using ImageJ v1.8.0.

RBCEV surface modification
Strain promoted alkyne–azide cycloaddition (SPAAC)
click chemistry was employed to conjugate α-EGFR-
VHHs onto RBCEVs. Briefly, RBCEVs were incubated
with Dibenzocyclooctyne sulfotetrafluorophenyl
(DBCO-STP) ester (Click Chemistry Tools, China) at a
final concentration of 20 mg/mL for RBCEVs and 2 mM
for DBCO-STP, respectively, for 2 h at room tempera-
ture in PBS pH 8.0. Subsequently, 1M Tris pH 8.0
(Sigma Aldrich, USA) was added to the reaction at 10%
(v/v) for 5 min at room temperature to quench
remaining free unreacted STP-ester groups. The DBCO-
tagged RBCEVs (DBCO-EVs) were subsequently washed
four times in PBS pH 8.0 by centrifuging at 21,000×g for
20 min at 4 ◦C to remove the quenched free ester.
Concurrently, α-EGFR-VHHs was incubated with
6-Azidohexanoic Acid STP (Azide-STP) ester (Click
Chemistry Tools, China), at a final concentration of
5.5 mg/mL for α-EGFR-VHHs and 2 mM for Azide-
STP, for 2 h at room temperature. Excess non-reacted
Azide-STP ester was removed using a Zeba Spin
Desalting Column (7K MWCO, ThermoFisher Scienti-
fic, USA). Subsequently, DBCO-EVs were incubated
with the Azido-VHHs at a final concentration of 10 mg/
mL for DBCO-EVs and 150 μM for Azido-VHH,
respectively, overnight at 4 ◦C. The α-EGFR VHH-
conjugated EVs (EGFR-VHH-EVs) were washed four
times with PBS pH 8.0 by centrifuging at 21,000×g for
20 min at 4 ◦C. The successful conjugation was
confirmed by Western blotting.

Western blot
RBCEVs, RBCs and other cancer cell samples were lysed
in Pierce radio-immunoprecipitation assay (RIPA) lysis
and extraction buffer (ThermoFisher Scientific, USA)
supplemented with 1 mM phenylmethylsulfonyl fluo-
ride (PMSF) protease inhibitor (ThermoFisher Scienti-
fic, USA) on ice for 5 and 20 min, respectively.
Following lysis, the cell lysate was centrifuged at
12,000×g for 5 min, and the protein-containing super-
natant was collected. Protein concentrations were
quantified using a Pierce BCA protein assay kit (New
England Biolabs, UK) following the manufacturer’s in-
struction. Subsequently, 4x Laemmli buffer (Bio-Rad
Laboratories, USA) was added to 30 μg of protein lysate
from cells or RBCEVs and heated at 95 ◦C for 7 min.
The protein lysates were loaded into 10% poly-
acrylamide gels and separated along with a protein
standard (Precision Plus Protein Kaleidoscope-
prestained protein ladder, Bio-Rad Laboratories, USA).
The separated proteins were then transferred to a poly-
vinylidene fluoride (PVDF) membrane (Merck Milli-
pore, USA), followed by blocking with Tris-buffered
saline containing 0.1% Tween-20 (TBST) and 5% BSA
for 1 h at room temperature (RT). The membranes were
incubated overnight at 4 ◦C with primary antibodies
(Table S3), including anti-human BAND 3 antibody
(Santa Cruz, Cat #: sc-133190, RRID #AB_2123479,
dilution 1:1000), anti-human STOMATIN antibody
(Santa Cruz, Cat #: sc-376869, 1:1000), anti-ALIX anti-
body (Santa Cruz, Cat #: sc-53538, RRID AB_673821,
dilution 1:500), anti-TSG101 antibody (Santa Cruz, Cat
#: sc-7964, RRID AB_671392, dilution 1:500), anti-
human HBA antibody (Santa Cruz, Cat #: sc-21005,
RRID AB_647937, dilution 1:1000), anti-human GPA
antibody (Biolegend, Cat #: 306602, RRID AB_314620,
dilution 1:500), anti-human β-actin antibody (Pro-
teintech, Cat #: HRP-60008, RRID AB_2819183, dilu-
tion 1:5000), anti-calnexin antibody (Santa Cruz, Cat #:
sc-23954, RRID AB_626783, dilution 1:500), and
anti-human GAPDH antibody (Proteintech, Cat #: HRP-
60004, RRID AB_2737588, dilution 1:5000), anti-human
EGFR antibody (Cell Signaling, Cat #: 4267, RRID
www.thelancet.com Vol 108 October, 2024
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AB_2895042), anti-human phospho-EGFR antibody
(Cell Signaling, Cat #: 3777, RRID AB_2096270), anti-
human ERK1/2 antibody (Cell Signaling, Cat #: 4695,
RRID AB_390779), anti-human AKT antibody (Cell
Signaling, Cat #: 9272, RRID AB_329827). To deter-
mine efficacy of nanobody conjugation onto RBCEVs,
100 μg of conjugated RBCEV lysate and various EGFR-
VHH standards were separated in 10% polyacrylamide
gels, transferred to a PVDF membrane, and blocked
with 5% BSA in TBST as described above. The mem-
brane was then incubated overnight at 4 ◦C with anti-
FLAG antibody (Abkkine, Cat#: A02010, dilution
1:5000). After washing with TBST, the membranes were
incubated with appropriate horseradish peroxidase
(HRP)-conjugated anti-rabbit or anti-mouse secondary
antibodies (Abcam, USA, dilution 1:10,000), followed by
incubation with a HRP substrate (WesternBright Sirius
Chemiluminescent Detection Kit, Advansta, USA). The
blots were imaged using a ChemiDoc™ XRS + imaging
system (Bio-Rad Laboratories, USA).

Cell culture
4T1 (RRID: CVCL_0125), A549 (RRID: CVCL_0023),
and H1975 (RRID: CVCL 1511) cells were obtained
from the American Tissue and Cell Collection (ATCC,
USA) and cultured in Roswell Park Memorial Institute
(RPMI) 1640 with L-Glutamine (Biowest, France) sup-
plemented with 10% (v/v) heat-inactivated fetal bovine
serum (Biowest, France), 1% penicillin-streptomycin
(Gibco, USA) in a humidified incubator at 37 ◦C with
5% CO2. Mycoplasma testing of these cell lines is con-
ducted regularly with a commercial obtained myco-
plasma detection kit (Applied Biological Materials Inc.,
Canada).

