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A B S T R A C T

Gene silencing modalities including small interfering RNAs (siRNAs) and antisense oligonucleotides (ASOs) have 
prospered in both fundamental research and clinical translations in recent years, with delivery platform being 
one of the key elements for success. Extracellular vesicles (EVs) as natural carriers for cell-cell communication 
have been engineered in a variety of ways as delivery platform for gene silencing, yet facing limited efficiency 
and reproducibility. In this study, we developed a new strategy for engineering EVs as gene silencing tool. A 
minimal RNA-induced silencing complex (RISC), composing of modified Argonaute 2 (AGO2) protein and 
specially designed guide strand RNAs, were encapsulated into EVs and elicited prominent EGFP silencing in 
proof-of-concept study. This modular EVs platform, which we named as minRISC-EVs, efficiently silenced iNOS 
expression in M1 macrophages as well as STAT6/A20 expression in M2 macrophages, enabling macrophages 
polarization towards desired directions. The macrophage modulating ability was further validated in vivo, as 
minRISC-EVs against iNOS alleviated mice lung inflammation in lipopolysaccharide (LPS)-induced acute lung 
injury model, and minRISC-EVs against STAT6/A20 inhibited B16F10 tumor progression in the tumor xenograft 
model. In summary, minRISC-EVs can be utilized as novel gene silencing tool, and hold great promise for clinical 
translation in the future.

1. Introduction

Gene silencing technologies have revolutionized both fundamental 
biological research and therapeutic development, by enabling precise 
modulation of gene expression.1 The current landscape of gene silencing 
technologies encompasses several established approaches, including 
siRNAs and ASOs, each with its own set of advantages and limitations.2,3

A common challenge hindering the application of these tools remains in 
delivery. Current delivery systems, such as synthetic nanoparticles and 
various forms of conjugates, face limitations including immunogenicity, 
off-target effects, and unfavored biodistribution.4

In recent years, extracellular vesicles (EVs) have attracted significant 
attention as naturally derived, biocompatible carriers for various ther
apeutic cargoes.5,6 Derived from multiple cellular origins, EVs comprise 
subtypes such as exosomes and microvesicles and possess a lipid bilayer 
that facilitates the encapsulation and protection of nucleic acids, pro
teins, and lipids from degradation.7 Their intrinsic proper
ties—including low immunogenicity, ability to cross physiological 
barriers, and innate targeting capabilities—present distinct advantages 

over traditional viral and non-viral delivery systems.5,6

Despite their potential, the application of EVs for gene silencing has 
been hindered by technical challenges. Previous engineering strategies 
mostly fell into the following two categories: (1) Exogenous loading 
methods. Chemically synthesized siRNAs or ASOs were loaded into 
purified EVs through direct incubation, electroporation or chemical 
reagent-based transfection.8,9 (2) Endogenous loading methods. Donor 
cells were genetically engineered to overexpress siRNAs or miRNAs, 
such that the secreted EVs were naturally enriched with functional small 
RNAs.8,9 Since exogenous loading methods rely on chemically synthe
sized materials, adding to the cost besides EVs production and purifi
cation, we prefer endogenous loading methods to acquire EVs with 
cargoes ready. Therefore, we set to develop a novel, robust EVs platform 
as gene silencing tool.
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2. Materials and methods

2.1. Cell culture and transfection

Suspension-adapted HEK293 cell line (A23109, Quacell) was 
cultured in OPM-CD05 medium (81075-001, OPM Biosciences) and 
maintained on orbital shaker at 90 RPM in a humidified incubator at 
37 ◦C with 8 % CO2. RAW264.7 (CL-0190, Procell) and B16F10 (CL- 
0319, Procell) were cultured in DMEM medium (11965092, Gibco) 
supplemented with 10 % FBS (A5669701, Gibco) and maintained in a 
humidified incubator at 37 ◦C with 5 % CO2. Cells were passaged every 
2–3 days.

For transfection of HEK293 cells, the cells were seeded to density 
around 2.5E+6 cells/mL. Plasmids were transfected with Transporter 5 
transfection reagent (26008, Polysciences) at 1 μg plasmid/4 μg PEI 
ratio per 1 mL cell culture. The cells were harvested at 72 h post 
transfection.

2.2. EVs isolation from cell culture medium

The cell culture supernatant was first filtered through 0.45 μm filter 
units (SLHPR33RB, Millipore), followed by centrifugation (SW32Ti, 
Beckman Coulter) at 133,900 g at 4 ◦C for 60 min. The crude EVs pellet 
were washed once in PBS, and centrifuged again at 133,900 g at 4 ◦C for 
60 min. The refined EVs were finally resuspended in PBS (10010, Gibco), 
and stored in − 80 ◦C freezer.

