
Theranostics 2022, Vol. 12, Issue 4 
 

 
https://www.thno.org 

1816 

Theranostics 
2022; 12(4): 1816-1828. doi: 10.7150/thno.69885 

Research Paper 

Exosome-mediated delivery of RBP-J decoy 
oligodeoxynucleotides ameliorates hepatic fibrosis in 
mice 
Fei He1*, Wei-Na Li2*, Xin-Xin Li3*, Kang-Yi Yue4, Juan-Li Duan1, Bai Ruan1,4, Jing-Jing Liu1, Ping Song1, 
Zhen-Sheng Yue1, Kai-Shan Tao1, Lin Wang1 

1. Department of Hepatobiliary Surgery, Xi-Jing Hospital, Fourth Military Medical University, Xi’an 710032, China.  
2. School of Basic Medicine, Fourth Military Medical University, Xi’an 710032, China. 
3. Xi’an Key Laboratory of Stem Cell and Regenerative Medicine, Institute of Medical Research, Northwestern Polytechnical University, Xi’an 710072, China. 
4. State Key Laboratory of Cancer Biology, Department of Biochemistry and Molecular Biology, Fourth Military Medical University, Xi’an 710032, China.  

* These authors contributed equally to this study.  

 Corresponding authors: Kai-Shan Tao, Department of Hepatobiliary Surgery, Xi-Jing Hospital, Fourth Military Medical University, Xi'an 710032, China, 
Email: taokaishan0686@163.com; Fax: (86)-29-84771273; Lin Wang, Department of Hepatobiliary Surgery, Xi-Jing Hospital, Fourth Military Medical University, 
Xi'an 710032, China, Email: fierywang@163.com; Fax: (86)-29-83246270 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2021.12.09; Accepted: 2022.01.11; Published: 2022.01.24 

Abstract 

Rationale: Macrophages play multi-dimensional roles in hepatic fibrosis. Studies have implicated Notch 
signaling mediated by the transcription factor RBP-J in macrophage activation and plasticity. Additionally, we 
have previously shown that myeloid-specific disruption of RBP-J can ameliorate hepatic fibrosis in mice. 
Accordingly, we next asked whether blocking Notch signaling in macrophages could serve as a therapeutic 
strategy to treat hepatic fibrosis. In this study, we used a combination of transcription factor decoy 
oligodeoxynucleotides (ODNs) and exosomes to test this possibility. 
Methods: Hairpin-type decoy oligodeoxynucleotides (ODNs) were designed for the transcription factor 
RBP-J. The effects of RBP-J decoy ODNs on Notch signaling were evaluated by western blot, quantitative 
RT-PCR, luciferase reporter assays, and electrophoretic mobility shift assays. ODNs were loaded into 
HEK293T-derived exosomes by electroporation. A hepatic fibrosis mouse model was established by the 
intraperitoneal injection of carbon tetrachloride or bile duct ligation. Mice with hepatic fibrosis were 
administered exosomes loaded with RBP-J decoy ODNs via tail vein injection. The in vivo distribution of 
exosomes was analyzed by fluorescence labeling and imaging. Liver histology was examined using hematoxylin 
and eosin, Sirius red, and Masson staining, as well as immunohistochemical staining for Col1α1 and αSMA. 
Results: We found that RBP-J decoy ODNs could be efficiently loaded into exosomes and inhibit the 
activation of Notch signaling. Furthermore, exosomes administered via the tail vein were found to be primarily 
taken up by hepatic macrophages in mice with liver fibrosis. Importantly, RBP-J decoy ODNs delivered by 
exosomes could efficiently inhibit Notch signaling in macrophages and ameliorate hepatic fibrosis in mice.  
Conclusions: Combined, our data showed that the infusion of exosomes loaded with RBP-J decoy ODNs 
represents a promising therapeutic strategy for the treatment of hepatic fibrosis. 
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Introduction 
Cirrhosis is a serious health-threatening disease 

with global prevalence [1]. Hepatic fibrosis, a 
potentially reversible condition, underlies the 
development of cirrhosis in most chronic liver 
diseases [2,3]. Recent reports have shown that 

macrophages play a central role in the pathogenesis of 
hepatic fibrosis and represent one of the most 
promising therapeutic targets for the treatment of this 
disease [4–6]. However, macrophages cannot be 
simply eliminated to treat hepatic fibrosis. Mouse 
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models of liver fibrosis have revealed that 
macrophages have opposing functions during the 
progression and regression of fibrosis [7]. 
Accordingly, to treat this condition, it may be more 
meaningful to attempt to regulate the functional 
status of hepatic macrophages.  