Patient sample processing
Among the patients diagnosed with EGFR mutant LUAD
at the National Cancer Centre Singapore, which under-
went surgical resection of their tumours, three patients, in
which two developed EGFR L858R mutation (A014, A428)
and one developed EGFR T790M mutation (A003), were
selected for this study under consent (relevant clinical in-
formation of each patient is provided in Fig. S1). The
protocol for using human samples in this study was
approved by A*STAR Institutional Review Board (IRB,
Singapore, IRB reference code: 2024-015). Tumour bi-
opsies or sectors were freshly processed for cell culture.

The fresh tumour biopsy or sector was digested with
1 mg/mL collagenase IV (Gibco) and 1 mg/mL dispase
II (Thermo Fisher Scientific, USA) in F12 media
(Thermo Fisher Scientific, USA) for 2 h with shaking in
a 37 ◦C incubator. Cell suspension was then passed
through a 70 μm cell strainer and centrifuged for 3 min
at 1500 rpm. Cells were then washed twice and resus-
pended in media before seeding on irradiated 3T3
feeders as previously described.15 When the cells reached
confluence, sub-culturing was carried out by first lifting
www.thelancet.com Vol 108 October, 2024
the feeders using 0.05% trypsin for 2 min. After
removing feeder cells, 0.05% trypsin was added to detach
tumour progenitor cells. All cells were routinely tested
and verified to be free of mycoplasma contamination.

RNA extraction and real-time quantitative PCR
(qPCR)
TRIzol reagent (ThermoFisher Scientific, USA) was
used to isolate total RNA from treated cells following the
manufacturer’s protocol. The extracted RNA was con-
verted into cDNA using a high-capacity cDNA reverse
transcription kit (ThermoFisher Scientific, USA) ac-
cording to the manufacturer’s instructions. qPCR re-
actions to quantify the expression level of target mRNA
were performed on a QuantStudio 6 Flex Real-Time
PCR system (Life Technologies, USA) using Ssofast®
Green qPCR kit (Bio-Rad Laboratories, USA), normal-
ised to the expression of GAPDH.

Sanger sequencing
Sanger sequencing was carried out to validate EGFR
mutations in patient-derived tumour cells and
H1975 cells. RNA was extracted from these cells, fol-
lowed by the cDNA synthesis as described previously.
PCR amplification of the region covering from exon 18
to exon 21 was performed using the following primer
pair: Exon 18–22 forward 3′-CTTACACCCAGTGGA-
GAAGC-5′, and Exon 18–22 reverse 3′-CAATGC-
CATCCACTTGATAGG-5’ (Table S1). The amplicons
were purified using the GeneJet PCR purification kit
(Thermo Fisher Scientific, USA), run on 2% agarose gel
for the product size confirmation, and then sent to
Macrogen (Singapore) for Sanger sequencing.

Cell proliferation assay
To assess the anti-tumour effect of ASOs delivered by
RBCEVs, H1975 cells were seeded in a 96-well plate at a
density of 1.0 x 104 cells per well, prior to incubation
with TKIs (HaoYuan ChemExpress, China), or RBCEVs
loaded with either EGFR L858R ASO or EGFR T790M
ASO at equivalent molar doses of ASO and TKIs. 48 h
post-treatment, treated cells were incubated with 10%
(v/v) of CCK-8 reagent (MedChemExpress, USA) and
absorbance at 450 nm was measured using a microplate
reader (Tecan, Switzerland). Relative cell count was
determined according to the following equation:

Relative cell count (%) = [(OD450 (Treated sample) – OD450
(blank)) / (OD450 (Untreated sample) – OD450 (blank))] x 100%
Apoptosis assay
Apoptosis of H1975 cells following treatment with TKIs
and ASO-loaded RBCEVs were detected by Annexin V
(Biolegend, USA) and SYTOX Blue (ThermoFisher
Scientific, USA) staining. Briefly, H1975 cells were
seeded at a density of 1.0 x 105 cells per well in a 24-well
5
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plate overnight. Then, the cells were treated with
200 nM of Icotinib, Afatinib, Osimertinib, or ASO
loaded in RBCEVs. After 24 h, treated cells were har-
vested and stained with Annexin V and SYTOX Blue
following the manufacturer’s instructions. The stained
cells were finally analysed using a Flow Cytometer
(CytoFlex, Beckman Coulter, USA).

Cellular uptake studies
The uptake of ASO-loaded RBCEVs was investigated by
flow cytometry and confocal laser scanning microscopy
(CLSM). For flow cytometric analysis, the H1975 cells
were seeded into 12-well plates at a density of 1.0 x
105 cells/well overnight. Thereafter, the cells were
treated with RBCEVs loaded with AF488-ASO at
different RBCEV concentrations and incubation times.
After washing thrice with PBS, the cells were harvested
and analysed for their fluorescence intensity using a
Flow Cytometer (CytoFlex, Beckman Coulter, USA).

To visualise the cellular uptake of ASO-loaded EVs,
H1975 cells were cultured in 6-well plates covered by
microscope coverslips at a density of 2.0 x 105 cells/well.
The next day, RBCEVs loaded with AF488-ASO were
added to the cells at an RBCEV concentration of 30 μg/
mL and incubated at 37 ◦C for 1 h, followed by the
addition of 2 nM Lysotracker Red (ThermoFisher Sci-
entific, USA) for an additional 10 min. Cells were gently
washed twice with PBS and fixed with 4% para-
formaldehyde, prior to incubation with 10 μg/mL
Hoechst 33342 (ThermoFisher Scientific, USA). Finally,
the stained cells were mounted on a glass slide and
observed under a CLSM (Zeiss LSM710, Germany).