2.3. Western blot analysis

The cells or EVs samples were first lysed with RIPA lysis buffer 
(R0010, Solarbio) on ice for 20 min. Then the total protein were quan
tified with MicroBCA protein assay kit (23235, Thermo scientific). After 
that, SDS-PAGE protein loading buffer (BL502A, Beyotime) was added 
into the samples and incubated at 95 ◦C for 10 min. Equal quantity of 
proteins for each sample was loaded onto 4–12 % SurePAGE™, Bis-Tris 
gels (M00653, GenScript). After electrophoresis (170 V, 35 min), the 
proteins were transferred onto PVDF membrane (ISEQ00010, Milli
pore). The membranes were blocked with QucikBlockTM Western 
blocking buffer (P0252, Beyotime) for 1h at room temperature (RT) 
before incubation with primary antibodies overnight at 4 ◦C. After 
extensive washing with TBST wash buffer (ST673, Beyotime), the 
membrane was further incubated for 2h at RT with HRP conjugated 
secondary antibodies. Following extensive washes with TBST buffer, the 
membranes were incubated with Pierce ECL Western Blotting Substrate 
(32209, Thermo scientific) and visualized with Tannon 5200 imager 
(Tannon).

The following antibodies were used: CD9 (abcam, AB263019) 
(1:1000), CD81 (Cell Signaling Technology, 56039S) (1:1000), Calnexin 
(abcam, ab22595) (1:1000), AGO2 (Cell Signaling Technology, 2897), 
VSVG (Santa Cruz, sc-365019), HRP Goat Anti-Rabbit IgG (H + L) 
(ABclonal, AS014), HRP Goat Anti-Mouse IgG (H + L) (ABclonal, 
AS003).

2.4. Transmission electron microscopy

EVs were applied onto the glow-discharged copper grid (200 mesh, 
coated with carbon film). To perform negative staining, 2 % uranyl ac
etate were incubated with EVs at room temperature for 1 min, followed 
by quick wash with distilled water to remove excess stain. The grids 
were air-dried before being imaged under Tecnai G2 transmission 
electron microscope (Thermo FEI, 120 kV).

2.5. Nanoparticle tracking analysis (NTA)

To evaluate the size distribution and concentration, EVs samples 
were freshly diluted at 1000–50,000 fold in 0.22-mm filtered PBS and 

analyzed immediately with ZetaView Nano Particle Tracking Analyzer 
(ParticleMetrix, PMX120-Z).

2.6. RT-qPCR

Total RNA from the cells plated on 96 well plates were first extracted 
and purified using the RNAprep Pure Micro Kit (DP420, TIANGEN). The 
concentration and quality of isolated RNA were detected using a 
NanoDrop (ThermoFisher). Reverse transcription was performed with 
HiScript Ill cDNA Synthesis Kit (R312-01, Vazyme). Next, the cDNA was 
added into the 2xSYBR green qPCR mix (A0012-R2, Ezbioscience), and 
quantitative PCR were analyzed with QuantStudio3 (Applied 
Biosystems).

2.7. Macrophage polarization assay

In polarization experiments, RAW264.7 cells were seeded at 20000 
cells per well in 96-well flat-bottom tissue culture plates and cultured in 
polarizing medium overnight. M1 polarization of RAW264.7 cells was 
induced by 100 ng/mL Lipopolysaccharides (tlrl-3pelps, Invivogen) and 
2.5 ng/mL IFN-γ (575302, Biolegend) for 24 h. M2 polarization of 
RAW264.7 cells was induced by 20 ng/mL IL-4 (574302, Biolegend) for 
24 h.

2.8. EGFP silencing analysis

EGFP stably expressing HEK293 cell line was established in house. 
The cells were seeded at 30000 cells per well in 96-well flat-bottom 
tissue culture plates, before treated with 1E+10 total EVs particles. At 
48 h post treatment, EGFP fluorescence was analyzed under fluorescent 
microscope (Thermo Fisher, EVOS 5000).

To quantitatively analyze EGFP silencing, the cells were harvested 
and resuspended in PBS for flow cytometric analysis. Cellular acquisi
tion was performed using a BD FACS Celesta flow cytometer with a 
minimum threshold of 10,000 events per sample. Data analysis was 
conducted with FlowJo software (v7.6).

2.9. B16F10 tumor xenograft model

Female, 8 weeks old C57BL6/J mice (GemPharmat) were implanted 
with 1E6 B16F10 cells/mice under the right fat pad region. When the 
average tumor volume reached around 60 mm3, the mice were randomly 
grouped for different treatment conditions. Intratumoral injections and 
tumor volume measurement were performed every day for seven days 
consecutively. On last day, mice were sacrificed and tumors were 
excised out and imaged.

2.10. LPS induced acute lung injury model

To establish acute lung injury model, 8 weeks old C57BL6/J mice 
(GemPharmat) were nasal instilled with 50 μL LPS (tlrl-eklps, Inviv
oGen) at 5 mg/kg dose. For EVs treatment, EVs were adminstrated by 
pulmonary nebulization using Micro Sprayer Aerosolizer (Y655650918, 
YuYanbio), at 50 μL volume in PBS per mouse. At the end of the 
experiment, mice were euthanized, and lung, serum and bron
choalveolar lavage fluid (BALF) samples were collected.

2.11. Cytokines analysis in BALF samples

The BALF supernatants were collected, centrifuged at 1000×g for 10 
min at 4 ◦C, and cytokine levels were measured by mouse cytometric 
bead array (CBA) Kit (BD Biosciences). Briefly, 50 μL of samples (BALF 
supernatants) or known concentrations of standard samples (0–5000 
pg/mL) were added to a mixture of 50 μL each of capture antibody bead 
reagent and phycoerythrin (PE)-conjugated detection antibody. The 
mixture was then incubated for 2 h at room temperature in the dark and 
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then washed to remove unbound detection antibody. Data were ac
quired using a FACSCelesta cytometer and analyzed using CBA software 
FACP V3.0.

