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SUMMARY
Silencing resistance genes of pathogenic bacteria by RNA interference (RNAi) is a potential strategy to fight
antibiotic-resistant bacterial infections. Currently, RNAi cannot be achieved in bacteria due to the lack of
RNA-induced silencing complex machinery and the difficulty of small interfering RNA (siRNA) delivery.
Here, we show that exosomal siRNAs can be efficiently delivered into bacterial cells and can silence target
genes primarily through translational repression without mRNA degradation. The exosomal Argonaute 2
(AGO2) protein forms a complex with siRNAs, which is essential for bacterial gene silencing. Both in vitro
and in vivo-generated exosome-packaged siRNAs resensitize methicillin-resistant Staphylococcus aureus
(MRSA) to methicillin treatment by silencing the mecA gene, which is the primary beta-lactam resistance
determinant of MRSA. This approach significantly enhances the therapeutic effect in a mouse model of
MRSA infection. In summary, our study provides a method for siRNA delivery to bacteria that may facilitate
the treatment of antibiotic-resistant bacterial infection.
INTRODUCTION

Multidrug-resistant bacteria pose a major threat to human

health.1,2 As the introduction of new drugs is significantly

slower than the spread of antibiotic resistance, new therapeutic

strategies for drug-resistant bacteria are urgently needed.

Bacteriophages are promising for the treatment of infections

by antibiotic-resistant strains; however, concerns regarding the

immune response and phage resistance still need to be ad-

dressed.3 Deleting bacterial virulence genes or antibiotic resis-

tance genes does not put high selective pressure on pathogens,

so it is a potential strategy against superbacteria. Advances in

CRISPR techniques for gene editing in prokaryotic cellsmay pro-

vide a new opportunity in this regard. However, current bacterial
Cell Reports Medicine 6, 101997, M
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gene-editing efforts are limited to model microorganisms.4 In

addition, the transportation of CRISPR-Cas machinery (e.g.,

plasmids) into drug-resistant bacteria is generally challenging,5

and highly efficient in vivo delivery systems have not yet been

established.

We speculate that the manipulation of bacterial genes at the

transcriptional level is a potential strategy to fight antibiotic-

resistant bacterial infections by silencing their resistance genes.

In eukaryotes, small RNAs (sRNAs) regulate the post-transcrip-

tional gene expression of targets with complementary se-

quences through RNA interference (RNAi), and a number of

sRNA drugs have been used in the clinic.6–9 However, sRNAs

have not been applied to regulate bacterial genes due to the

lack of RNAi regulatory machinery, i.e., RNA-induced silencing
arch 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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complexes (RISCs), in bacteria.10 In addition, efficient methods

for delivering sRNAs to bacteria in vivo are not currently avail-

able. Extracellular vesicles (EVs) are common secretory vesicles

that allow the intercellular exchange of biomolecules in both eu-

karyotes11,12 and bacteria.13 For example, in mammals, circu-

lating microRNAs (miRNAs) are often encapsulated in EVs called

exosomes, through which miRNAs are delivered into long-dis-

tance recipient cells at low concentrations14,15; RISC proteins,

including Argonaute 2 (AGO2), a key component of the RNAi

machinery that guides the function of secreted miRNAs in

mammalian recipient cells,16 are also packaged in exosomes.17

Therefore, exosomes hold great potential as delivery vehicles for

the transport of sRNAs and RNA regulatory machinery into

bacteria.

RESULTS

Exosomes efficiently mediate the delivery of sRNA into
E. coli cells
To investigate the interaction between exosomes and bacteria,

we chose the gram-negative bacterium Escherichia coli as a

model because it is a common component of the gut microbiota,

and some strains are listed as drug-resistant pathogens. To pre-

pare exosomes containing small interfering RNA (siRNA),

HEK293T cells were transfected with the synthetic double-

stranded RNA (dsRNA) siAda, the guide strand of which is fully

complementary to a coding region of the ada methyltransferase

gene involved in DNA damage repair (Table S1).18 Exosomes

secreted by transfected HEK293T cells, named siAda-Exos,

were purified from the culture medium, and the content of siAda

guide strand (hereafter called siAda) in siAda-Exos was deter-

mined to be 0.3 fmol/(mg exosome) by quantitative reverse-tran-

scription PCR (qRT-PCR) (Figures S1A–S1C). E. coli cells were

then cocultured with 200 mg/mL siAda-Exos in Luria-Bertani

(LB) medium for 6 h before harvesting. The resulting E. coli cells

were shown to contain 9.0 fmol siAda molecules/108 E. coli cells

(an average of 56 copies per E. coli cell) (Figure 1A; Figure S1D).

In contrast, no siAda uptake by E. coli was detected when an

equal amount of free siAda molecules (0.06 nM) was supplied

in the LB culturemedium. To exclude the possible effect of trans-

fection complexes copurified with exosomes, E. coli was cocul-

tured with lipofectamine-loaded siAda instead of siAda-Exos,

which resulted in no detectable siAda delivery into E. coli (Fig-

ure 1A). Thus, the packaging of siAda by exosomes is essential

for its delivery into E. coli. The uptake of siAda by E. coli was

most efficient in the logarithmic phase of growth and dependent

on the dose of siAda-Exos supplied in the culture medium (Fig-

ure S2). Furthermore, the delivery of siAda appears to be more

than just a diffusion process, as the final concentration of siAda

inside E. coli cells (estimated to be �0.6 nM) was 60-fold higher

than that in the culture medium (�0.01 nM) (Figure S1E). To

examine whether sRNA transport is dependent on the origins

of the exosomes, E. coli were cultured with exosomes secreted

by various human cell lines, including HEK293T, A549, SW480,

TE-10, Caco-2, and SGC-7901 cells. miR-16, an abundant hu-

man exosomal miRNA,19 was detected in all E. coli samples (Fig-

ure S1F), indicating the generality of sRNA delivery mediated by

human cell-derived exosomes. Collectively, our data show that
2 Cell Reports Medicine 6, 101997, March 18, 2025
exosomes secreted by human cells can efficiently deliver sRNAs

into E. coli.

Exosomes deliver sRNAs into the cytoplasm of E. coli
cells
To investigate the distribution of sRNA after delivery, exosomes

containing Cy3-labeled siAda were prepared and cocultured

with E. coli cells. Cy3 fluorescence was observed in the cyto-

plasm but not on the membrane of E. coli cells, confirming that

siAda entered the cells instead of attaching to the bacterial mem-

brane (Figure 1B). When E. coli cells were cocultured with exo-

somes membrane labeled with PKH67, PKH67 fluorescence

was detected specifically on the membrane of E. coli cells, sug-

gesting that the lipid components of exosomes were integrated

with the membrane of E. coli (Figure 1C). Immunogold transmis-

sion electron microscopy (TEM) analysis indicated that CD63, a

human exosomal membrane protein, was found mainly near the

membranes of E. coli cells treated with exosomes, whereas the

AGO2 protein, a key component of the RISC packaged in exo-

somes,17 was distributed in the bacterial cytoplasm (Figure 1D).

In addition, sRNA profiling identified 26 human exosomal

miRNAs in the E. coli sample, indicating that both siRNAs and

miRNAs were transported into E. coli cells (Tables S2 and S3;

Figure S1G). A transient interaction between E. coli and exo-

somes revealed by TEM analysis indicated that exosomes

adhered to E. coli cells at the region where the bacterial cell

wall was disintegrated, implying that disintegration of the

E. coli membrane might be necessary for the uptake of exo-

somes (Figure S3). This phenomenon is similar to the fusion

between E. coli cells and the outer membrane vesicles of

P. aeruginosa.20 Together, our data indicate that during the up-

take of exosomes by E. coli cells, internal exosomal components

are released into the bacterial cytoplasm, whereas the mem-

brane components of exosomes are integrated with the bacterial

membrane.

sRNAs delivered by exosomes silence target genes in
E. coli

Dose-dependent downregulation of Ada expression was

observed in E. coli into which siAda was successfully delivered

by siAda-Exos compared with samples treated with negative

control RNA (ncRNA)-Exos (Figure 2A). ncRNA is a scrambled

dsRNA (Table S1), and like siAda, it is processed in mammalian

cells into a single guide strand that is loaded into AGO2 and exo-

somes. We have predicted that ncRNA has no specific target in

the genome of E. coli or methicillin-resistant Staphylococcus

aureus (MRSA). The mRNA level of the ada gene, however,

was not decreased (Figure 2B), suggesting that the silencing of

the ada gene was primarily caused by translational repression

and not mRNA degradation.21 To provide insights into the mech-

anism of Ada protein expression downregulation, free siAda was

electroporated into E. coli cells. Neither adamRNA nor Ada pro-

tein expression levels were affected (Figures S4A–S4C), sug-

gesting that the downregulation of Ada protein expression was

not a result of siAda-mediated endogenous bacterial RNA regu-

latory pathways in E. coli.22 We next speculated that gene

silencing was facilitated by exosomal components cotransferred

into E. coli. Immunoprecipitation (IP) analysis indicated that in



Figure 1. Human exosomes deliver sRNAs

into E. coli

(A) Dose-dependent delivery of siAda into E. coli by

exosomes. E. coli were cultured with 50, 100, or

200 mg/mL ncRNA-Exo or siAda-Exo, free siAda

(0.06 nM), or lipofectamine-incubated siAda

(lipo-siAda, 100 fmol/mL) for 6 h. siAda concen-

trations corresponding to different doses of siAda-

Exo were 15, 30, and 60 fmol/mL, respectively. The

amount of siAda transferred into E. coli was

determined by qPCR (n = 4). The data represent

mean ± SEM of four biological replicates.