Animal studies
All mouse experiments were performed in accordance
with experimental protocols approved by the Institutional
Animal Care and Use Committee (IACUC) of the National
University of Singapore (iORC Reference No.: R19-1195).
NSG-SGM3 (NSGS) mice (RRID: IMSR_JAX: 013062)
and BALB/c nude mice (RRID: IMSR_JAX: 000651) were
purchased from the Jackson Laboratory (USA). The mice
were housed in pathogen-free animal facilities and fed a
standard diet. Experiments were conducted in a blind
manner. Mice of similar ages were tagged and grouped
randomly into control or test treatments.

Biodistribution studies
To investigate the delivery of ASOs to tumour cells by
RBCEVs and EGFR-VHH-conjugated RBCEVs in vivo,
H1975 cells were transduced with a lentiviral vector
(pLenti-mCherry-luc, Addgene, USA), selected with
puromycin (Santa Cruz, USA) and sorted using Aria II
sorter (BD Biosciences, USA) to generate a stable
luciferase and mCherry-expressing H1975 cell line
(H1975-Luc-mCherry) (Fig. S6). A total of 1.0 x 106

H1975-Luc-mCherry cells were injected intravenously in
8-week-old NSGS mice. After 6 weeks, the mice were
intra-peritoneally injected with D-luciferin (Perki-
nElmer, USA) and subjected to IVIS imaging to monitor
tumour growth in the lung. Tumour-bearing mice were
then intratracheally treated with RBCEVs or EGFR-
VHH-EVs loaded with FAM-ASO at a dose of 100 μg/
kg of ASO. Following 3 h post-administration, mice
were sacrificed, and lungs were harvested. Single lung
cells were dissociated using a gentleMACS dissociator
(Miltenyi, Germany) and incubated with collagenase IV
(Life Technologies, USA) for 40 min at 37 ◦C with
shaking. The cells were passed through a 70 μm cell
strainer and centrifuged at 500×g for 5 min. RBCs were
lysed using ACK lysis buffer (ThermoFisher Scientific,
USA). The resultant single cells were washed with PBS
and subjected to flow cytometric analysis using a Flow
Cytometer (CytoFlex, Beckman Coulter, USA).

Intrapulmonary targeted delivery of ASO-loaded RBCEVs to
orthotopic cell line xenograft model
NSGS mice bearing H1975-Luc-mCherry tumour at the
lung were generated as described above. Mice with
similar bioluminescence intensity were divided into
three groups (n = 4, denoted as day 1), including
RBCEVs loaded with NC ASO (NC ASO-EVs), RBCEVs
loaded with L858R ASO (L858R ASO-EVs), and EGFR-
VHH-conjugated RBCEVs loaded with L858R ASO
(L858R ASO-VHH-EVs), and intratracheally adminis-
trated at a dose of 200 μg/kg of ASO, repeated at 3-days
intervals. On day 15, mice were sacrificed, and lung
tissues were collected for subsequent experiments.

Intra-tumoural administration of ASO-loaded RBCEVs to
patient-derived xenograft model
Female 7-week-old BALB/c nude mice were subcuta-
neously injected with 1.0 x 106 A014 patient-derived
cancer cells at the right flank. When tumour volume
reached approximately ∼50 mm3, the mice were
randomly divided into two groups (n = 4, denoted as day
1) and intratumourally injected with NC ASO-EVs
(control) or L858R ASO-EVs at a dose of 50 μg/kg
ASO, repeated at 2-days intervals for three weeks. Dur-
ing the study period, the length and width of tumours
were measured using a digital calliper. The tumour
volume (mm3) was calculated using the formula: V = 1/
2 × length × width2. On day 22, the mice were sacrificed,
and tumours were harvested for subsequent analysis.

Immunofluorescence, immunohistochemistry, and
TUNEL assay
The isolated tissues were fixed with 10% neutral buff-
ered formalin solution (Sigma Aldrich, USA) and sub-
jected to a serial dehydration with ethanol (70%, 80%,
90%, and 100%) using a TP1020 tissue processor (Leica,
C). The samples were then subjected to three baths in
Histo-Clear (National Diagnostics, USA) for 1.5 h at
37 ◦C each, before incubation in three baths of paraffin
wax (Thermo Fisher Scientific) for 1 h at 62 ◦C each.
www.thelancet.com Vol 108 October, 2024

http://www.thelancet.com


Articles
Paraffin blocks were sectioned at 4 μm using a RM2255
rotary microtome (Leica, Germany) and dried at 37 ◦C.
Deparaffinization and rehydration of the sections were
carried out in a series of steps. Firstly, sections were
immersed sequentially in three baths of Histo-Clear,
followed by two baths of 100% ethanol, followed by
95%, 70%, 50% ethanol baths, for 5 min each. Lastly, the
sections were left under running tap water for 10 min.
After rehydration, sections underwent antigen retrieval
by heating with Tris–EDTA (pH 9.0) at 95 ◦C for 30 min.
Following antigen retrieval, sections were subjected to
one of the following procedures: immunofluorescence,
immunohistochemistry or H&E staining.

For immunofluorescence staining, sections were
blocked with 5% bovine serum albumin (Biowest,
France) and 0.1% Triton-X (Sigma Aldrich, USA) for
1 h, followed by overnight incubation with anti-human
EGFR antibody (Santa Cruz, Cat #: sc-377073, dilution
1:200) in 5% BSA blocking buffer at 4 ◦C. The sections
were washed with PBS thrice before incubation with
goat anti-mouse IgG Alexa-Fluor 488-conjugated anti-
body (Invitrogen, Cat #: A32723, dilution 1:2000) in 5%
BSA blocking buffer for 1 h at room temperature. The
sections were also counter-stained with Hoechst 33342
(ThermoFisher Scientific, USA) at a 1:500 dilution and
washed three times with PBS. The sections were
mounted with anti-fade mounting media (Vector Labo-
ratories, USA) and visualised using an Olympus FV3000
confocal microscope (Olympus, Japan).

For H&E staining, the sections were stained with
Mayer’s haematoxylin (Abcam, USA) for 1 min. After
washing with water, the sections were dipped in 2%
ammonia (Sigma Aldrich, USA) twice. The sections
were washed with water once and dipped into 70%
ethanol 10 times. Subsequently, the sections were
stained with alcoholic eosin (Abcam, USA) for 30 s.
Following the staining, the sections were dipped in a
series of baths, for 10 dips each. Sections were first
washed in three baths of 90% ethanol, followed by two
baths of 100% ethanol to dehydrate the sections and
finally four baths of Histo-Clear to clear the sections.
The sections were mounted with DPX Mounting solu-
tion (Sigma Aldrich, USA). Images were acquired using
an EVOS M7000 Imaging System (ThermoFisher Sci-
entific, USA).