Notch signaling mediated by RBP-J, a 
transcription factor transactivated by signaling from 
four Notch receptors in mammals [8], has been 
implicated in macrophage activation and plasticity [9–
11]. We have previously shown that myeloid-specific 
disruption of RBP-J in the mouse resulted in 
attenuated CCl4- and BDL-induced liver inflammation 
and fibrosis [12]. Based on this finding, we next 
proposed to treat hepatic fibrosis by inhibiting Notch 
signaling in macrophages. This requires that two 
problems be addressed, namely, how to specifically 
target hepatic macrophages and which Notch 
signaling inhibitor to use. 

Exosomes are phospholipid bilayer-enclosed 
vesicles, 40 to 150 nm in diameter, that are secreted by 
cells [13,14]. Owing to their excellent biocompatibility 
and high delivery efficiency, exosomes have 
enormous potential as a means for targeted drug 
delivery [13]. In the liver, the major site for the 
clearance of circulating exogenous exosomes, these 
exosomes are predominately taken up by hepatic 
macrophages [15,16], underlying their potential as 
natural delivery systems targeting hepatic 
macrophages. 

Transcription factor decoy (TFD) oligodeoxy 
nucleotides (ODNs) are short, double-stranded DNA 
molecules distinct from antisense and siRNA 
oligonucleotides [17]. Decoy ODNs harboring the 
consensus DNA recognition motif of a target 
transcription factor compete with the binding sites in 
the promoter regions of target genes for the binding of 
that transcription factor, thereby also significantly 
reducing the expression levels of downstream genes. 
Several studies have investigated the application of 
NF-κB decoy ODNs in the treatment of inflammatory 
disorders [18,19], highlighting the feasibility of 
employing RBP-J decoy ODNs for the treatment of 
diseases resulting from the aberrant activation of 
Notch signaling. 

In this study, we found that RBP-J decoy ODNs 
delivered via exosomes could efficiently inhibit Notch 
signaling in macrophages and ameliorate liver fibrosis 
in mice.  

Materials and Methods 
Synthesis and annealing of decoy ODNs 

The RBP-J decoy was a single-stranded ODNs 
that could form a stem-loop structure after annealing. 

Two RBP-J binding sites (CGTGGGAA [20]) were 
present in the decoy, with three phosphorothioate- 
modified sites at each end. For the control decoy, a 
mutation was introduced in the RBP-J binding sites 
within the ODNs. The ODNs were labeled either with 
biotin or FAM at the 5′ end in some experiments. All 
the ODNs were synthesized by AuGCT Dingsheng 
Biotechnology Co. (Beijing, China). The decoy ODNs 
were resuspended at a concentration of 20 μM, 
incubated for 10 min at 95 °C, and then slowly cooled 
to room temperature. The sequence of the RBP-J 
decoy ODNs (Decoy RBP-J) was 5′-CTGCGTGGGAA 
CTAGCGTGGGAATATTTTTTATATTCCCACGCTA
GTTCCCACGCAG-3′; the sequence of the control 
decoy ODNs (Decoy Ctrl) was 5′-CTGCGTTTTAA 
CTAGCGTTTTAATATTTTTTATATTAAAACGCTA
GTTAAAACGCAG-3′. 

Cell culture and transfection 
Bone marrow-derived macrophages (BMDMs) 

were cultured as previously described [9]. In some 
cases, lipopolysaccharide (LPS, 200 ng/mL; Sigma‐
Aldrich, St. Louis, MO, USA) was included in the 
medium. Hepatic macrophages were isolated using 
magnetic-activated cell sorting (MACS) as previously 
described [21]. HEK293T cells and mouse RAW264.7 
macrophages were cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 2 mM L-glutamine, 100 
U/mL penicillin, and 100 μg/mL streptomycin in a 
humidified atmosphere with 5% CO2 at 37 °C. Human 
umbilical vein endothelial cells (HUVECs) were 
cultured in endothelial cell medium (Sciencell, San 
Diego, CA, USA) supplemented with 5% FBS, 1% 
endothelial cell growth supplements (Sciencell), and 
antibiotics.  

RAW264.7 macrophages or HUVECs were 
transfected with RBP-J decoy or control decoy ODNs 
(100 pmol) using HiPerFect Transfection Reagent 
(QIAGEN, Crawley, UK) according to the 
manufacturer’s instructions. After 24 h, transfected 
RAW264.7 cells were infected with Ad-NICD (Notch 
intracellular domain) adenovirus (HanBio, Shanghai, 
China) while transfected HUVECs were placed in 
Dll4-Fc (1 μg/mL; Sino Biological, Beijing, 
China)-coated culture plates after digestion. 