2.12. Histological analysis

Tissue samples obtained from the C57BL6/J mice were first fixed in 
4 % paraformaldehyde at 4 ◦C overnight, then dehydrated in 30 % (w/v) 
sucrose solution (A610498, Sangon Biotech) for 2 days. The dehydrated 
samples were then embedded in Tissue-Tek O.C.T Compound (4583, 
SAKURA) blocks and frozen overnight. Sections acquired at 5 μm thick 
sections were fixed at 4 % paraformaldehyde for 10 min before staining 
with hematoxylin and eosin (C0105M, Beyotime). Imaging analysis 
were performed under light microscope (MF43N, Mshot).

2.13. Transcriptome sequencing analysis

For mRNA sequencing, 1 μg total RNA was used for following library 
preparation. The poly(A) mRNA isolation was performed using Oligo 
(dT) beads. The mRNA fragmentation was performed using divalent 
cations and high temperature. Priming was performed using Random 
Primers. First strand cDNA and the second-strand cDNA were synthe
sized. The purified double-stranded cDNA was then treated to repair 
both ends and add a dA-tailing in one reaction, followed by a T-A liga
tion to add adaptors to both ends. Size selection of Adaptor-ligated DNA 
was then performed using DNA Clean Beads. Each sample was then 
amplified by PCR using P5 and P7 primers and the PCR products were 
validated. Then libraries with different indexs were multiplexed and 
loaded on an Illumina HiSeq/Illumina Novaseq/MGI2000 instrument 
for sequencing using a 2x150 paired-end (PE) configuration according to 
manufacturer’s instructions.

For microRNA sequencing, 10 ng small RNA was used for library 
preparation. 3′SR Adaptor for Illumina was ligated to the small RNA 
using 3′Ligation Enzyme. To prevent adaptor-dimer, the excess of 3 ′SR 
Adaptor were hybrid with SR RT Primer for Illumina. 5′SR Adaptor for 
Illumina was ligated to the small RNA using 5′Ligation Enzyme and first 
strand cDNA was synthesized using ProtoScript II Reverse Transcriptase. 
Each sample was then amplified by PCR using P5 and P7 primers, the 
PCR products were purified by DNA clean beads. The purified products 
of 140-160bp were recovered and cleaned up using PAGE, validated 
using an Agilent 2100 Bioanalyzer. Then libraries with different indexes 
were multiplexed. The qualified libraries were sequenced pair end 
PE150 on the illumina HiseqXten/Novaseq/MGI2000 System.

2.14. AGO2 ELISA

To determine AGO2 concentration in EVs, the Sandwich ELISA kit 
(FineTest, EH6174) was used according to manufacturer’s protocol. EVs 
were first permeabilized by incubating with lysis buffer (PBS+0.3 % 
TritonX-100) at room temperature for 30 min, before proceeding to 
ELISA quantification.

2.15. Statistical analysis

Experimental replicates were defined in the figure legends for each 
experiment. Statistical analyses were performed in GraphPad Prism 7 
using student’s t-test for experiments with two groups or one-way 
analysis of variance (ANOVA) for experiments with three or more 
groups. Values were expressed as mean ± standard deviation (SD) or as 
mean ± standard error of the mean (SEM), as indicated in the figure 
legends. Significance labeling and p values were presented in figures 
descriptions.

3. Results

3.1. Engineering EVs with a minimal RISC complex for gene silencing

The RNA-induced silencing complex (RISC) mediates endogenous 
RNAi pathway.10 Mechanistically, a guide RNA is indispensable for 
finding the right target mRNA, and Argonaute 2 (AGO2) protein is 
critical for subsequent mRNA degradation or translational repression.10

The presence of AGO2 in complex with small RNAs have been reported 
in naturally secreted, unmodified EVs, which demonstrated gene 
silencing activity at physiological-relevant level.11,12 Several studies 
have tried to enrich the AGO2-RNA complex in EVs for higher gene 
silencing activity, for instance, to elevate AGO2 level in EVs by fusing 
AGO2 with EVs marker protein CD9,13 or to increase small RNA level in 
EVs by overexpressing double strand RNAs in donor cells.14 We noticed 
that those attempts were often focused on improving a particular 
element from this minimal RISC complex (minRISC), without optimizing 
the other factors. Thus, we decided to systematically optimize the en
gineering strategies for encapsulating a minimal RISC complex into EVs 
with high efficiency.

To generate guide RNA for the minimal RISC complex, short-hairpin 
RNA (shRNA) overexpression construct was designed to form the clas
sical “22 + 7” structure: 22 nt sense-strand pairing with 22 nt antisense- 
strand, and 7 nt unpaired region forming the stem-loop (Fig. 1A). Next, 
to load AGO2 protein into EVs with high abundancy, the EVs scaffold 
protein BASP1 was used since it outperformed the majority of EVs 
marker proteins.15 BASP1 was directly fused to the N-terminus of AGO2 
through a flexible (GGGGS)3 linker. The shRNA and AGO2 over
expression cassettes were integrated into one plasmid (minRISC 
plasmid) (Fig. 1A). Finally, to facilitate the endosomal escape of EVs 
cargo following recipient cells endocytosis, the fusogenic protein ve
sicular stomatitis virus G glycoprotein (VSVG) expression construct was 
also included to pseudotype the EVs membrane with VSVG protein 
(Fig. 1A).