For immunohistochemistry staining, the sections
were blocked with 5% bovine serum albumin (Biowest,
France) and 0.1% Triton-X-100 (Sigma Aldrich, USA)
for 1 h, followed by overnight incubation with anti-
human EGFR antibody in 5% BSA blocking buffer at
4 ◦C. The sections were washed with PBS thrice before
incubation with goat anti-mouse HRP-conjugated anti-
body (Invitrogen, Cat #: 626520, dilution 1:2000) in 5%
BSA blocking buffer for 1 h at room temperature. The
sections were washed three times with PBS before
staining with the SignalStain® DAB Substrate Kit (Cell
Signaling Technology), following the manufacturer’s
www.thelancet.com Vol 108 October, 2024
instructions. The sections were also counter-stained
using the H&E staining protocol as described above.

Apoptosis of cells in lung tissue sections was evalu-
ated using a TUNEL assay Apoptosis Detection Kit
(Biotium, USA). Tissue sections were dewaxed in three
baths of Histo-Clear (National Diagnostics, USA) for
5 min each, before being dipped in a 1:1 Histo-Clear
and 100% ethanol bath. The tissue sections were
sequentially rehydrated in 100%, 90%, 75% and 50%
ethanol baths before the rehydration in a milliQ water
bath. After dewaxing, antigen retrieval was conducted by
superheating the sections in a microwave oven at the
“High” setting for 15 min, ensuring that the antigen
retrieval solution (Tris EDTA buffer, pH 9.0) reached
boiling. The sections were left to cool down in the an-
tigen retrieval solution for 30 min. Once cooled, sections
were stained with the TUNEL assay kit according to the
manufacturer’s instructions. Sections were also counter-
stained with Hoechst-33342 (Abcam, Cat #: ab228551,
dilution 1:200). To reduce auto-fluorescent signals, a
Vector® TrueVIEW® Autofluorescence Quenching Kit
(Vector Laboratories, USA) was used on the sections
according to manufacturer’s instructions. Sections were
mounted using the VECTASHIELD Vibrance® Anti-
fade Mounting Medium (Vector Laboratories) according
to manufacturer’s instructions. Slides were visualised
using an Olympus FV3000 confocal microscope
(Olympus). Image acquisition was conducted using the
FluoView31S software while further analysis and
quantification was conducted using the QuPath-0.4.4
software.

Statistical analysis
Data are presented as the mean ± standard error of the
mean (SEM). Each data point corresponds to an inde-
pendent biological replicate conducted using different
passages of cells and/or batches of RBCEVs. All statis-
tical analyses were performed using GraphPad Prism 9
(GraphPad Software, USA). To assess significant dif-
ferences between the two groups, two-tailed Student’s t-
test was conducted. To assess significant differences
between multiple groups, one-way or two-way analysis
of variance (ANOVA) was conducted with Tukey’s post-
hoc test. P-value <0.05 was considered statistically sig-
nificant, based on at least three independent replicates.

Role of the funding source
The funder played no role in study design, data collec-
tion, analysis and interpretation of data, or the writing
and submission of this manuscript.
Results
RBCEVs were purified and loaded with ASOs at high
efficiency
RBCEVs were purified from human blood using a pre-
viously established protocol.12 The purity of RBCEVs
7
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was confirmed through Western blot analysis (Fig. 1a),
which demonstrated enrichment in common EV-
specific markers (ALG-2-interacting protein X (ALIX)
and Tumour susceptibility gene 101 (TSG101), as well
as specific RBCEV surface markers (Glycophorin A
(GPA) and Stomatin (STOM)). Notably, the most abun-
dant human RBC membrane proteins (BAND3 anion
transport protein and Haemoglobin subunit α (HBA))
were detected, while the expression of cytoskeleton
protein β-actin (ACTB) and the endoplasmic reticulum
marker Calnexin (CANX) was absent compared to
RBCs, indicating the absence of contamination of EVs
Fig. 1: Characterization of purified RBCEVs and ASO-loaded RBCEVs.
BAND3, CANX, and GAPDH protein expression in RBCs and RBCEVs. (b) T
ASO-loaded RBCEVs (ASO-EVs) at 40× magnification. Scale bar: 200 nm. (c
(ASO-EVs) using REG-1, analysed by agarose gel electrophoresis. (e) Nan
distribution of RBCEVs and ASO-loaded RBCEVs (ASO-EVs) determined b
EVs and ASO-EVs determined by DLS. (h) Zeta potential distribution of
from other blood cells. Transmission electron micro-
scopy (TEM) analysis further confirmed a homogeneous
vesicle-like morphology of isolated RBCEVs (Fig. 1b).

Subsequently, RBCEVs were loaded with ASOs us-
ing REG-1 following our previously established proto-
col.12 Agarose gel electrophoresis was performed to
determine ASO loading efficiency. Fig. 1c & d demon-
strated efficient loading, with an approximately loading
efficiency of 90%. Further confirmation of successful
ASO loading was obtained by quantifying the fluores-
cence signal of FAM-ASO through nanoflow cytometric
analysis (Fig. 1e), showing that 100% of RBCEVs were
(a) Western blot analysis of ALIX, TSG101, ACTB, STOM, GPA, HBA,
ransmission electron microscopy (TEM) images of RBCEVs (EVs) and
-d) Loading efficiency of negative control ASO (NC ASO) into RBCEVs
oflow cytometric analysis of RBCEVs loaded with FAM-ASOs. (f) Size
y dynamic light scattering (DLS). (g) Mean size and polydispersity of
EVs and ASO-EVs determined by DLS method.
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positive for FAM-ASO fluorescence. Dynamic light
scattering analysis revealed no significant change in
mean size (189.8 nm vs. 192.4 nm respectively) and
polydispersity index (0.014 vs. 0.019, respectively) be-
tween unloaded RBCEVs and RBCEVs loaded with
ASOs (Fig. 1g). Zeta potential measurement indicated
an increase in RBCEVs membrane charge from −27 mV
to −21 mV when RBCEVs were loaded with ASOs
(Fig. 1h). These data suggest the successful production
of highly purified, homogeneous RBCEVs, and
demonstrate successful ASO loading without compro-
mising the original physicochemical characteristics.