(B) E. coli was cultured with exosomes containing

Cy3-conjugated siAda (red) or control exosomes.

PKH67 (green) was employed to label and show

the location of the membrane of E. coli. DAPI (blue)

was employed to stain DNA in E. coli cells. Images

were acquired by confocal microscopy. Scale

bars, 10 mm (and 5 mm for enlarged images).

(C) E. coli was cultured with PKH67-labeled exo-

somes (green) or control exosomes. The mem-

branes of E. coli cells were stained and indicated

with FM4-64 (red). Images were acquired by

confocal microscopy. Scale bars, 10 mm (and 5 mm

for enlarged images).

(D) Representative immuno-TEM images of im-

munogold labeling of CD63 and AGO2 in E. coli

incubated with exosomes. Gold particles are

depicted as black dots. Scale bars, 100 nm.

See also Figures S1–S3; Tables S2 and S3.
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Figure 2. siAda-Exos downregulate the expression of the ada gene in E. coli

(A) Dose-dependent downregulation of Ada protein expression by siAda-Exos. The expression levels of Ada protein in E. coli cultured with ncRNA-Exos or siAda-

Exos were determined by western blotting. DnaK was used as a loading control. Lower: quantification of normalized expression levels (n = 3). The asterisks

indicate significant differences between ncRNA-Exo and siAda-Exo.

(B) adamRNA expression in E. coli cultured with 200 mg/mL ncRNA-Exos or siAda-Exos was quantified by qPCR with 16S rRNA as a reference, and the relative

RNA level was determined (bottom, n = 3). Top: ada mRNA expression was determined by semiquantitative PCR in triplicate.

(C) IP of the AGO2 protein in siAda-Exos. Total siAda (input) and AGO2-associated siAda (IP-AGO2) levels were determined by qRT-PCR (n = 3). IgG was used as

a negative control for IP.

(D) IP of the AGO2 protein in E. coli cultured with siAda-Exos. The amount of siAda in the total E. coli cell lysate (input) and the AGO2 IP sample (IP-AGO2) was

determined by qRT-PCR (n = 3). IP-IgG was used as a negative control.

(E and F) E. coli was incubated with 100 mg/mL siAda-Exo (34 fmol/mL of siAda) or 200 mg/mL siAda-ExoAGO2-KD (38 fmol/mL of siAda). The increased input of

siAda-ExoAGO2-KD aims to achieve equal amount of siAda delivered into E. coli as siAda-Exo. The expression levels of Ada protein (E) and ada mRNA (F) were

quantified by western blotting using DnaK as a loading control, and qPCR with 16S rRNA as a reference, respectively.

(legend continued on next page)
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siAda-Exos, the majority of siAda was associated with the AGO2

protein (Figure 2C). These AGO2-siAda complexes were well

preserved through the exosome-mediated delivery process

and detected in the lysate of E. coli cells treated with siAda-

Exos (Figure 2D). Studies have shown that human AGO2

bound to a miRNA or an siRNA is sufficient to accurately target

and silence target RNAs.23,24 Therefore, the exosomal AGO2-

siAda complex is likely involved in gene silencing in E. coli after

being delivered into gram-negative bacteria. To investigate the

role of AGO2 in siAda-induced gene silencing in E. coli, siAda-

ExosAGO2-KD were prepared from AGO2-knockdown HEK293T

cells (Figure S5A). The amount of AGO2 in the resulting exo-

somes was significantly decreased to �15% of that in the con-

trol. The downregulation of Ada protein expression by siAda

was reversed by AGO2 knockdown, in spite of the same amount

of siAda delivered into E. coli (Figures 2E and 2F; Figures S5B

and S5C). This indicates that AGO2 is responsible for siAda-

mediated gene silencing. To determine whether full complemen-

tarity was required for gene regulation in bacteria, we introduced

mutations into the siAda sequence in different locations (Fig-

ure 2G). The translational repression of the target bacterial

gene by exosomal siRNA was still observed when the siRNA

sequence was mutated by four nucleotides in the 30 end, but
not in the 50 end or in the middle (Figure 2H; Figure S6A). The

result indicates that exosome-mediated RNAi may function

with imperfectly matched sequences. Then, we introduced

more mutations into the functional siAda-mut2, but the

sequence with additional mismatches lost the gene regulation

function (Figures S6B and S6C), which indicated that 4-nt mis-

matches may be the limit.

Exosome-delivered siMecA reduces the drug resistance
of gram-positive MRSA by silencing the mecA gene
The gram-positive pathogen MRSA is a frequent cause of fatal

infections in humans25 and contains a chromosomally localized

drug-resistant mecA gene encoding penicillin-binding protein

2a (PBP2a).26 We explored whether exosomes can deliver

sRNAs targeting the mecA gene into MRSA and reduce its anti-

biotic resistance by downregulating the expression of PBP2a.

Exosomes containing siMecA guide strand (hereafter called si-

MecA, which is fully complementary to a coding region of the

mecA gene), named siMecA-Exos, were prepared in the same

way as siAda-Exos. After coculturing a community-associated

(CA)-MRSA USA400 (MW2) strain with 200 mg/mL siMecA-Exo,

a concentration of 17.5 fmol siMecA molecules/108 MRSA cells

(an average of 105 copies per cell) was achieved, and siMecA

was successfully delivered into MRSA (Figure 3A; Figure S7A;

Table S1). The delivery of siMecA strictly required the packaging

of exosomes, as the addition of free siMecA or lipofectamine-

incubated siMecA to the culture medium led to no siMecA up-

take by MRSA (Figure 3A). Delivery was most efficient during

the logarithmic phase of MRSA growth (Figure S8). As expected,
(G) Diagram of base-pairing between the target adamRNA and antisense strands

(H) E. coli was incubated with 200 mg/mL ncRNA-Exo, siAda-Exo, or siAda-mut E

DnaK was used as a loading control. Right: quantification of normalized express

Data are means ± SEM (A–D) or means ± SD (E–H) of three independent experim

(A and B) and one-way ANOVA with Tukey’s multiple hoc test (E, F, and H). *p <
the expression of the PBP2a protein in MRSA was significantly

decreased in a dose-dependent manner after coculture with si-

MecA-Exos (Figure 3B; Figure S7B). Again, the mRNA level of

the mecA gene was not decreased in MRSA treated with

siMecA-Exos compared with MRSA samples treated with

ncRNA-Exos (Figure 3C), suggesting that gene silencing is

primarily caused by translational repression and not mRNA

degradation.

We expected the drug resistance of MRSA to be reduced by

siMecA-Exo treatment due to a decrease in the level of the

PBP2a protein. Indeed, the minimum inhibitory concentration

(MIC) of methicillin against three MRSA strains was lowered by

2-fold in the samples treated with siMecA-Exos compared with

the samples treated without exosomes or with ncRNA-Exos (Fig-

ure 3D). The killing kinetics study demonstrated that methicillin

together with siMecA-Exo had stronger bactericidal activity

than methicillin alone or together with ncRNA-Exo: a significant

reduction in colony-forming units (CFUs) was observed when

exposed to siMecA-Exo and methicillin (13 MIC) (Figure 3E).