To benchmark the silencing efficacy of this initial design, target se
quences against EGFP were designed into the shRNA constructs for 
intuitive EGFP silencing. Suspension-adapted HEK293 cells cultured in 
serum-free medium were used as the EVs donor cells. Three groups were 
set up as follow: VSVG only group (EVs donor cells transfected with 
VSVG plasmid only), minRISC only group (EVs donor cells transfected 
with minRISC plasmid only) and VSVG + minRISC group (EVs donor 
cells transfected with both VSVG and minRISC plasmid). At 72 h post 
transfection, EVs were collected from the culture medium by ultracen
trifugation. Nanoparticle tracking analysis (NTA) revealed that all three 
groups of EVs had similar size distribution, with peak diameter around 
120 nm (Fig. 1B). Transmission electron micrography demonstrated that 
all three groups of EVs presented typical vesicular morphology (Fig. 1C). 
Western blot analysis showed VSVG and AGO2 protein enrichment in 
EVs as expected, and that EVs were positive for CD9, CD81 markers and 
negative for calnexin markers (Fig. 1D).

HEK293 cells stably expressing EGFP were used as recipient cells to 
test the silencing ability of EVs. Total 1E10 EVs particles were added to 
3E4 cells seeded per well, and EGFP fluorescence were evaluated after 
48 h. As shown in Fig. 1E, cells receiving EVs expressing both minRISC 
and VSVG had apparently dimer EGFP fluorescence under microscope, 
whereas VSVG-only and minRISC-only EVs did not affect EGFP fluo
rescence at all. Consistently, flow cytometry analysis revealed that EVs 
expressing both minRISC and VSVG resulted in around 50 % EGFP 
knock-down, in contrast to non-effect from VSVG-only and minRISC- 
only EVs (Fig. 1F–G). In summary, EVs engineered with minimal RISC 
complex and VSVG demonstrated considerable gene silencing ability, 
which we named as minRISC-EVs.

3.2. Optimization of guide RNA precursor design for minRISC-EVs

As the proof-of-concept design was successful, we set out to optimize 
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the performance of minRISC-EVs. To begin with, various strategies had 
been proposed to enhance shRNA-mediated gene silencing efficiency. 
Shortening the stem length of shRNA below 20 nt results in alternative 
processing that bypasses Dicer, resulting in AGO2-specific shRNA 
(agshRNA) with higher silencing efficiency.16 Another shRNA alterna
tive named single-stranded, AGO2-processed interfering RNA (saiRNA), 
utilized a hepatitis delta virus (HDV) ribozyme sequence to generate a 
clean 3′ overhang at sense-strand, were also reported to improve 
silencing ability.17 Therefore, shRNA, agshRNA and saiRNA were 
compared head-to-head in minRISC-EVs system. The agshRNA construct 
was designed as follow: 17 nt antisense-strand base pairing with 17 nt 
sense-strand, with additional 4 nt stem-loop sequences (Fig. 2A). The 
saiRNA fused HDV ribozyme sequence to the 3’ of sense-strand on the 
agshRNA scaffold (Fig. 2A). To note, shRNA, agshRNA and saiRNA 
target sequences were designed for the same EGFP region, to allow 
unbiased comparison.

The minRISC-EVs assembled with either shRNA, agshRNA or saiRNA 
were acquired and showed similar expression level for AGO2 and VSVG 

protein (Fig. 2B). EGFP silencing efficiency evaluation by microscopy 
imaging showed that saiRNA had the best performance among all three 
RNA precursor designs, resulted in significantly dimer EGFP fluores
cence when minRISC-EVs were added to recipient cells at equal number 
(1E10 particles per 3E4 cells) (Fig. 2C). Flow cytometry analysis further 
revealed that minRISC-EVs with saiRNA precursor led to overall 75 % 
EGFP knock-down compared to 60 % by agshRNA and 50 % by shRNA 
(Fig. 2D–E). Hence, saiRNA design was superior and was used for all 
subsequent optimization studies.

3.3. The choice for linker peptides was insignificant for minRISC-EVs 
efficiency

BASP1 is a peripheral membrane protein, anchored to the inner 
leaflet of membranes through N-terminus myristoylation modifica
tion.15 Since RISC complex predominantly localize in the cytoplasmic 
mRNA decay centers known as P-bodies, we reasoned that a cleavable 
linker could relieve AGO2 from the spatial constraint by BASP1, thereby 