Specific knockdown of mutant genes in NSCLC
using ASO-loaded RBCEVs
We received three tumour samples from patients with
NSCLC (Fig. S1). Based on the genetic profiling data
from patient-derived cancer samples, we found either
EGFR L858R or T790M mutations present. We there-
fore designed and screened for ASOs that specifically
inhibit these mutants. ASOs were designed using a
Gapmer approach and chemically modified with locked
nucleic acid (LNA), phosphorothioate (PS), and 2′-O-
methoxyethyl (2′MOE) to increase the stability and
specificity of the ASOs (Fig. 2a).

To examine the ability of RBCEVs to deliver ASOs to
lung cancer cells, we loaded RBCEVs with a
fluorophore-labelled ASO and investigated the uptake of
ASO-loaded RBCEVs by H1975 human lung cancer cells
using flow cytometry and confocal microscopy. We
observed that the RBCEVs could efficiently deliver the
ASOs into cancer cells within a few hours of incubation
(Fig. S2), suggesting that RBCEVs are suitable for ASO
delivery to lung cancer cells.

We subsequently examined the specific knockdown
of EGFR with L858R and T790M mutations in
H1975 cells, given that these cells carry both mutations
(Fig. S3a). A549 cells that express WT EGFR were used
as a control cell line. Through qPCR and Western blot
analysis, we demonstrated that RBCEV-delivered EGFR
L858R ASO3 and T790M ASO4 specifically inhibited
EGFR expression at both the mRNA and protein levels
in target cells, with limited effect on the WT EGFR in
A549 control cells (Fig. 2b–e). Based on these data, we
selected L858R ASO3 and T790M ASO4 for down-
stream studies. Importantly, the mutant-specific ASOs
delivered by RBCEVs noticeably reduced the growth of
mutant-bearing cells as determined by the CCK-8 assay,
while minimising cross-reaction in WT gene-
harbouring A549 cells (Fig. S3b and c). We further
examined if the selected ASOs cause any off-target ef-
fects by analysing the expression of genes with at least
70% sequence matching to the sequences of L858R
ASO3 (FMR1, TRMT11, and POU2F3) and T790M
ASO4 (FRY and TFEB). Fig. S3d and e showed no sig-
nificant changes in the expression of these genes, con-
firming the specificity of the selected ASOs. Notably, the
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treatment with RBCEVs loaded with these EGFR
mutant-specific ASOs remarkably decreased the
expression of proteins associated with two primary
EGFR downstream effectors, including AKT and
ERK1/2 (Fig. S3f). These results indicate that RBCEVs
are a suitable platform for delivering ASOs to cancer
cells, and utilising the oncogene-specific ASOs is a
promising approach for cancer treatment as they can
specifically inhibit driver mutations in cancer cells while
sparing the normal WT genes.

Mutant-specific ASOs delivered by RBCEVs exhibit
potent anti-cancer effects in TKI-resistant NSCLC
cells
We next aimed to compare the anti-tumour activity of
our ASO-loaded RBCEVs with three FDA-approved
generations of TKIs, including Icotinib, Afatinib, and
Osimertinib. Initially, we assessed the effects of Ico-
tinib, a first-generation TKI, and Osimertinib, a third-
generation TKI, on EGFR in H1975 cells, which
possess the L858R/T790M co-mutation, through
Western blot analysis. As shown in Fig. S4, only Osi-
mertinib reduced the level of phosphorylated EGFR in
H1975 cells. We next examined the apoptosis induc-
tion in H1975 cells treated with Icotinib, Afatinib, and
Osimertinib, L858R ASO-EVs, and T790M ASO-EVs,
each at a drug concentration of 200 nM, by staining
the treated cells with Annexin V and SYTOX Blue
reagent. As shown in Fig. 3a–b, L858R ASO-EVs and
T790M ASO-EVs outperformed all TKIs in inducing
various stages of apoptosis, namely early apoptosis
(Annexin V+, SYTOX Blue−), necrosis (Annexin V−,
SYTOX Blue+), and late apoptosis (Annexin V+,
SYTOX Blue+).

Subsequently, we treated H1975 cells with various
doses of TKIs and ASOs loaded in RBCEVs and ana-
lysed cell numbers after 48 h using the CCK8 assay
(Fig. 3c). Consistent with the flow cytometric analysis of
apoptosis, the delivery of L858R ASO and T790M ASO
by RBCEVs at 200 nM significantly suppressed the
growth of H1975 cells, surpassing the efficacy of all
three generations of TKIs. This indicates that our ASOs,
targeting mutations at the mRNA level, confer advan-
tages over small molecules targeting the EGFR protein
in terms of anti-tumour efficacy.