The AGO2 protein is a key component of the RISC machinery

for gene regulation, and AGO2 protein transported via microve-

sicles is capable of guiding the function of secreted miRNAs in

mammalian recipient cells.16 IP indicated that the majority of si-

MecA was associated with exosomal AGO2 in siMecA-Exos,

and a significant portion of these AGO2-siMecA complexes

was delivered into MRSA cells (Figure S7C). Furthermore,

AGO2was found to be associated withmecAmRNA, suggesting

that siMecA bound to AGO2 might guide the formation of the

AGO2-siMecA-(mRNAmecA) complex and decrease the expres-

sion of the PBP2a protein (Figure 3F). To investigate the role of

AGO2 in siMecA-induced gene silencing in MRSA, siMecA-

ExosAGO2-KD were prepared from AGO2-knockdown HEK293T

cells (Figure S9A). Upon coculturing of MRSA with siMecA-

ExosAGO2-KD, the decrease of PBP2a expression in MRSA and

the reduced resistance of MRSA to methicillin by siMecA-Exo

were reversed despite the same amount of siMecA input

(Figures 3G and 3H), indicating that exosomal AGO2 is essential

for siMecA-mediatedgene silencing inMRSA. For sRNA-induced

translational inhibition to occur in mammalian, zebrafish, and

Drosophila cells, RISC components other than AGO2, namely,

the TNRC6/GW182 proteins, are usually required.27 The

TNRC6/GW182 proteins have been reported to be present in

HEK293T-derived exosomes19 and are likely co-delivered into

bacteria to function together with AGO2 to silence bacterial

genes. ToexaminewhetherGW182participates in thegene regu-

lation, we prepared siMecA-ExoGW182-KD from GW182-knock-

down HEK293T cells (Figure S9B). The reduction in CFUs by si-

MecA-Exo was significantly reversed by siMecA-ExoGW182-KD

(Figure 3I), indicating that GW182 contributes to siMecA-medi-

ated gene silencing. In addition, we introduced 3-nt mutations

into the siMecA sequence at different positions and prepared

corresponding siMecA-mut Exos (Figure 3J; Figure S9C).
of siAda, or siAdamutants (siAda-mut). Mutant nucleotides weremarked in red.

xo. The expression levels of Ada protein were determined by western blotting.

ion levels (n = 3).

ents. Statistical significance was determined using two-tailed Student’s t test

0.05, **p < 0.01, ***p < 0.001. ns, not significant. See also Figures S4–S6.
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Compared with ncRNA-Exo, the three mutants still had strong

bactericidal activities in the presence of 13 MIC of methicillin,

but they were weaker than siMecA-Exo. Among the three, si-

MecA-mut3 Exo mutated at the 30 end was more effective than

that mutated at the 50 end or in the middle (Figure 3K).

To further investigate the mechanism underlying translational

repression, we performed an RNA pull-down assay and identi-

fied several staphylococcal proteins that may interact with si-

MecA (Figure S10; Table S4). The major ones were type II

NADH:quinone oxidoreductase, succinate-CoA ligase, prob-

able acetyl-CoA acyltransferase, FemB, isocitrate dehydroge-

nase, RecA, glyceraldehyde-3-phosphate dehydrogenase 2,

glucose-6-phosphate isomerase, elongation factor Tu, and py-

rimidine nucleoside phosphorylase; among them, elongation

factor Tu is most related to translation. Further investigation is

needed to identify the key proteins involved in siMecA-medi-

ated gene regulation.

siMecA-Exos improve the efficacy of methicillin in
treating MRSA-infected mice
The intriguing exosome-mediatedmecAgene silencing prompted

us to investigate its application in fighting MRSA infections. We

speculated that siMecA-Exos would reduce the antibiotic resis-

tance of MRSA in vivo, therefore enhancing the therapeutic effi-

cacy of methicillin. To test this hypothesis, BALB/c mice were in-

fected with the CA-MRSA USA400 MW2 strain by intravenous

(i.v.) injection and then treatedwith 3mg/kgmethicillin by intraper-

itoneal (i.p.) injection and 5 mg/kg siMecA-Exos by tail vein injec-

tion (i.v.) every day for 7 consecutive days (Figure 4A). Coadminis-

tration of methicillin and siMecA-Exos effectively protected mice
Figure 3. siMecA-Exos downregulate PBP2a expression and sensitize

(A) The amount of siMecA delivered into MRSA by incubation with 200 mg/mL siM

(B) Dose-dependent downregulation of PBP2a protein expression by siMecA-Ex

200 mg/mL ncRNA-Exos or siMecA-Exos were determined by western blotting.

loading. Right: quantification of normalized expression levels (n = 3). siMecA con

fmol/mL, respectively. The asterisks indicate significant differences between ncR

(C) The levels ofmecAmRNA inMRSA incubated with 100 or 200 mg/mL ncRNA-E

level (n = 3).

(D) Antibacterial activity of methicillin against MRSA strains. By supplementing 10

MIC value of methicillin for MRSA was observed.

(E) The time-dependent killing of MRSA by methicillin (13MIC) in the presence o

means ± SD of triplicates. CFUs, colony-forming units. The asterisks indicate sig

(F) IP of the AGO2 protein in MRSA cultured with siMecA-Exos or ncRNA-Exos. I

was used as a negative control. Total siMecA (input) and AGO2-associated siM

AGO2-associated mecA mRNA expression was determined by semiquantitative

(G) In the presence of methicillin (13 MIC), MRSA was incubated with 200 mg/m

ExosAGO2-KD (64 fmol/mL of siMecA). The increased input of siMecA-ExoAGO2-KD

Viable cells were determined at indicated time points.

(H) MRSA was incubated with 200 mg/mL ncRNA-Exos, siMecA-Exos, or 300 mg

MRSA samples were determined by western blotting. Coomassie staining of tot

quantification (n = 3).

(I) In the presence of methicillin (13MIC), MRSA was incubated with 200 mg/mL

fmol/mL of siMecA). Viable cells were determined at indicated time points.

(J) Diagram of base-pairing between the targetmecAmRNA and antisense strands

in red.

(K) In the presence of methicillin (13MIC), MRSA was incubated with 250 mg/mL n

100 (siMecA), 75 (siMecA-mut1), 60 (siMecA-mut2), and 150 fmol/mL (siMecA-m

Data are means ± SEM (A–C, F, and H) or means ± SD (E, G, and I–K) of three inde

Student’s t test (B andC), one-way ANOVAwith Tukey’s post hoc test (H), and two

***p < 0.001, ****p < 0.0001. ns, not significant. See also Figures S7–S10 and S1
from lethal infection (70% survival rate) (Figure 4B, ‘‘Met + si-

MecA-Exo’’ vs. ‘‘Met + ncRNA-Exo’’: p = 0.0012). The mice re-

mained alive during administration and stayed healthy without ex-

hibiting severe side effects for another 28 days. In contrast,

administration of methicillin alone failed to reduce mouse mortal-

ity, and replacing siMecAwith ncRNA in exosomes also abolished

their protective effect (Figure 4B, ‘‘Met + ncRNA-Exo’’ vs. ‘‘Met’’:

p = 0.4586). Accumulation of siMecA was detected in a variety

of mouse organs (the liver, spleen, and kidneys) as well as the

plasma 24 h after treatment with siMecA-Exos (Figures 4C and

4D). Accordingly, staphylococcal loadswere significantly reduced

in these organs and the sera of infected mice 24 h after coadmin-

istrationofmethicillin andsiMecA-Exos (Figures4Eand4F, ‘‘Met+

siMecA-Exo’’ vs. ‘‘Met + ncRNA-Exo’’: p = 0.0011 [serum], 0.0426

[liver], 0.0116 [spleen], and0.0102 [kidney]). Therefore, thedelivery

of siMecA by exosomes into MRSA via tail vein injection of si-

MecA-Exos is not limited to the mouse plasma but also occurs

in various organs after exosomes reach them via the circulation.

In addition, the levels of inflammatory biomarkers, including

tumor necrosis factor alpha and interleukin-6, were significantly

decreased, suggesting that coadministration of methicillin and si-

MecA-Exos relieved MRSA infection (Figure 4G). To further verify

the function of siMecA-Exos in vivo, we isolated MRSA cells from

the blood of infected mice treated with siMecA-Exos and methi-

cillin. Both siMecA and the AGO2 protein were detected in these

MRSA cells, and the expression of the PBP2a protein was down-

regulated (Figures 4H–4J). These results indicate that exosome-

mediated delivery of siMecA and silencing of the mecA gene

indeed occur inmice and directly contribute to the enhanced ther-

apeutic effect of methicillin.
MRSA to methicillin

ecA-Exos for 6 h was determined by qPCR (n = 3).

os. The expression levels of the PBP2a protein in MRSA incubated with 100 or

Coomassie staining of total protein is shown and was used to confirm equal

centrations corresponding to different doses of siMecA-Exo were 50 and 100

NA-Exo and siMecA-Exo.

xos or siMecA-Exoswere quantified by qPCR by normalization to the 16S rRNA

0 mg/mL of siMecA-Exo (50 fmol/mL of siMecA) to the culture medium, reduced

f 250 mg/mL ncRNA-Exos and siMecA-Exos (150 fmol/mL of siMecA). Data are

nificant differences between ncRNA-Exo and siMecA-Exo.