Fig. 1. Engineering EVs with a minimal RISC complex for gene silencing. (A) Schematic diagram showing the overexpression constructs design. (B) Nanoparticle 
tracking analysis for EVs overexpressing VSVG only, minRISC only and VSVG + minRISC. (C) Representative transmission electron micrographs of EVs from different 
groups. Scale bar: 100 nm. (D) Western blot analysis for cell lysates and EVs from different groups. (E) Fluorescent microscopy analysis for cells received EVs from 
different groups. Scale bar: 20 μm. (F) Flow cytometry analysis for cells received different groups of EVs. (G) Flow cytometry quantification presented as mean 
fluorescence intensity (MFI) normalized to untreated group; each data point represents at least 10,000 cells. N = 2. Values are plotted as mean ± SD.
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Fig. 2. Optimization of guide RNA precursor design for minRISC-EVs (A) Schematic diagram showing shRNA, agshRNA and saiRNA construct design for minRISC- 
EVs. (B) Western blot analysis for EVs from different groups. (C) Fluorescent microscopy analysis for cells received EVs from different groups. Scale bar: 20 μm. (D) 
Flow cytometry analysis for cells received EVs from different groups. (E) Flow cytometry quantification presented as mean fluorescence intensity (MFI) normalized to 
untreated group; each data point represents at least 10,000 cells. N = 2. Values are plotted as mean ± SD.

Fig. 3. The choice for linker peptides was insignificant for minRISC-EVs efficiency (A) Schematic diagram showing GS linker versus intein linker construct design for 
minRISC-EVs. (B) Western blot analysis for EVs from different groups. (C) Fluorescent microscopy analysis for cells received EVs from different groups. Scale bar: 20 
μm. (D) Flow cytometry analysis for cells received EVs from different groups. (E) Flow cytometry quantification presented as mean fluorescence intensity (MFI) 
normalized to untreated group; each data point represents at least 10,000 cells. N = 2. Values are plotted as mean ± SD.
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improving system efficiency further. The self-cleavable intein linker had 
been successfully used for EVs cargo loading, which enabled cargo 
release from EVs scaffold proteins.18 Therefore, we set out to determine 
if intein linker would outperform GS linker in minRISC-EVs system 
(Fig. 3A). Western blot analysis for harvested EVs revealed AGO2 pro
tein band around 90 kDa for intein linker design, in contrast to ~140 
kDa band for GS linker design, indicating successful AGO2 release from 
BASP1(Fig. 3B). Interestingly, EGFP silencing evaluation showed that 
intein linker only had marginal improvement, with overall silencing rate 
close to that of GS linker (Fig. 3C–E). It appeared that conformational 
constraint of BASP1-AGO2 was not determinative factor in system effi
ciency. As the length of GS linker (15aa) was much shorter that intein 
linker (160aa), we decided to keep GS linker for subsequent studies.

3.4. Optimization of BASP1 length for enriching AGO2 in minRISC-EVs

Finally, we investigated if EVs scaffold protein could be improved. 
BASP1 associates with the inner leaflet of cellular membranes through 
N-terminal myristoylation as well as a polybasic effector domain.15

Previous studies have shown that a minimal peptide from the N-termi
nus of BASP1 were sufficient for robust EVs cargo loading.15 Therefore, 
we compared the performance of the first 10 residues from BASP1 
(BASP1-N10, MGGKLSKKKK) versus BASP1 full length protein 
(BASP1-FL) in minRISC-EVs (Fig. 4A). BASP1-N10 loaded significantly 
higher amount of AGO2 protein into EVs (Fig. 4B). Correspondingly, 
BASP1-N10 version of minRISC-EVs resulted in robust EGFP silencing 
effect, reaching around 95 % EGFP silencing rate compared to 75 % by 
BASP1-FL (Fig. 4C–E). Therefore, BASP1-N10 as the EVs scaffold further 
improved the system efficiency.

3.5. Investigation of various fusogens in mediating minRISC-EVs silencing 
efficacy

The viral fusogen VSVG was indispensable for functions of minRISC- 
EVs, yet it faced limitations for in vivo applications, such as VSVG could 
be inactivated by human serum proteins, and that undesired humoral 
immunity could be induced upon VSVG administration.19–21 To address 
this limitation, we set out to test a VSVG mutant (T230N/T368A) which 
has been reported to resist serum inactivation.22 As demonstrated in 
Supplementary Fig. 1A–B, this serum-resistant VSVG mutant 
(T230N/T368A) had equivalent efficiency to VSVG wild type in medi
ating minRISC-EVs silencing effect. Therefore, at least part of VSVG’s 
limitation can be solved by this mutant form.

Since various fusogens other than VSVG have been tested for 
improved functionality on lentiviral vectors and virus-like particles 
(VLPs), we are curious to see if substituting VSVG with these fusogens 
would benefit minRISC-EVs as well. Several reported fusogens were 
tested to replace VSVG in minRISC-EVs, including Syncytin,23 GP64,24

P14 and P15,25 Myomixer and Myomaker.26 As shown in Supplementary 
Fig. 1C–D, none of these fusogens could replace VSVG in mediating 
minRISC-EVs’ function. We noticed that others have also tested various 
fusogens to pseudotype EVs to facilitate cargo release, and found that 
VSVG was the only fusogen that worked.27 In conclusion, currently 
VSVG is the only choice for minRISC-EVs.

In summary, the optimized minRISC-EVs include the following 
components: (1) saiRNA as the precursor to generate guide RNAs (2) 
BASP1-N10 fused to AGO2 protein through GS linker, to load the min
imal RISC complex into EVs (3) fusogen protein VSVG for enhanced 
endosome escape.