Conjugation of RBCEVs with anti-EGFR nanobody
promotes targeted delivery of ASOs to lung cancer cells
We developed a simple and efficient method for conju-
gating α-EGFR-VHHs (specific to human EGFR) to
RBCEVs using copper-free DBCO-azide cycloaddition-
based click chemistry (Fig. 4a). Initially, we modified
the RBCEV surface with reactive Dibenzocyclooctyne
(DBCO-EVs) group and the α-EGFR-VHH with azide
(Azido VHH) using DBCO-conjugated 4-Sulfo-2,3,5,6-
tetrafluorophenyl (STP) ester and 6-Azidohexanoic acid-
conjugated STP ester, respectively. The subsequent
9
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Fig. 2: Antisense oligonucleotides (ASOs) are designed to specifically inhibit EGFR L858R/T790M mutants. (a) Sequences and chemical
modifications of anti-EGFR L858R and anti-EGFR T790M ASOs. (b–e) Knockdown of EGFR in H1975 cells bearing EGFR L858R/T790M mutations
and A549 cells with wild-type EGFR two days following treatment with unloaded or ASO-loaded RBCEVs, as determined by qPCR (b, d) and
Western blot analysis (c, e) (n = 3). The graphs present the mean ± SEM (n = 3 biological replicates). ns – not significant, *P < 0.05, **P < 0.01,
and ***P < 0.001, determined by Student’s two-tailed t-test.
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click reaction between DBCO-modified RBCEVs and
azido-modified VHHs resulted in nanobody-conjugated
EVs (VHH-EVs). Western blot analysis confirmed the
successful conjugation of the nanobody onto RBCEVs,
resulting in an average of ∼200 copies of α-EGFR-VHH
per RBCEV (Fig. S5a and b). Importantly, the conjugation
www.thelancet.com Vol 108 October, 2024
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Fig. 3: RBCEVs loaded with EGFR mutant-specific ASOs exhibit superior anti-cancer effect compared to TKIs. (a) Flow cytometric analysis
of Annexin V/SYTOX Blue staining in H1975 cells 24 h post-treatment with 200 nM of Icotinib, Afatinib, Osimertinib, unloaded RBCEVs (EVs) or
ASO-loaded RBCEVs (L858R ASO-EVs, T790M ASO-EVs). (b) Proportion of early apoptotic (Annexin+, SYTOX Blue−), necrotic (Annexin−, SYTOX
Blue+), and late apoptotic (Annexin+, SYTOX Blue+) H1975 cells treated as described in (A) (n = 3). (c) Relative cell counts of H1975 cells two days
after treatment with Icotinib, Afatinib, Osimertinib, unloaded RBCEVs or ASO-loaded RBCEVs at equal concentrations as shown in (a), determined
by the CCK8 assay (n = 3 biological repeats). The graphs present mean ± SEM. ***P < 0.001, determined using One-Way ANOVA test.
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with α-EGFR-VHH did not significantly alter the size and
charge of the RBCEVs (Fig. S5c–e).

To assess the specificity of EGFR-targeting RBCEVs
towards EGFR-expressing lung cancer cells, α-EGFR-
VHH-conjugated RBCEVs were labelled with Aco-490
dye and incubated with H1975 cells, which highly ex-
press EGFR. Mouse 4T1 breast cancer cells transduced
with a lentivirus carrying a human EGFR expression
vector (4T1-EGFR) were used as a positive control, while
parental 4T1 cells were used as a negative control. To
ensure that any observed effects on cellular uptake were
not attributed to the conjugation process itself, RBCEVs
were also conjugated with an anti-mCherry nanobody
and used as negative control EVs (Ctrl-VHH-EVs). Flow
cytometric analysis revealed that α-EGFR-VHH ligation
on the RBCEV surface significantly promoted the EV
uptake by H1975 and 4T1-EGFR cells, but not by
parental 4T1 cells (Fig. 4b–e).

Subsequently, we sought to confirm whether the
conjugation with α-EGFR-VHH could enhance the
specific delivery of ASO-loaded RBCEVs to lung
tumour cells in vivo. To quantify tumour progression in
live mice, we transduced H1975 lung cancer cells with
a lentivirus carrying reporter genes encoding luciferase
and mCherry (H1975-Luc-mCherry cells) (Fig. S6). The
resulting cells were injected intravenously into NSGS
mice, and tumour growth in the lungs was monitored
using an in vivo imaging system (IVIS) (Fig. 4f). We
next delivered non-targeted and EGFR-targeted
RBCEVs loaded with FAM-ASO via intratracheal
administration to the mice bearing H1975-Luc-
mCherry-tumours. Three hours post-intratracheal de-
livery, the ability of non-targeted and EGFR-targeted
www.thelancet.com Vol 108 October, 2024
RBCEVs in delivering ASO to tumour cells was ana-
lysed. Flow cytometric analysis showed that the
conjugation of RBCEVs with α-EGFR-VHH increased
the delivery of ASO to lung cancer cells, as indicated by
the elevated fluorescent intensity of FAM-ASO in
H1975-Luc-mCherry tumour cells (Fig. 4g). This data
suggests that α-EGFR-VHH conjugation can enhance
specific delivery of ASO-loaded RBCEVs to lung cancer
cells in vivo.