P efficiency was verified by immunoblotting for AGO2 (IB-AGO2, top), and IgG

ecA (IP-AGO2) levels in MRSA were determined by qRT-PCR (bottom, n = 3).

PCR (middle).

L ncRNA-Exos, siMecA-Exos (68 fmol/mL of siMecA), or 300 mg/mL siMecA-

aims to achieve equal amount of siMecA delivered into MRSA as siMecA-Exo.

/mL siMecA-ExosAGO2-KD. The expression levels of the PBP2a protein in the

al protein is shown and was used to confirm equal loading. Right: normalized

ncRNA-Exo, siMecA-Exo (70 fmol/mL of siMecA), or siMecA-ExoGW182-KD (85

of siMecA, or siMecAmutants (siMecA-mut). Mutant nucleotides weremarked

cRNA-Exos, siMecA-Exos, or siMecA-mut Exos. siMecA concentrations were

ut3). Viable cells were determined at indicated time points.

pendent experiments. Statistical significance was determined using two-tailed

-way ANOVAwith Tukey’s multiple hoc test (E, G, I, and K). *p < 0.05, **p < 0.01,

4; Table S4.
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In vivo self-assembled siMecA-Exosmice improve the
efficacy of methicillin in treating MRSA-infected mice
The utilization of in vitro-prepared exosomes for therapeutic pur-

poses is impeded by concerns related to exosome purity, immu-

nogenicity, and carcinogenicity.28 We recently developed a

strategy to reprogram the host liver with genetic circuits to syn-

thesize and secrete exosomes containing specific siRNA se-

quences into the circulation, which avoids the complications of

in vitro production and purification procedures and invasive in-

jection.29 More importantly, since this method utilizes host liver

cells to produce secretory exosomes, the issues of immunoge-

nicity and carcinogenicity caused by foreign exosomes are

resolved.

Based on this method,29 we constructed a genetic circuit

(siMecA circuit) consisting of two functional modules: the pro-

moter that drives the transcription of siRNA and the siRNA expres-

sion cassette that produces the siRNA guide strand (Figure 5A).

Firstly, we tested whether the siMecA circuit has the ability to

synthesize functional siMecA in vitro. Mouse hepatoma cells

(Hepa1-6 cells) were transfected with siMecA circuits. A genetic

circuit encoding a scrambled RNA (ncRNA circuit) was used as a

negative control. The successful expression and loading of the

desired siMecA guide strand into exosomes derived from

Hepa1-6 cells (siMecA-Exosmice) was verified by qRT-PCR anal-

ysis (Figure S11). siMecA-Exosmice were able to deliver siMecA

into MRSA and silence the mecA gene when cocultured with

MRSA in vitro (Figure S12).

Next, we examined the in vivo production and secretion of

siMecA-Exosmice by the mouse liver. The ncRNA circuit or

siMecA circuit (5 mg/kg) was intravenously injected into

mice, and 9 h later, the amount of siMecA generated in the

liver and the amount of siMecA packaged into plasma exo-

somes were examined, which showed that siMecA-Exosmice

were successfully produced and entered the circulation of

the mice (Figures 5B and 5C). These results are consistent

with the previous findings that the liver can express trans-

genes introduced by intravenously injected genetic circuits
Figure 4. siMecA-Exos enhance the effect of methicillin treatment to p

(A) Schematic diagram for examining the therapeutic efficacy of siMecA-Exo in a

(B) Effects of methicillin and siMecA-Exos in protecting mice (n = 10) from letha

3 mg/kg methicillin (Met) by intraperitoneal (i.p.) injection and 5 mg/kg siMecA-E

‘‘Vehicle’’ were infected mice injected daily (i.p. and i.v.) with PBS. The asterisk i

(C) siMecA levels in the mouse plasma were determined by qRT-PCR (n = 3).

(D) siMecA levels in organs (liver, spleen, and kidney) were determined by qRT-P

(E and F) Effect of methicillin and siMecA-Exos on S. aureus survival in the sera (E)

infection. Each symbol represents the level in 5 mL serum or 10 mg organ sample f

dashed lines indicate the limits of detection. The error bars indicate the SEM of

(G) The inflammation index of mock and infected mice that received different trea

ELISA (n = 5). TNF-a, tumor necrosis factor alpha; IL-6, interleukin-6.

(H)MRSA cells were isolated from the plasma of infectedmice treatedwith siMecA

The resulting siMecA content in MRSA was quantified by qRT-PCR (n = 3) and w

(I) MRSA cells were isolated from the sera of 10 infected mice, and protein was

MRSAwasmixedwith uninfected blood and subjected to the same procedure as i

protein is shown and was used to confirm equal loading.

(J) PBP2a protein expression levels in MRSA isolated from the sera of infecte

determined by western blotting. An equal number of MRSA cells were loaded, an

quantification of normalized expression (n = 3).

All data are means ± SEM. n = number of biological replicates. Statistical signific

Dunnett’s post hoc test (E and F), Mann-Whitney test (G), and two-tailed Studen
(naked DNA plasmids)30,31 and can direct the formation of

exosome-encapsulated siRNA after taking up the genetic cir-

cuits.29 In vivo self-assembled siMecA could reach a concen-

tration of approximately 2,000 fM in the exosome fraction of

plasma, which is similar to the previously reported concentra-

tion of endogenous exosomal miRNAs that were biologically

functional in vivo.32,33

To evaluate the efficacy of siMecA-Exosmice in facilitating the

treatment of MRSA infection by methicillin, the siMecA circuit

was injected into mice by tail vein for 7 consecutive days. As ex-

pected, coadministration of methicillin and the siMecA circuit

effectively protected mice from infection by a lethal dose of

MRSA bacteria (Figure 5D, p < 0.0001). Ninety percent of mice

remained alive until the end of the observation (35 days). Omit-

ting the siMecA circuit or replacing it with an ncRNA circuit failed

to reduce mouse mortality. Moreover, staphylococcal loads

were significantly reduced in the livers and sera of infected

mice 24 h after coadministration of methicillin and the siMecA

circuit (Figures 5E and 5F, ‘‘Met + siMecA circuit’’ vs. ‘‘Met +

ncRNA circuit’’: p = 0.0008 [liver], p < 0.0001 [serum]). We

usedUSA300 strain to further test the therapeutic effect of in vivo

self-assembled siMecA-Exosmice and obtained consistent re-

sults. Coadministration of methicillin and the siMecA circuit

effectively reduced bacterial loads in the organs and blood

(Figures 5G and 5H, p = 0.0003 [blood], 0.0004 [liver], 0.0001

[kidney], p < 0.0001 [spleen]); moreover, it protected mice from

lethal infection (Figure 5I, p < 0.0001). These results showed

that in vivo self-assembled siMecA-Exosmice are effective in

silencing the drug resistance gene of MRSA and facilitating anti-

biotic treatment.

To further confirm the uptake of exosomes by bacteria in vivo,

we injected a circuit expressing a Lamp2b-GFP fusion protein29

into MRSA-infected mice by tail vein, to utilize host liver to

generate GFP-positive exosomes (Figure S13A). After 24 h,

MRSA were isolated from the plasma, and GFP fluorescence

was observed on MRSA cells, indicating the in vivo uptake of

GFP-Exo by MRSA (Figure S13B).
rotect mice from lethal MRSA infection

mouse infection model.

l infection with 5 3 107 CFU of MRSA USA400 MW2. Infected mice received

xos by tail vein injection (i.v.) every day for 7 days. ‘‘Mock’’ were healthy mice.

ndicates a significant difference between ncRNA-Exo and siMecA-Exo.