Fig. 4. Optimization of BASP1 length for enriching AGO2 in minRISC-EVs (A) Schematic diagram showing BASP1 full length versus BASP1-N10 construct design for 
minRISC-EVs. (B) Western blot analysis for EVs from different groups. (C) Fluorescent microscopy analysis for cells received EVs from different groups. Scale bar: 20 
μm. (D) Flow cytometry analysis for cells received EVs from different groups. (E) Flow cytometry quantification presented as mean fluorescence intensity (MFI) 
normalized to untreated group; each data point represents at least 10,000 cells. N = 2. Values are plotted as mean ± SD.
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3.6. Time course analysis for minRISC-EVs silencing efficacy in vitro

The optimization process for minRISC-EVs focused on evaluating 
silencing effect in short term (48 h). To investigate at a longer time scale, 
time course analysis was performed. A single dose of minRISC-EVs tar
geting EGFP were added to the EGFP-expressing HEK293 cells, and the 
EGFP silencing effect were evaluated for six consecutive days. As shown 
in Supplementary Fig. 2, the silencing efficacy by minRISC-EVs was 
highest at day 2 to day 3 post treatment, reaching around 80 % knock- 
down rate. At day 4 to day 6, the knock-down rate was gradually 
decreasing, quantified at 52 %, 39 % and 24 % respectively. Therefore, 
minRISC-EVs possess relatively short-term silencing ability (4 days in 
maximum).

3.7. Quantification of AGO2 protein level in minRISC-EVs

The dosage information of minRISC-EVs mainly relied on particles 
number as quantified by NTA analysis. To explicitly know how many 
cargoes were getting actively loaded into minRISC-EVs, ELISA analysis 
was performed to quantify AGO2 protein. Wild type EVs from non- 
engineered cells as well as minRISC-EVs were equally adjusted to 
1E+12 particles/mL, before membrane permeabilization and AGO2 
quantification. Interestingly, wild type EVs only contained low con
centration of AGO2 proteins at 2.5 ng/mL, whereas minRISC-EVs 
enriched significantly higher amount of AGO2 at 250 ng/mL 
(Supplementary Fig. 3A–B). As converted to molecular numbers, each 
wild type EVs particle contained in average 0.015 AGO2 molecule, in 
contrast to 1.5 AGO2 molecule per minRISC-EV (Supplementary 
Fig. 3C). The engineering strategy effectively led to 100-fold enrichment 
for AGO2 protein cargo.

3.8. Global transcriptome analysis for minimal RISC complex EVs 
recipient cells

Although minRISC-EVs potently silenced EGFP expression, it was 
unknown whether significant off-target effect was present. Therefore, 
we performed transcriptome analysis for EGFP expressing HEK293 cells 
post minRISC-EVs silencing, to reveal gene expression changes globally. 
To begin with, mRNA sequencing was performed for untreated cells 
versus EGFP-silenced cells (Supplement Fig. 4A). Triplicate samples 
were set up for each group, and the significance threshold was deter
mined as at least two-fold differential expression with adjusted p-value 
less than 0.05. Among around 250,000 total mRNA transcripts, 55 genes 
were significantly up-regulated and 55 genes were significantly down- 
regulated following minRISC-EVs treatment (Supplement Fig. 4B). 
Top-10 differential expressed genes were presented in heat map, and 
EGFP was the top-6 most down-regulated with around 75 % knock-down 
(Supplement Fig. 4C). None of essential house-keeping genes were found 
to be significantly affected.

Next, microRNA sequencing was performed for untreated cells 
versus EGFP-silenced cells (Supplement Fig. 4D). Triplicate samples 
were set up for each group, and the significance threshold was deter
mined as at least two-fold differential expression with adjusted p-value 
less than 0.05. Among around 3000 total microRNA transcripts, 22 were 
significantly up-regulated and 14 were significantly down-regulated 
following minRISC-EVs treatment (Supplement Fig. 4E). Top-10 differ
ential expressed transcripts were presented in heat map (Supplement 
Fig. 4F). Notably, the EGFP antisense strand was top-1 up-regulated 
sequences, quantified with more than 32,000-fold elevation, whereas 
the EGFP sense strand was not found at all in recipient cells. This result 
indicated that the saiRNA design worked as expected, in which 
minRISC-EVs delivered the target RNA strand but not the passenger 
strand to recipient cells with high efficiency.

Based on the high-throughput sequencing results, minRISC-EVs had 
minimal off-target effect in recipient cells’ mRNA and microRNA tran
scriptome. One of the key reasons could be the lack of passenger strand 

in minRISC-EVs during biogenesis, thus eliminating the off-target effect 
in recipient cells deriving from passenger strand.

3.9. minRISC-EVs efficiently silenced STAT6 and A20 in M2 macrophage 
in vitro, and inhibited B16F10 tumor progression in xenograft model

To test if minRISC-EVs could efficiently silence target genes other 
than EGFP, we selected macrophage polarization genes for validation. 
The alternatively activated macrophages (M2 macrophages) are asso
ciated with anti-inflammatory reactions and tissue remodeling.28 The 
signal transducer and activator of transcription 6 (STAT6) drives the M2 
phenotype of macrophages.29,30 Additionally, A20, also called tumor 
necrosis factor alpha induced protein 3 (TNFAIP3), is an endogenous 
negative regulator of NF-κB signaling, which has also been reported to 
drive the M2 polarization of macrophages.31 Here, we selected both 
STAT6 and A20 as targets in M2 macrophages.