Targeted delivery of mutant-specific ASOs via
RBCEVs conjugated with EGFR-binding nanobodies
enhances anti-cancer efficacy
We first examined if intratracheal delivery of ASO-
loaded EVs could significantly inhibit tumour growth
in the lungs. We generated an orthotopic lung cancer
model using H1975-Luc-mCherry tumour cells as
described above and treated the tumour-bearing mice
every three days with EVs loaded with either NC ASO or
T790M ASO (Fig. S7a). We observed that T790M ASO-
loaded EVs exhibited a markedly higher anti-cancer ef-
fect compared to NC ASO-loaded EVs (Fig. S7b and c).
Furthermore, the expression of EGFR at the tumour
area was significantly decreased in the mice that
received T790M ASO treatment (Fig. S7d). We further
investigated whether our EGFR-targeted delivery strat-
egy improves the overall efficacy of ASOs in inhibiting
cancer growth compared to untargeted delivery. L858R
ASO was loaded into unconjugated RBCEVs or EGFR-
VHH-EVs and delivered to H1975-Luc-mCherry
tumour-bearing mice intratracheally every 3 days
(Fig. 5a). L858R-ASO-loaded RBCEVs exhibited a sig-
nificant tumour inhibitory effect, with a lower luciferase
11
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Fig. 4: Conjugation of RBCEVs with anti-EGFR nanobody promotes targeted delivery of ASOs to lung cancer cells. (a) Schematic for
anti-EGFR nanobody (α-EGFR-VHH) conjugation onto RBCEV surface by copper-free DBCO-azide cycloaddition-based click chemistry. (b)
Flow cytometric analysis reflecting the uptake of Aco-490-labelled RBCEVs ligated with α-EGFR-VHH by 3 tumour cell lines, including human
lung cancer H1975 cells, mouse breast cancer 4T1 cells, human EGFR-expressing 4T1 cells (4T1-EGFR). (c-e) Mean fluorescence intensity
(MFI) of Aco-490 in each cell line after incubation with Aco-490-labelled RBCEVs, including RBCEVs conjugated with α-mCherry nanobody
(Ctrl-VHH-EVs) or α-EGFR nanobody (EGFR-VHH-EVs) (n = 3). (f) Schematic for intratracheal delivery of RBCEV formulations in NSGS mice
bearing lung tumours, generated by injection of H1975-Luc-mCherry cells into the tail vein. (g) Flow cytometric analysis of FAM-ASO signal
in tumour cells isolated from the lungs of H1975 tumour-bearing mice treated with unconjugated and EGFR nanobody-conjugated RBCEVs
(VHH-EVs) loaded with FAM-ASO (n = 3). The graphs present the mean ± SEM. ns – not significant, **P < 0.01, ***P < 0.001 determined by
Student’s two-tailed t-test.
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signal compared to mice receiving NC ASO-loaded EVs.
Remarkably, modifying the RBCEV surface with
α-EGFR-VHH further enhanced the anti-cancer effect of
the ASO (Fig. 5b–c). Importantly, there was no notice-
able toxicity observed in the treated mice, evidenced by
the steady maintenance of body weight throughout the
treatment course (Fig. 5d). We then examined whether
L858R ASO delivered by EGFR-targeted-EVs could
suppress EGFR expression in lung tumours. Through
immunohistochemistry (IHC) staining, we observed the
most noticeable decrease in EGFR protein levels in the
L858R ASO-VHH-EV-treated group, compared to mice
treated with NC ASO-EVs and L858R ASO-EVs (Fig. 5e).
Collectively, these data indicate that targeted delivery via
α-EGFR-VHH-EVs to cancer cells results a higher anti-
cancer efficacy of mutant-targeting ASOs.
www.thelancet.com Vol 108 October, 2024
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Fig. 5: Conjugation of RBCEVs with anti-EGFR nanobody enhances anti-cancer efficacy of RBCEV-delivered ASOs. (a) Schematic for
intratracheal treatment of H1975-Luc-mCherry tumours in NSGS mice with different RBCEV formulations. (b) Representative bioluminescent
images of xenograft mice treated with NC ASO-EVs, L858R ASO-EVs or L858R ASO-VHH-EVs over time. (c) Tumour progression in mice was
quantified using the average bioluminescent signals following treatment with NC ASO-EVs, L858R ASO-EVs, or L858R ASO-VHH-EVs over time
(n = 4 mice). (d) Percentage of change in mouse body weight documented through the course of treatment. (e) Representative IHC images of
EGFR protein expression (brown) in lung tissues of treated tumour-bearing mice at the end of study. The graphs present the mean ± SEM.
*P < 0.05, ***P < 0.001 determined by two-way ANOVA.
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EGFR mutant-specific ASO-loaded RBCEVs
effectively inhibit the growth of TKI-resistant
patient-derived tumour cells
Given that cell line-based xenografts have limited ability
to predict therapeutic responses in clinical settings and
are generated from a limited number of cell lines, they
are thus unable to fully represent the phenotypic di-
versity apparent in human disease. These shortcomings
can be addressed by using the patient-derived xenograft
(PDX) model as it retains morphological properties of
the original tumour specimen, and any metastatic
www.thelancet.com Vol 108 October, 2024
potential from the implantation site. Importantly, PDXs
closely reflect sensitivity to anti-cancer drugs and the
clinical outcome of patients with cancer owing to the
carried-over tumour stroma and replicated murine
stroma.16 It is also noteworthy that PDXs have consistent
biological properties and stable phenotypes across
multiple passages, allowing for the characterization of
genetic mutations present in a specific tumour via
genome sequencing and gene expression profiling,
which may open up the possibility of personalised
therapy.17 Therefore, we examined anti-cancer potency
13
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Fig. 6: EGFR L858R ASO-loaded RBCEVs effectively inhibit the growth of lung tumours in a patient-derived xenograft mouse model with
EGFR mutation. (a) Characteristics of A014 patient-derived lung cancer cells and schematic treatment of A014 tumour in BALB/c nude mice
with intra-tumoural injection of NC ASO-EVs or L858R ASO-EVs. (b) Tumour volume of the A014 tumour-bearing mice over time after the
treatment (n = 4 mice). (c) Weight of tumour masses collected from treated mice at sacrifice. (d) EGFR mRNA expression in tumours from mice
treated with NC ASO- EVs or L858R ASO-EVs examined by qPCR at the end of study. (e) Representative immunofluorescent images of EGFR
staining in tumour sections from treated mice at the end of the study, scale bar 100 μm. (f) Representative TUNEL staining images of tumour
sections from treated mice at the end of the study, scale bar 100 μm. The graphs present the mean ± SEM. *P < 0.05, **P < 0.01 determined by
two-way ANOVA (b) or Student’s two-tailed t-test (d).
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of ASO-loaded EVs in a PDX model generated by
inoculating A014 tumour cells, collected from a patient
with NSCLC who was unresponsive to Gefitinib treat-
ment, into BALB/c nude mice (Fig. 6a). Eight mice with
similar tumour sizes were divided into two groups, after
which they received intra-tumoural injections of either
L858R ASO-EVs (n = 4), or NC ASO-EVs (n = 4) as a
negative control. We observed extensively delayed
tumour growth when mice were injected with L858R
ASO-EVs compared to those treated with NC ASO-
loaded EVs, indicated by a significantly lower tumour
volume (Fig. 6b) and tumour weight (Fig. 6c). To shed
light on the anti-cancer activity of L858R ASO-EVs, we
conducted qPCR analysis and immunofluorescent
staining to determine EGFR levels in the tumours of
treated mice. We observed marked reduction in EGFR at
www.thelancet.com Vol 108 October, 2024
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Fig. 7: Personalised treatment of NSCLC utilising ASOs delivered by RBCEVs. Patient tumours are collected, and tumour cells are sequenced to
uncover the mutation profile. ASOs are designed for targeting oncogenic driver mutations and delivered to tumour cells by RBCEVs. The surface of
RBCEVs is engineered with tumour-targeting nanobodies to improve their homing to target site and internalization into target cells. The ASO-VHH-
EVs platform is subsequently tested on cell line- and patient-derived xenografts for their safety, biodistribution and therapeutic efficiency.
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both mRNA (Fig. 6d) and protein levels (Fig. 6e) in EV-
L858R ASO-treated mice compared to those treated with
NC ASO-EVs. Additionally, we performed a TUNEL
assay to detect apoptosis in PDX tumours. Fig. 6f
showed a remarkably increased number of TUNEL-
positive cells within tumours of mice that received
L858R ASO-EVs, demonstrating the anti-tumour po-
tency of this platform (Fig. 7).