CR (n = 3) and normalized to U6 snRNA levels.

and organs (F) (n = 10) of mice challenged with USA400MW2 bacteria 24 h post

rom an individual mouse. The horizontal bars indicate the mean values, and the

the total values.

tments. The levels of TNF-a and IL-6 in the mouse serum were determined by

-Exos or ncRNA-Exos (10mice pooled in each group), and RNAwas extracted.

as estimated to be 20 copies per cell.

extracted to determine exosomal AGO2 levels. As a control, in-vitro-cultured

n vivoMRSA isolated from the sera of infectedmice. Coomassie staining of total

d mice administered various treatments (10 mice pooled in each group), as

d Coomassie staining of total protein was used to confirm equal loading. Right:

ance was determined using log rank test (B), one-way ANOVA with Tukey’s or

t’s t test (J). *p < 0.05, **p < 0.01. ns, not significant.
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DISCUSSION

Drug-resistant bacterial pathogens pose a major threat to

public health, and the dense microbial population in the gut

is connected to numerous processes related to human

biology. Techniques to manipulate the behavior of interacting

bacteria are urgently needed to facilitate the development

of therapeutics for diseases related to microbiome dysfunc-

tion. Here, our study reveals that mammalian cell-derived

exosomes are effective mediators of sRNA trafficking to bac-

teria in vivo, which subsequently induces bacterial gene

silencing.

The RNAi pathway in mammalian cells requires RISC, espe-

cially the key protein AGO.10 Although prokaryotic homologs

of AGO proteins have been identified, they usually play roles

in host defense by mediating the cleavage of exogenous

DNA but not bacterial gene regulation.34 Our study suggests

that exosome-mediated bacterial gene silencing is mainly

induced by the exosomal AGO2 protein as an exogenous

gene regulatory protein. Interestingly, although the siRNAs

used in this study are perfectly base paired with target bacte-

rial genes, bacterial gene silencing appears to be a result of

translational repression rather than endonucleolytic cleavage

of mRNA, which is in striking contrast to what occurs in eu-

karyotic cells (Figure S14).35 This raises two questions: first,

why did AGO2 not cleave the target bacterial mRNA in the

circumstance of perfect base-paring? Second, what is the

mechanism of translational repression? Firstly, there must be

unknown mechanisms that suppress the cleavage reaction:

perhaps the cleavage activity of AGO2 is inhibited by bacterial

proteins or steric hindrance, or mammalian AGO2 just cannot

cleave bacterial mRNA. Secondly, translational repression

without mRNA degradation is also observed in plants,

although miRNAs perfectly match the target mRNAs. For

example, plant miRNA can repress translation initiation and

elongation of target RNAs without promoting deadenylation

or mRNA decay36; plant 22-nt siRNAs, which are induced by
Figure 5. Intravenous injection of the siMecA circuit enhances the effec

(A) Schematic description of in vivo self-assembled siMecA-Exosmice. The siMec

siMecA circuit is taken up and processed by the liver after intravenous injection,

saturated siMecA into exosomes as cargo. Subsequently, siMecA-encapsulating

multiple organs.

(B) The expression level of siMecA in the mouse liver following tail vein injection

(C) The expression levels of siMecA in the mouse plasma and plasma exosomes f

by qRT-PCR.

(D) Effects of methicillin and the siMecA circuit in protecting mice (n = 10) from leth

3 mg/kg methicillin by intraperitoneal (i.p.) injection and 5 mg/kg siMecA circuit by

difference between ncRNA circuit and siMecA circuit.

(E and F) Effect of methicillin and the siMecA circuit on S. aureus survival in the liv

post infection. Each symbol represents the level in 1 g liver or 5 mL serum sample fr

bars indicate the SEM of total values.

(G and H) Effect of methicillin and the siMecA circuit on S. aureus survival in the or

7.53 107CFU of USA300. Infectedmice received 6mg/kgmethicillin (i.p.) and 5m

symbol represents the level in 1 g tissue, or 1mL blood sample from an individual m

SEM of total values.

(I) Effects of methicillin and the siMecA circuit in protecting mice (n = 10) from l

methicillin (i.p.) and 5 mg/kg siMecA circuit (i.v.) daily for 7 days. The asterisk ind

All data are means ± SEM. n = number of biological replicates. Statistical signifi

Tukey’s post hoc test (E–H). ***p < 0.001, ****p < 0.0001. ns, not significant. See
environmental stress, repress the translation of target

mRNAs37; a recent report has provided one explanation that

in Arabidopsis, 22-nt small RNAs loaded into AGO1 recruit

the plant-specific dsRNA-binding protein SGS3 and result in

ribosome stalling on the target mRNAs.38 Here, we hypothe-

size that the AGO2-siRNA complex may interact with other

accessory proteins and block the occupancy of ribosomes

or cause ribosome stalling, resulting in translation repression

in bacteria. We have found that GW182 is necessary for si-

MecA-mediated gene silencing, but how it works may differ

from that in mammals, which occurred in the initial step of

translation and was related to deadenylation.27 Our data did

not exclude the possibility that unidentified bacterial proteins

might function together with the AGO2 protein during bacterial

gene silencing. As the pull-down assay showed, several

staphylococcal proteins were likely to interact with siMecA

and may participate in siMecA-mediated gene silencing. The

altered regulatory behavior of AGO2 with perfectly matched

sRNA in bacteria might be due to the participation of addi-

tional regulatory elements. It is likely that the siRNA-AGO2

complex that binds to the coding sequence of the target

mRNA, possibly along with associated GW182 and specific

bacterial proteins, imposes an extreme barrier for trailing ribo-

somes. This may partly explain why siRNAs can repress trans-

lation at the elongation step. Further investigation will be

required to delineate the mechanisms. Overall, mammalian

cell-derived exosomes not only transport sRNAs but also

deliver RISC-related proteins as foreign regulatory machinery

that controls intracellular processes into bacterial cells.

The transportation of regulatory biomolecules from patho-

genic bacteria to eukaryotic cells is well characterized.

C. elegans interprets bacterial non-coding RNAs to learn patho-

genic avoidance.39 A secreted bacterial RNA-binding protein,

Zea, modulates the host retinoic acid-inducible gene I

signaling.40 However, the regulation of bacterial cells by biomol-

ecules secreted by eukaryotic cells has been rarely reported. Our

study shows that exosomes deliver both siRNAs and miRNAs
t of methicillin treatment to protect mice from lethal MRSA infection

A circuit contains a promoter part and an siMecA-expressing part. When the

the promoter drives the transcription of siMecA, which leads to the loading of

exosomes (siMecA-Exosmice) facilitate the systematic distribution of siMecA to

of 5 mg/kg siMecA circuit (n = 3), as determined by qRT-PCR.

ollowing tail vein injection of the 5 mg/kg siMecA circuit (n = 3) were determined

al infection with 53 107 CFU of MRSA USA400 (MW2). Infected mice received

tail vein injection (i.v.) every day for 7 days. The asterisk indicates a significant

ers (E) and sera (F) (n = 10) of mice challenged with USA400 MW2 bacteria 24 h

om an individualmouse. The horizontal bars indicate themean values. The error

gans (G, liver, spleen, and kidney) and blood (H) (n = 8) of mice challenged with

g/kg siMecA circuit (i.v.) daily for 3 days, and thenwere killed the next day. Each

ouse. The horizontal bars indicate themean values. The error bars indicate the

ethal infection with 1 3 108 CFU of USA300. Infected mice received 6 mg/kg

icates a significant difference between ncRNA circuit and siMecA circuit.

cance was determined using log rank test (D and I) and one-way ANOVA with

also Figures S11–S13.
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into bacteria (Table S3), and exosome-mediated RNAi may func-

tion with imperfectly matched sequences (Figures 2G and 2H;

Figures 3J and 3K). We found that siMecA with 3-nt mismatches

was still functional, a little weaker than the perfect match, and si-

MecA mutated at the 30 end was more effective than that

mutated at the 50 end or in the middle. When the mismatch

increased to 4-nt, only siAda mutated at the 30 end was func-

tional, and if the mismatch in siAda increased to 5-nt, the mutant

can no longer downregulate the target gene, suggesting that the

limit of mismatch may be 4-nt, and the base-paring between the

50 end as well as the middle part of the siRNA and the target

mRNA may be more critical. Based on the aforementioned find-

ings, we speculate that exosomal miRNAs, which have multiple

bacterial targets with imperfect base-paring, may regulate bac-

terial genes in the same way as exosomal siRNAs. Our study im-

plies that exosome-mediated AGO2-sRNA transport and bacte-

rial gene silencing is a potential pathway by which eukaryotic

cells regulate interacting pathogenic bacteria in vivo, as demon-

strated in the treatment of MRSA infection by mouse liver-pro-

duced siMecA-Exosmice. It is intriguing to consider the possibility

that mammalian hosts employ exosomes to transport molecules

with biological functions to the mammalian microbiome for inter-

species communication and regulation under physiological

conditions.