RAW264.7 cells were first polarized towards M2 phenotype by in
duction with interleukin-4 (IL-4), followed by treatment with minRISC- 
EVs targeting STAT6 or A20 for 48 h (Fig. 5A). Dose-dependent knock- 
down of both STAT6 and A20 were observed, with maximal knock-down 
efficiency over 80 % at highest dose (1.2E10 particles per 3E4 cells) 
(Fig. 5B). In contrast, the minRISC-EVs loaded with scramble sequences 
did not result any target genes knock-down (Fig. 5B). Correspondingly, 
3- to 7-fold up-regulation of pro-inflammatory cytokines such as IL-1β, 
IL-6 and IL-12 were observed, indicating efficient pro-inflammatory 
conversion of M2 macrophages post minRISC-EVs treatment (Fig. 5C).

Since minRISC-EVs successfully modulated M2 macrophage driver 
gene expression and elevated the pro-inflammatory phenotypes in vitro, 
we set out to test if similar effect could be retained in vivo. B16F10 
melanoma xenograft model was established in C57BL6/J mice. The 
minRISC-EVs against STAT6 and A20 were combined at 5E10 particles 
each, for intratumor injection for seven days consecutively (Fig. 5D). 
Immune checkpoint inhibitors PD1 antibody was included as mono
therapy, as well as in combination therapy with minRISC-EVs to see if a 
synergistic effect could be produced. B16F10 tumor expanded rapidly in 
PBS treated groups as well as minRISC-Scramble treated groups, 
whereas minRISC-STAT6/A20 administration significantly inhibited 
tumor growth as measured by tumor size and tumor mass (Fig. 5E–F). 
Notably, minRISC-EVs monotherapy resulted in similar tumor inhibiton 
efficacy to PD1 monotherapy (Fig. 5E–F). However, the combination of 
minRISC-EVs and PD1 antibody did not lead to greater inhibitory effect, 
as similar tumor mass/weight were observed in comparison to either 
monotherapy (Fig. 5E–F). In summary, minRISC-EVs showed consistent 
efficacy in animal models as well.

3.10. minRISC-EVs efficiently silenced iNOS in M1 macrophage in vitro, 
and alleviated LPS-induced acute lung inflammation model

At the other direction of macrophage polarization, classically acti
vated macrophages (M1 macrophages) are pro-inflammatory and have a 
central role in host defense against infection.28 Inducible nitric oxide 
synthase (iNOS) expression served as a hallmark of M1 macrophages, 
contributing to the pro-inflammatory phenotype, making it a promising 
therapeutic target in inflammatory diseases. Therefore, to validate the 
effect of minRISC-EVs against iNOS on M1 macrophages, RAW264.7 
cells were first polarized towards M1 phenotype by induction with 
lipopolysaccharide (LPS) and interferon-γ (IFN-γ). Next, minRISC-EVs 
against iNOS were added to those M1 cells (1.2E10 particles per 3E4 
cells), followed by qPCR analysis for gene expression changes at 48 h 
post treatment (Fig. 6A). Around 60 % silencing efficiency was observed 
for minRISC-iNOS EVs, in contrast to the no effect from minRISC-EVs 
loaded with scramble sequences (Fig. 6B). At the phenotype level, 
iNOS knock-down by minRISC-EVs efficiently decreased the expression 
of pro-inflammatory cytokines including IL-1β, IL-6 and IL-12, indi
cating successful anti-inflammatory modulating effect as expected 
(Fig. 6C).
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Fig. 5. minRISC-EVs efficiently silenced STAT6 and A20 in M2 macrophage in vitro, and inhibited B16F10 tumor progression in xenograft model (A) Schematic 
diagram showing RAW264.7 macrophages were first polarized towards M2 phenotype with IL-4, followed by minRISC-EVs treatment for 48 h. (B) QPCR analysis for 
STAT6 and A20 mRNA changes in minRISC-EVs treated M2 cells. EVs doses ranged from 1.5E+9 total particles to 1.2E+10 total particles. N = 3. (C) QPCR analysis 
for IL-1β, IL-6 and IL-12 mRNA changes in different groups. N = 3. (D) Schematics of B16F10 xenograft model in C57BL/6J mice. B16F10 cells were first implanted 
subcutaneously and grew to appropriate size, followed by minRISC-EVs intratumorally injection for 7 consecutive days. Mice were euthanized at day 7 for analysis. 
(E) Images of tumor at end point for different treatment groups.N = 5 (F) Tumor mass measurement at end point for different treatment groups. N = 5. ***: p <
0.001. ****: p value < 0.0001.