Luciferase reporter assay 
HeLa cells (2 × 104) were transfected with 100 ng 

of pGa9816, 50 ng of pEFBOS-NICD, the indicated 
amounts of Decoy RBP-J or Decoy Ctrl ODNs, and 5 
ng of pRL-TK (internal control) using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA) according to the 
protocol recommended by the manufacturer. Cells 
were collected 24 h after transfection. Luciferase 
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activity was assessed using a Dual-Luciferase 
Reporter Assay Kit (Promega, Madison, WI, USA) and 
assay results were read using a Luminoskan Ascent 
Luminescence Plate Reader (Labsystems, Helsinki, 
Finland).  

Electrophoretic mobility shift assay (EMSA) 
Binding between Decoy RBP-J ODNs and RBP-J 

was detected using an EMSA kit (Beyotime, Shanghai, 
China) following the manufacturer’s protocol. 
HEK293T cells were transfected with pCMV- 
RBPJ-Flag and lysed in cell lysis buffer (Beyotime). 
The protein concentration was determined using a 
BCA Protein Assay Kit (Pierce, Rock, IL, USA). Cell 
extracts (20 μg) were incubated with biotin-labeled 
RBP-J decoy ODNs (3.5 μM, 1 μL) in EMSA/Gel Shift 
binding buffer for 20 min at room temperature. In 
competition experiments, 1 μL of unlabeled RBP-J 
decoy ODNs (35 μM) was added during the DNA–
protein incubation period. In non-specific competition 
experiments, unlabeled control decoy ODNs (35 μM, 1 
μL) were used. For antibody supershift studies, an 
anti-Flag antibody (Cell Signaling Technology, 
Danvers, MA, USA) was used. The DNA–protein 
complexes were separated using 6% native–
polyacrylamide gel electrophoresis (PAGE) at 70 V for 
1 h and then transferred to a positively charged nylon 
membrane (Beyotime) at 380 mA for 1 h. The 
membrane was subsequently cross-linked using UV 
light, incubated with horseradish peroxidase 
(HRP)-conjugated streptavidin, and detected using 
chemiluminescence reagents (BeyoECL Moon; 
Beyotime). 

RNA extraction and quantitative reverse 
transcription PCR (qRT-PCR) 

Total RNA was isolated from RAW264.7 
macrophages, HUVECs, BMDMs, exosomes, or liver 
tissues with Trizol reagent (Invitrogen) according to 
the manufacturer’s instructions. MiRNA and mRNA 
were reverse transcribed into cDNA using 
respectively the Mir-X miRNA qRT-PCR SYBR Kit 
and PrimeScript RT Master Mix (Takara, Dalian, 
China). qRT-PCR was performed with the TB Green 
Premix EX Taq II (Tli RNaseH Plus) Kit (Takara) in a 
Quantstudio 5 Real-Time PCR System (Bio-Rad, 
Hercules, CA, USA). U6 (miRNA) or β-actin (mRNA) 
served as the internal control. The sequences of the 
primers used are listed in Table S1. 

Western blot 
Cells and exosomes were lysed with 

radioimmunoprecipitation assay (RIPA) buffer 
(Beyotime) containing phenylmethylsulfonyl fluoride. 
The protein concentration was determined using the 
BCA Protein Assay Kit (Pierce) following the 

manufacturer’s instructions. The samples were 
analyzed by sodium dodecyl sulfate (SDS)–PAGE, 
transferred to polyvinylidene fluoride membranes 
(Millipore, Billerica, MA, USA), and incubated first 
with primary antibodies targeting Hes1, CD9, Alix, 
flotillin-1 (Cell Signaling Technology), HEY1, β-actin 
(Proteintech, Wuhan, China), and VDAC1 (Abcam, 
Cambridge, UK) and then with HRP-conjugated goat 
anti-mouse or anti-rabbit IgG secondary antibodies 
(Zhuangzhi Bio, Xi’an, China).  

Exosome isolation and labeling 
HEK293T cells were cultured in FBS-free 

medium for 24–36 h. Exosomes in supernatants were 
isolated using PEG6000 (Sigma) as previously 
described [22]. In brief, the culture medium was 
collected and centrifuged first at 500 × g for 5 min and 
then at 3,000 × g for 15 min to remove cells and cell 
debris. The supernatants were then filtered through a 
0.22-μm filter (Millipore) and mixed with PEG6000 
working solution to a final concentration of 12% 
PEG6000. The mixtures were incubated at 4 °C for 12 
h, centrifuged at 12,000 × g for 60 min, and the 
resulting pellets were resuspended in phosphate- 
buffered saline (PBS). The size distribution of the 
exosomes was analyzed by flow cytometry for 
nanoparticle analysis (NanoFCM, Xiamen, China) and 
exosome morphology was observed by transmission 
electron microscopy (TEM). For labeling, exosomes in 
PBS were incubated with Dil (Invitrogen) at 37 °C for 
30 min according to the manufacturer’s protocol, 
mixed with PEG6000 working solution, and then 
centrifuged at 12,000 × g for 30 min. 