Our study demonstrates the potential of this strategy in

fighting pathogenic bacteria, such as MRSA, utilizing synthetic

sRNAs that specifically target virulence and drug resistance

genes. Such a strategy might offer an important advantage

over traditional antibiotics, which require extensive chemical

remodeling once mutations of the target bacterial proteins

lead to drug resistance. By simply matching the sequences

of synthetic sRNAs to target bacterial genes, exosome-medi-

ated RNAi could overcome the resistance mutations of viru-

lence and drug resistance genes in pathogenic bacteria. Com-

bined with a synthetic biology technique that utilizes the host

liver to produce circulating exosomes containing specific

siRNA sequences, exosome-mediated bacterial gene regula-

tion is a promising therapeutic strategy for treating diseases

related to pathogenic infections. The genetic circuits are

biocompatible, non-toxic, and non-immunogenic.29 We have

calculated the dose-effect relationship in the mouse model:

20 mg genetic circuits z 100 mg exosome z 25 siRNAs per

bacterial cell, which helps to guide the dose for humans in

the future.

Limitations of the study
The mechanism of the siRNA-AGO2 complex inhibiting bacterial

protein translation needs further investigation. The electropora-

tion of the siRNA-AGO2 complex into bacteria to confirm the

mechanism is currently limited by existing techniques. Addition-

ally, in the exosome purification method, treating the isolated

exosomes with RNase and DNase to remove non-specifically

bound nucleic acids would enhance the specificity of the results.

Furthermore, it will be important to generalize our findings using

a broader range of clinical strains andmodels. Sincemethicillin is

rarely used in clinical settings at present, future studies will focus

on utilizing clinically available antibiotics to ensure the practical

relevance of our research.
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Antibodies

Anti-AGO2 Abcam Cat# ab57113; RRID: AB_2230916

Anti-AGO2 Abcam Cat# ab32381; RRID: AB_867543

Anti-CD63 Abcam Cat# ab134045; RRID: AB_2800495

Anti-Ada Abcam Cat# ab18104; RRID: AB_444248
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Mouse normal IgG BioVision Cat# 1265

Rabbit normal IgG Proteintech Cat# B900610; RRID: AB_3674206
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Escherichia coli BL21 (DE3) Invitrogen Cat# C600003

methicillin-resistant Staphylococcus

aureus (MRSA) USA400 MW2

Hong Ling Lab41 N/A

MRSA USA300 Hongkai Bi Lab42 N/A

MRSA BHKS717 Hongkai Bi Lab42 N/A
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23RNA loading buffer Takara Cat# 9168
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DAPI Beyotime Cat# C1002

Coomassie blue Beyotime Cat# ST031

Critical commercial assays

exosome isolation kit Invitrogen Cat# 4478359

Mouse TNF-a ELISA KIT 4A Biotech Cat# CME0004

Mouse IL-6 ELISA KIT 4A Biotech Cat# CME0006

TaqMan probes Applied Biosystems Cat# 4440887

miRCURY LNA custom detection probe Qiagen Cat# 339115

miRNeasy Mini Kit Qiagen Cat# 217004

DIG Easy Hyb solution Roche Cat# 11796895001

DIG Luminescent Detection Kit Roche Cat# 1363514

Deposited data

Illumine HiSeq data This paper GEO: GSE122212
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Academy of Sciences
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Human: A549 Stem Cell Bank, Chinese

Academy of Sciences

SCSP-503

Human: SW480 Stem Cell Bank, Chinese

Academy of Sciences

SCSP-5033

Human: TE-10 Stem Cell Bank, Chinese

Academy of Sciences

TCHu 90

Human: Caco-2 Stem Cell Bank, Chinese

Academy of Sciences

SCSP-5027

Human: SGC-7901 Stem Cell Bank, Chinese

Academy of Sciences

TCHu 46

Experimental models: Organisms/strains

Mouse: BALB/c Animal Core Facility of

Nanjing Medical University

N/A

Oligonucleotides

See Table S1 for siRNAs RiboBio N/A

See Table S1 for qRT-PCR primers Genscript N/A

Recombinant DNA

ada-pET-28a This paper N/A

mecA-pcDNA3.1 This paper N/A

ncRNA circuit GenePharma C02007

siMecA circuit This paper N/A

Software and algorithms

bowtie Langmead et al.43 http://bowtie-bio.sourceforge.

net/index.shtml

RNAhybrid Rehmsmeier et al.44 https://bibiserv.cebitec.uni-

bielefeld.de/rnahybrid/

GraphPad Prism v9.0 GraphPad software https://www.graphpad.com

ImageJ NIH https://imagej.net/ij/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and microbe strains
Human HEK293T, A549, SW480, TE-10, Caco-2 and SGC-7901 cells were purchased from the China Cell Culture Center (Shanghai,

China), and cultured according to the instruction. All cell lines were characterized by short tandem repeat analysis and Mycoplasma

testing. The E. coli BL21 (DE3) strain was purchased from Invitrogen (Carlsbad, CA, USA). The community-associated methicillin-

resistant Staphylococcus aureus (CA-MRSA) USA400 (MW2) was a standard strain whose genome has been sequenced,41 and

was obtained from Harbin Medical University as a kind gift. USA300 (a standard MRSA strain) and BHKS717 (a clinical isolate

MRSA strain)42 were provided by Dr. Hongkai Bi (Nanjing Medical University). MRSA strain was grown in tryptic soy broth (TSB)

or on tryptic soy agar (TSA) plates. E. coli BL21 (DE3) was grown in Luria Bertani (LB) broth or on LB agar plates.

Mice
6-8-week-old female BALB/c mice were obtained from Nanjing Medical University (NJMU, Nanjing, China) and housed under spec-

ified pathogen-free conditions. The animals received humane care according to the guidelines approved by Animal Ethical and Wel-

fare Committee of NJMU.

METHOD DETAILS

Transfection
HEK-293T cells were seeded on a 225-cm2 flask.When cells reached approximately 80%confluence next day, theywere transfected

with synthetic double-stranded siRNAs using Lipofectamine 2000 (Invitrogen). Briefly, 5mL of siRNA-lipofectamine (lipo) mixture was
e2 Cell Reports Medicine 6, 101997, March 18, 2025
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produced by incubating 112.5 mL lipo with 2.25 nmol of siRNA, at room temperature (r.t.) for 15 min. Before transfection, cell culture

medium was exchanged to Opti-MEMmedium (Gibco, 31985). The cells were incubated with the transfection mixture for 6 h at 37�C
and 5% CO2. Subsequently, the medium was discarded, followed by two washes with PBS to remove excess transfection mixture,

and exchanged for fresh DMEM medium containing 2% exosome-depleted fetal bovine serum (FBS), which was centrifuged at

100,000 g overnight to wipe out the existing exosomes, or purchased from VivaCell (Cat# C38010050). The culture was further incu-

bated for 24 h allowing for the production of engineered exosomes, and then the supernatant was collected to harvest exosomes.

Exosome purification
Exosomes were purified by ultracentrifugation, or using a Total Exosome Isolation Reagent (from cell culture media) from Invitrogen

(Cat #4478359) according to the manufacturer’s instructions. Briefly, the cell culture medium was sequentially centrifuged at 3003g

for 5 min and 3,0003g for 25 min to remove cells and cell debris, followed by centrifugation at 10,0003g for 60min to get rid of large-

size vesicles such as apoptotic bodies. The resulting supernatant was either subjected to ultracentrifugation, or added with 0.5 vol-

umes of the isolation reagent, mixed, and incubated at 4�C overnight. The reagent is a proprietary polymer that gently precipitates

exosomes, by tying up water molecules, it forces less-soluble components such as vesicles out of solution, allowing them to be

collected by a short, low-speed centrifugation. The sample was then centrifuged at 10,000 3 g for 1 h at 4�C, with exosomes con-

tained in the pellet. Then, exosomes were washed with PBS and recovered by centrifugation at 100,000 g for 1 h. Finally, exosomes

were resuspended in PBS and filtered through a syringe filter (0.2 mm) to prevent aggregation of exosomes and to remove excess

polymers. The purified exosomes were characterized by NTA, EM and western blot analysis of marker proteins to ensure that the

quality of exosomes from each batch is consistent.

Nanoparticle tracking analysis (NTA)
Typically, exosomes were resuspended in phosphate buffer saline (PBS) to a concentration of 5 mg of protein/ml, diluted by 100- to

500-fold, passed through a 0.2 mm filter, and analyzed by the Nanosight NS 300 system (NanoSight).