The anti-cancer efficacy of T790M ASO-loaded EVs
in vitro was further confirmed in A003 tumour cells
derived from a patient with NSCLC. This patient had
previously received three lines of treatment, including
afatinib, a combination of carboplatin and pemetrexed,
and a dual PI3K/MEK inhibition therapy. Our results
demonstrated that EVs delivered with T790M ASO
effectively inhibited EGFR expression (Fig. S8a and b),
reduced cell counts (Fig. S8c), and induced tumour cell
death (Fig. S8d and e).

These results demonstrate that our approach of uti-
lising ASOs tailored to specific mutations of individual
patients with NSCLC holds promise of improving
treatment outcomes and addressing challenges associ-
ated with resistance to small molecule drugs in cancer
therapy.
Discussion
NSCLC driven by oncogenic EGFR mutations exhibits a
particularly high prevalence.18 Various combination
www.thelancet.com Vol 108 October, 2024
therapies are being investigated in clinical trials as
alternative interventions for patients with EGFR TKI-
resistant NSCLC, pending the development of an
effective next-generation TKI or other management
strategies.19 Hence, NSCLC treatments may benefit
from the development of new modalities such as nucleic
therapeutics. Recently, tremendous attention has been
directed to nucleic acid therapeutics, including aptam-
ers, small interference RNAs (siRNAs), and antisense
oligonucleotides (ASOs), due to their great potential in
specifically inhibiting currently undruggable targets.
Compared to other therapeutic agents, such as small
molecules, antibodies, and peptides, ASO drugs offer
numerous advantages. Firstly, the screening, designing,
and synthesising ASOs are much less time-consuming
and more cost-effective than that required for chemi-
cal and protein drugs.20 Secondly, chemical modifica-
tions of ASOs are quick and simple.21 Thirdly, the effect
of ASOs is typically limited to mutant-harbouring cells,
thus lowering risks of side effects.22,23 However, their
highly anionic nature and susceptibility to serum nu-
cleases make it difficult for ASOs to enter cells effi-
ciently and function on their own.

Viral vector and non-viral delivery systems using
synthetic materials have been employed to overcome
barriers to safe and efficient nucleic acid delivery.
However, effectiveness of virus-based delivery is limited
due to viral-induced immunogenicity, unwanted
genomic integration, and inability to re-dose.24 With
15
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rapid advances in material sciences and nanotech-
nology, synthetic nanoparticle delivery systems have
shown potential in clinical gene therapy. However, the
use of synthetic nanoparticles typically involves complex
technologies, high cost of scaling-up production, and
potential systemic toxicity.25 Recently, our group has
successfully developed an efficient platform for nucleic
acid delivery using RBCEVs. We have demonstrated that
RBCEVs can be isolated with high yield (up to 1014 EVs
per unit of blood) and high purity.12 Notably, RBCEVs
are quickly internalised by various cancer cell types,
including lung cancer, acute myeloid leukeemia, and
breast cancer cells.13,26,27 We are able to load a wide range
of nucleic acids, including ASOs, siRNAs, immuno-
modulatory RNAs, gRNAs, and Cas9 mRNAs, into
RBCEVs and effectively deliver them into cancer cells
both in vitro and in vivo.12,26,28

In this study, we aimed to capitalise on the advan-
tages of ASOs to target activating EGFR mutations
inherent to NSCLC in an individualised manner (Fig. 7).
This includes the notorious activating EGFR mutations,
L858R and T790M, which confers resistance to tumours
treated with 1st and 2nd generation TKIs. Given that all
activating EGFR mutations are associated with the ATP-
binding pocket, which is the binding site for TKIs,29

targeting EGFR mutants at the mRNA level by ASOs
can overcome any acquired resistance associated with
EGFR mutants and TKIs. The versatility of ASO design
and the rapid ASO synthesis process are remarkable
advantages of the ASO approach for combating drug-
resistant mutations in cancer. By complexing with
RBCEVs, personalised ASOs were efficiently internal-
ised into cancer cells and robustly suppressed EGFR
expression in mutant tumour cells, while sparing the
normal WT gene. Notably, in a parallel comparison, we
found that both L858R and T790M ASOs could suppress
the growth of lung cancer cells bearing L858R/T790M
co-mutations more effectively than FDA-approved
EGFR TKIs at equivalent doses.

More importantly, the ASO-loaded RBCEVs strongly
inhibited the growth of PDX tumours generated from a
patient who experienced a relapse in cancer develop-
ment and resistant to EGFR TKI-treatments, suggesting
the advantages of our approach over the small molecule
approach in targeting point mutations for cancer
treatment.

Although RBCEVs are generally biocompatible, it is
important to test potential side effects of the formulated
RBCEVs. A limitation of our study is the lack of a long-
term toxicity test. While we did not observe any notice-
able toxicity in mice treated with ASO-loaded RBCEVs,
multiple doses of human RBCEVs over a longer period
could potentially trigger an immune response in the
mouse model due to the reactions of the mice to human
proteins on RBCEVs. Purification of mouse RBCEVs is
challenging because of the small blood volume and the
fragile characteristics of mouse RBCs. For a long-term
toxicity study, we will need to identify another animal
model that is more suitable than mice.

Another limitation of EV-based delivery is the routes
of administration. In our project, we utilized intra-
tracheal or intratumoural administration of ASO-loaded
EVs instead of intravenous administration due to the
short half-life of RBCEVs in the bloodstream, where
they are cleared by the reticuloendothelial system (RES).
In a clinical setting, we could deliver the ASO-loaded
RBCEVs to the lungs of a patient with lung cancer via
inhalation. Systemic treatment of cancer metastasis
would require more development of the platform to
improve the half-life and biodistribution of RBCEVs.
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