Fig. 6. minRISC-EVs efficiently silenced iNOS in M1 macrophage in vitro, and alleviated LPS-induced acute lung inflammation model (A) Schematic diagram showing 
RAW264.7 macrophages were first polarized towards M1 phenotype with LPS and IFN-γ, followed by minRISC-EVs treatment for 48 h. (B) QPCR analysis for iNOS 
mRNA changes in minRISC-EVs treated M1 cells. N = 3. (C) QPCR analysis for IL-1β, IL-6 and IL-12 mRNA changes in different groups. N = 3. (D) Schematics of acute 
lung injury model in C57BL/6J mice. A single dose of LPS nasal drip was administrated at day 0, followed by minRISC-EVs (against iNOS) administration for two 
consecutive days by nebulization. Mice were euthanized at day 3 for analysis. (E) Pro-inflammatory cytokines analysis in BALF from different groups. N = 8. ****: p 
value < 0.0001. (F) H&E analysis for lung sections from different groups. Scale bar: 500 μm (4x); 100 μm (20x).
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Next, acute lung injury model was established in C57BL/6J mice by a 
single dose of LPS nasal drip, to evaluate if minRISC-EVs against iNOS 
treatment could alleviate lung inflammation (Fig. 6D). Following EVs 
administration by nebulization for two consecutive days (5E10 particles 
per dose), bronchoalveolar lavage fluid (BALF) were collected and 
analyzed for inflammatory cytokines level. As shown in Fig. 6E, LPS 
treatment induced high level of IL-12 and IFN-γ in BALF, whereas 
minRISC-EVs treatment significantly reduced these cytokines level. 
Hematoxylin and eosin (H&E) staining for lung sections revealed that 
LPS resulted in apparent interstitial and alveolar edema, as well as 
massive recruitment of lymphocytes into peribronchial, perivascular, 
and alveolar regions, whereas minRISC-EVs treatment significantly 
alleviated these histopathological changes (Fig. 6F). Therefore, 
minRISC-EVs targeting iNOS demonstrated potent anti-inflammatory 
effect in vivo as well.

4. Discussion

Multiple strategies have been developed to engineer EVs as gene 
silencing tools, yet generally facing limited efficacy and 
reproducibility.32,32–34 Here we performed systemic optimization for 
encapsulating a minimal RISC complex into EVs, considering the guide 
RNA precursor design, AGO2 enrichment strategy, effect of distinct 
peptide linkers and the incorporation of membrane fusogen VSVG, 
which eventually led to robust gene silencing effect by the engineered 
EVs named as minRISC-EVs. We believe minRISC-EVs can serve as 
benchmark for utilizing EVs as gene silencing tool.

Target genes modulating either M1 or M2 macrophage phenotypes 
were chosen for minRISC-EVs validation in this study. The tumor- 
associated macrophages (TAMs) represent a critical target cell popula
tion for cancer therapy, and STAT6 is one of the key drivers for the 
immunosuppressive M2 phenotype.29,30,35 Exosome-mediated delivery 
of nucleic acids targeting STAT6 had proved efficacy in tumor growth 
inhibition in mice models 36–42, and had also entered Phase 1 clinical 
trial for evaluation (NCT05375604). Here minRISC-EVs provide alter
native method for STAT6 silencing without the need for chemically 
synthesized nucleic acids, which is highly advantageous in terms of cost. 
On the other hand, dysregulated iNOS has been implicated in numerous 
pathologies with no approved therapeutics to this date.37 While small 
molecule is the main modality of iNOS inhibitors being developed, we 
here provide an RNA silencing approach with EVs as carrier, which 
could potentially overcome bottlenecks faced from other modalities.

Although minRISC-EVs demonstrated great potential in both cellular 
assays and animal models, a few limitations remained to be addressed. 
To start with, currently minRISC-EVs only possess short-term silencing 
ability (4 days in maximum). The long-term effect is absolutely the key 
for success in current gene silencing therapy, which is hypothesized to 
be attributed to several factors. Critically, majority of siRNA drugs are 
chemically modification on backbone, which help resist the degradation 
in lysosomes upon endocytosis.38 Therefore, lysosomes can serve as 
depot to allow slow and steady releasing of siRNA drugs. Although 
minRISC-EVs’ strength is the bio-generated guide RNAs with 
bio-generated delivery platform in ready form, it had to suffer from the 
short-term efficacy due to lack of chemistry modification. Next, the 
exact concentration of guide RNAs in minRISC-EVs were not quantified 
in this study. This information will be essential in determining the 
dosage effect for further studies. Since the AGO2 protein was quantified 
to 1.5 copy per minRISC-EV, it could be estimated that 1.2 nM guide 
RNAs were present in minRISC-EVs at 1E12 particle/mL, provided that 
50 % AGO2 molecules were loaded with guide RNAs. Nonetheless, more 
accurate quantification method should be developed to determine the 
exact number.

For broadening the applicability of minRISC-EVs, several directions 
hold great promises. Currently, simultaneous multigene silencing by 
minRISC-EVs can only be achieved by combining multiple EVs prepa
rations. This may be improved by integrating multiple precursor RNAs 

into one overexpression plasmid, such that a single preparation of 
minRISC-EVs could have multiple target RNAs ready. Furthermore, 
combining this minRISC-EVs framework with other EVs engineering 
strategies, for instance loading of additional small molecules for broader 
function,8,9 or loading of surface targeting moiety for delivery to specific 
cell types,39 could substantially improve the applicability of 
minRISCs-EVs for both fundamental research and clinical translations in 
future.
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