Uptake of exosomes by bacteria by co-incubation
Typically, overnight cultures of bacteria were diluted in fresh culturemedium, with the initial number to be approximately 23107. Exo-

somes were then added to the bacterial culture at concentrations of 50, 100, 200 mg/mL total protein, as quantified by BCA protein

assay (exact siRNA concentration was also indicated in the figure legend), and incubated for indicated time in a shaking incubator at

37�C. After exosome incubation, the pellet of bacterial cells was washed with PBS containing 0.1% Triton X-100 to remove excess

exosomes.

Quantitative reverse-transcription (RT) polymerase chain reaction (PCR)
Total RNA extracted from cells, tissues or bacteria was typically isolated using TRIzol Reagent. Total RNA from serum, exosomes or

IP products was extracted using the miRNeasy Mini Kit. qRT-PCR was performed on an ABI7500 (Applied Biosystems). TaqMan

probes for siRNAs and miRNAs were purchased from Applied Biosystems (Foster City, CA, USA).

To calculate the absolute amount of sRNAs in exosomes and bacteria, a series of synthetic small RNAs of known concentrations

were also subject to qRT-PCR, by which a standard curve was generated. The quantification of small RNAs was then calculated in

reference to the standard curve. The sRNA content in the cells and tissues was normalized to U6 snRNA. Expression levels of ada

and mecA mRNAs in bacteria were normalized to 16S rRNA levels using the 2�DDCt method. The experiments were performed in

triplicate.

Electroporation
5 pmol of siAda antisense was mixed with 50 mL of electro-competent E. coli bacteria (83 108 CFU). Electroporation was carried out

using 1 mm electroporation cuvette (Bio-Rad) in a MicroPulsor (Bio-Rad) at 2.5kV, 200U, 25mF, 5ms. Subsequently, samples were

diluted to 23107/mL E. coli in LB medium and cultured for 6 h.

Illumine HiSeq data analysis of exosomal miRNA
The sRNA libraries were made using Illumina TruSeq Small RNA Sample Prep Kits and sequenced on an Illumina HiSeq system by

BGI (Shenzhen, China). After preprocessed with the procedure of quality control and adapter trimming, the clean reads were

compared to known miRNA precursors from the miRBase database v21.0 to identify human miRNAs using bowtie.43 Candidate

reads with no more than 1 mismatch and 2nt shift in mature miRNA position were identified as mature miRNAs. The read numbers

of miRNA in each library were normalized by the total number of miRNA reads, resulting in reads per million (RPM) normalized mea-

surements. Top 100 abundant miRNAs in exosomes library were listed in Table S2. For E. coli library, the list of miRNAs was shown in

Table S3, using 30 normalized RPMmiRNA reads as a cutoff. In bacteria libraries, the normalized reads number of selected miRNAs

must be 10 times higher than that in the control libraries. All data have been uploaded to the GEO database (GEO accession number:

GSE122212).

The bacterial target gene prediction for human miRNAs was performed using RNAhybrid.44
Cell Reports Medicine 6, 101997, March 18, 2025 e3
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Confocal microscopy analysis
293T cells were labeled with PKH67 for 5min and then washed for three times with HBSS. The cells were cultured overnight in DMEM

medium. The supernatants were then collected and centrifuged to harvest labeled exosomes.

E. coli was aerobically cultured at 37�C with 220 rpm shaking for 4 h in the presence of 200 mg/mL of Cy3-conjugated siAda-con-

taining exosomes, or PKH67-labeled exosomes. After culturing, bacterial cells were washed with ice-cold PBS and fixed with ice-

cold 2% paraformaldehyde (PFA). The bacterial cells were then stained with DAPI and subjected to confocal microscopy analysis

with a 1003 objective.

Immuno-TEM analysis
E. coli cells were fixed in a mixture of 4% PFA and 0.5% glutaraldehyde for 30 min at r.t. and 1 h on ice. After three washes in 0.1 M

sodium cacodylate buffer, E. coli cells were dehydrated in ethanol, infiltrated with HM20 epoxy resin mixed with ethanol. E. coli cells

were then embedded in pure, fresh HM20 epoxy resin and polymerized. Ultrathin sections (70 nm) were cut using a Leica ultra-micro-

tome and placed onto a 300-mesh carbon/formvar coated grids. For immunogold staining, the grids were placed into a blocking

buffer for a block/permeabilization step for 1 h and immediately incubated with the primary antibody (AGO2, ab57113, Abcam;

CD63, ab134045, Abcam) at appropriate concentrations overnight at 4�C. Subsequently, grids were rinsed with PBS/0.1% Tween,

floated on drops of 10 nm Protein-A/Gold particles (AURION, Hatfield, PA, USA) for 1 h at r.t. The grids were rinsed again with PBS/

0.1% Tween and placed in 2.5% Glutaraldehyde in PBS for 5 min. After rinsed by distilled water, the grids were stained for contrast

using uranyl acetate, dried, and analyzed with a Tecnai Spirit transmission electron microscope (FEI, Hillsboro, OR).

Western blot analysis
Protein samples were loaded onto polyacrylamide gels and transferred onto PVDF membranes (Millipore) by wet electrophoretic

transfer. Blots were blocked for 1 h at r.t. with 5% non-fat drymilk in Tris-buffered saline (TBS)/0.1% Tween, and incubated overnight

at 4�C with the primary antibodies. Secondary antibodies were incubated for 1 h. Blots were developed with chemiluminescent re-

agents from Pierce. For E. coli samples, DnaK protein was used as a loading control. For MRSA samples, Coomassie protein stain

was used for loading control. The quantification was achieved by ImageJ software.

Immunoprecipitation assay
Exosomeswere lysedwith lysis buffer (20mMTris-HCl, 150mMNaCl, 1%NP-40, 1mMEDTA, 0.5mMDTT, 1mMNaF, 1mMMgCl2,

Protease Inhibitor Cocktail, and RNase Inhibitor, pH 7.5) for 30 min on ice. The resulting lysates were cleared by centrifugation at

16,000 3g for 10 min at 4�C, and then immunoprecipitated with mouse anti-AGO2 antibody (ab57113, Abcam) or mouse normal

IgG (Cat #1265, BioVision). Suspensions were gently rocked at 4�C overnight, followed by Protein A/G-Agarose beads (sc-2003,

Santa Cruz Biotechnology) incubation for 4 h. After centrifugation, the supernatant was discarded, and the Agarose beads were

washed for three times with ice-cold lysis buffer. After the elution from the beads, the RNA components were extracted using a

miRNeasy Mini Kit and analyzed by qRT-PCR. Proteins were detected by western blot using a rabbit anti-AGO2 antibody

(ab32381, Abcam).

For E. coli samples, cells were resuspended in lysis buffer A (10mM Tris-HCl, 20% sucrose, 50mMNaCl, Protease Inhibitor Cock-

tail, and RNase Inhibitor, pH 8.0) supplemented with lysozyme (BBI, A610308), and incubated at 37�C for 30 min. The resulting sam-

ple was further treated by triple volume of lysis buffer B (50 mM HEPES-KOH, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.5 mM DTT,

1 mM NaF, 1 mM MgCl2, Protease Inhibitor Cocktail, and RNase Inhibitor, pH 7.5) and incubated on ice for 30 min. The cell lysates

were cleared by centrifugation at 21,000 3g for 15 min at 4�C.
For MRSA, lysis buffer A was further supplemented with lysostaphin (BBI, A619001) based on the recipe of the E. coli lysis buffer.

RNA pull-down assay
293T cells were transfected with biotin-labeled siMecA and exosomes containing siMecA-biotin (siMecA-biotin Exos) were isolated

from the cell culture medium. MRSA was incubated with siMecA-biotin Exos. The resulting bacterial cells were crosslinked with 1%

formaldehyde. Then the bacteria were resuspended in lysis buffer A supplemented with Lysostaphin, incubated at 37�C for 15 min to

break down the cell wall, followed by adding triple volume of lysis buffer B and ultrasonic lysis. The cell lysates were cleared by

centrifugation at 12,0003g for 15 min at 4�C, and then incubated with streptavidin beads on a rotator at 4�C for 4 h. After incubation,

RNA–protein complexeswere retrieved by streptavidin beads, washed five times in buffer B, and eluted in EB solution (1%SDS, 0.1M

NaHCO3). The crosslinks were reversed by 5 M NaCl. siMecA was examined by qRT-PCR to confirm pull-down efficiency. The bind-

ing proteins were separated by SDS-PAGE and visualized by silver staining. Protein bands presented only in the siMecA-biotin

Exos-treated sample but not in the control sample (NC) were excised and identified by mass spectrometry. Staphylococcal proteins

identified by the pull-down assay were shown in Table S4.

Northern blot analysis
RNA samples were extracted from 50 mg of siAda-Exo, and 53108 E coli incubated with or without siAda-Exo. Synthetic siAda

(10�2-10�6 pmol) was used as a control. All samples were dissolved in 23RNA loading buffer, heated at 65�C for 10min, fractionated

by 15%denaturing TBE-urea polyacrylamide gel, and then transferred onto a nylonmembrane (Hybond-N+, Amersham, GE, USA) by
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blotting at 250 mA in 0.53 TBE buffer for 1 h. The membrane was cross-linked, dried, and pre-hybridized by incubation in 10 mL of

DIG Easy Hyb solution at 37�C for 30 min. The DIG-labeled LNA probe designed for siAda (Qiagen, Germantown, MD, USA) was

added to the DIG Easy Hyb solution, and the membrane was incubated overnight at 55�C with rotation in a hybridization oven. After

hybridization, the membrane was washed in 23 SSC (0.5% SDS), and then 0.53 SSC (0.5% SDS) for three times. Probe detection

was performed using the DIG Luminescent Detection Kit. Briefly, the blots were incubated in blocking solution for 30 min and then in

anti-DIG-AP antibody solution for 1 h, followed by three washes. After equilibration, the blots were incubated with the chemilumines-

cent substrate CSPD and exposed to Kodak X-OMAT BT film.

Minimum inhibitory concentration (MIC) assay
The MIC was determined by a broth microdilution assay following the CLSI (Clinical and Laboratory Standards Institute) method

(M07-A10). 2-fold serial dilutions of methicillin (Cat #1410002, USP) were prepared in a 96-well microtiter plate containing 100 mL

of media. MRSA cultures were grown at 37�C in MH broth to midlogarithmic phase (OD600 = 0.4 to 0.6) and diluted to give a final

concentration of approximately 1 3 105 CFU/mL. Exosomes were added into the broth to 100 mg/mL. After incubation at 37�C
with shaking for 24 h, the dilution series were analyzed for microbial growth. The MIC was defined as the lowest concentrations

of methicillin with no visible growth of bacteria. All MIC assays were repeated with three independent experiments.

Time-killing assays
An overnight culture of MRSA was diluted in LB broth and grown to midlogarithmic phase at 37�C. Cells were then diluted to 1 3

106 CFU/mL in LB broth containing 13MIC of methicillin. Exosomes were added to a concentration of 250 mg/mL. Subsequently,

cells were incubated at 37�C with shaking, and serial dilutions were plated on LB agar plates at indicated time points for the deter-

mination of viable cells (CFU/mL). Each assay was repeated with three independent experiments.

Mouse infection model
Overnight cultures ofMRSA strain werewashed and diluted 100-fold in fresh TSBmedium. The liquid culture was grown tomid-expo-

nential phase at 37�C for about 3 hwith shaking (OD600z 0.4), 250 rpmof aeration, and then the bacteria were harvested andwashed

twice with ice-cold PBS. Colony forming units (CFUs) per milliliter was determined before mice were inoculated.

To evaluate the efficacy of exosomes, female BALB/c mice were infected by retro-orbital injection with 5 3 107 CFU of MRSA

USA400MW2 bacteria (day 0) following published literature.45 Infectedmice immediately received a daily dose of 3 mg/kgmethicillin

dissolved in sterile PBS by intra-peritoneal injection and 5 mg/kg of exosomes by tail-vein injection for 7 consecutive days (day 0–6).

In the case of in vivo self-assembled siMecA-Exomice, mice received first intravenous dose of 5mg/kg siMecA circuit 9 h before infec-

tion, allowing time for siMecA-Exosmice production, and subsequent daily dosing of 3 mg/kg methicillin and 5 mg/kg siMecA circuit

after infection for 7 consecutive days. Mice were monitored for 35 days to evaluate survival. The log rank test was used to analyze

mortality data.

To examine bacteria survival in the serum and tissues of infected mice that received different treatments, animals were killed 24 h

post-infection (day 1). Serum was extracted, and organs (liver, spleen and kidney) from each mouse were aseptically removed and

homogenized in PBS to obtain single-cell suspensions. Serial dilutions of each sample were plated on TSA plates for the enumeration

of CFUs (n = 10). Statistical significance was determined by One-way ANOVA with Tukey’s multiple hoc test.

To evaluate the severity of infection, amounts of inflammation cytokines (TNF-a and IL-6) in the serum of infected mice that

received different treatments, as well as healthy mice (mock) were examined by ELISA 24 h post-infection (n = 5), using ELISA

Kits (4A Biotech, Beijing, China).

In addition, USA300 strain was used to infect mice to examine the therapeutic effect of in vivo self-assembled siMecA-Exomice initi-

ated by siMecA circuit. There are some modifications as below:

For the lethal challenge experiments, micewere infectedwith 13 108 CFU of USA300. The daily dose ofmethicillin for USA300was

6 mg/kg.

To evaluate the efficacy of siMecA-Exos combined with methicillin on reducing the bacterial loads in blood and organs, mice were

challenged with 7.5 3 107 CFU. Animals were killed after three consecutive days of treatment (day 3).

Isolation of MRSA bacteria from serum/plasma of infected mice
To recover bacteria fromMRSA-infected mice for RNA and protein analyses by RT-PCR and western blots, blood was drawn from

ten to twenty mice pooled in each group. For one group, a total of 3–5 mL serum/plasma was harvested, with 300 mL from each

mouse. MRSA bacteria were purified by differential centrifugation and filtration, based on size differences between MRSA and

blood cells. Briefly, serum/plasma was collected, and cleared by centrifugation at 500 3g for 5 min, followed by 1,000 3g. The

supernatant was then filtered through a 5 mm filter to remove blood cell residuals. After centrifuging the filtrate at 6,000 g for

10 min, the pellet was treated with 0.1% Triton X-100, washed and resuspended in 50 mL PBS. As there were 10,000 CFUs/mL

serum obtained in average (data from Figure 4E, estimated by performing agar culture), the final recovery of bacteria CFUs

was �53107. The sample was then subjected to Dynamic Light Scattering (DLS) analysis to examine possible exosome

contamination.
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Once the purity of MRSA isolation was confirmed, they were subjected to RNA and protein extractions, for exosomal components

examination. As a control, in vitro cultured MRSA was mixed with un-infected blood and subjected to the same procedure as in vivo

MRSA isolated from plasma of infected mice.

Construction and characterization of the siMecA circuit
The siMecA circuit was constructed by GenePharma (Shanghai, China). The successful expression and loading of the desired

siMecA guide strand into exosomes—derived from Hepa 1–6 cells transfected with the siMecA circuit—was verified by quantitative

RT-PCR analysis (Figure S11).

Calculation of sRNA content in bacteria and medium
E. coli was incubated with exosomes at a final concentration of 200 mg/mL for 6 h. siAda delivered into E. coli was quantified by

qRT-PCR, which was 9.36 fmol/108 E coli cell, calculated to be [9.36 3 10�15 3 6.02231023/108 = ]56 copies/cell (Figure 1A).

MRSA was incubated with exosomes at a final concentration of 200 mg/mL for 6 h. siMecA delivered into MRSA was quantified by

qRT-PCR, which was 17.5 fmol/108 bacterial cell, calculated to be [17.5 3 10�15 3 6.02231023/108 = ]105 copies/cell (Figure 3A).

The siAda content was 0.3 fmol/mg exosomes, correspondingly 200 mg/mL of exosomes refers to siAda at a concentration of

[2003 0.3310�15/10�3 = ] 0.06 nM. Free siAda at the same concentration was used for incubation in Figure 1A. Lipo-siAda: we incu-

bated 100 fmol siAdawith 0.5mL of Lipofectamine 2000 (Invitrogen) for 15min at r.t. to obtain Lipo-siAda, and its concentration for co-

culture with E. coli was 100 fmol/mL = 0.1 nM.

The siAda content in the supernatant was 0.01 pmol/mL (medium) = 0.01 nM after 6 h of culture, whereas the content in the pellet

was 5.95 fmol/10ml (bacterial volume) = 0.6 nM (Figure S1E).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed using GraphPad Prism v9. Data are expressed as the mean ± standard error of mean (SEM) or the

mean ± standard deviation (SD). Student’s t-tests (two-tailed) were used to compare two datasets. One-way ANOVA was used for

experiments consisting of multiple groups, and two-way ANOVA for experiments involving two independent variables. The log rank

test was used for survival analysis. The non-parametric Mann-Whitney test (two-tailed) was used to compare two groups of obser-

vations. Specific tests arementioned in individual figure legends. The value of n represents biological replicates. p value of <0.05 was

regarded as significant.
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