For BMDMs, 2–8 μg (protein equivalent) of 
exosomes was added to 24-well plates containing 
BMDMs followed by 24–48 h of culture. In some 
experiments, BMDMs were fixed for 15 min in 4% 
paraformaldehyde and the nuclei were 
counterstained with Hoechst 33258 (Sigma). The 
fluorescence signals of the labeled exosomes and 
nuclei were imaged using a fluorescence microscope 
(BX51, Olympus, Tokyo, Japan).  

ODNs loading 
Exosomes were electroporated with decoy 

ODNs, FAM-ODNs, or miR-140-5p (RiboBio, 
Guangzhou, China) at 400 V and 125 μF in 0.4-cm 
electroporation cuvettes as previously described [23]. 
For cell culture, 2–8 μg (protein equivalent) of 
exosomes were electroporated with 5 μL of 
nucleotides (20 μM); for administration to mice, 200 
μg of exosomes were electroporated with 2.5 nmol of 
ODNs. To remove free ODNs, exosomes were washed 
and centrifuged with PBS containing 12% PEG6000. 
To determine the efficiency of electroporation, the 
level of miR-140-5p was detected by qRT-PCR. In 
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brief, a serial dilution (10 ×) of miR-140-5p mimics (20 
pmol) was used to generate a standard curve of Ct 
values and mimic contents through qRT-PCR. Then, 
the Ct value for miR-140-5p in exosomes was 
measured by qRT-PCR and converted to the 
miR-140-5p content in exosomes. The percentage of 
miR-140-5p entering exosomes was calculated based 
on the total amount of miR-140-5p mimics added 
before electroporation. 

Mouse model of hepatic fibrosis 
To induce hepatic fibrosis, male C57BL/6 mice 

were intraperitoneally injected with 0.75 mL/kg CCl4 
(Tianli, Tianjin, China) diluted in sterile olive oil twice 
a week for 6 weeks, with olive oil only serving as 
control. Three days after the last injection, mice were 
euthanized for further experiments. In some 
experiments, hepatic fibrosis was also induced by 
extrahepatic cholestasis resulting from bile duct 
ligation (BDL). Mice were analyzed 2 weeks after the 
operation. All animal experiments were performed 
following the guidelines of the Animal Experiment 
Administration Committee of the university.  

Exosome injection and histological analysis 
For in vivo exosome tracking, fibrotic mice were 

injected with Dil-labeled exosomes via the tail vein. 
Tissues were harvested 6 and 48 h after injection for 
bioluminescence imaging (Andor iKon Dw434, 
Oxford Instruments, Oxon, UK) or tissue sectioning.  

For exosome-mediated therapy, exosomes 
derived from HEK293T cells were loaded with RBP-J 
decoy or control decoy ODNs and infused into mice 
with CCl4-induced fibrosis (on days 29, 32, 36, and 39) 
or those with BDL-induced fibrosis (on days 2, 5, 8, 
and 11) four times by tail vein injection. Mice were 
humanely euthanized for further analysis 2–3 days 
after the last exosome injection.  

For immunofluorescence staining, liver tissues 
were fixed in 4% paraformaldehyde for 15 min and 
stained first with an anti-mouse F4/80 antibody 
(eBioscience, San Diego, CA, USA) and then with 
Alexa Fluor 488-labeled donkey anti-rat IgG 
(Invitrogen). Nuclei were counterstained with 
Hoechst 33258 (Sigma).  

Formaldehyde-fixed liver tissues were 
paraffin-embedded, sliced into 6-μm-thick sections, 
and subjected to hematoxylin and eosin (H&E), Sirius 
red, and Masson staining according to standard 
protocols. For immunohistochemistry, sections from 
mouse livers were prepared according to standard 
procedures. The primary antibodies used were 
anti-mouse Col1α1 (Servicebio, Wuhan, China) and 
anti-mouse αSMA (Servicebio). HRP-conjugated goat 
anti-rabbit IgG was used as the secondary antibody. 

3,3′-Diaminobenzidine (DAB) was used as the 
chromogen (Servicebio). Images were captured using 
a digital slide scanner (Pannoramic 250/midi, 
3DHISTECH, Hungary). 

Biochemistry 
Serum albumin, alanine aminotransferase (ALT), 

and aspartate aminotransferase (AST) levels were 
determined using an automatic biochemical analyzer 
(Rayto Life and Analytical Sciences Company, 
Shenzhen, China). 

Enzyme-linked immunosorbent assay (ELISA)  
The levels of interleukin-1 beta (IL-1β) and IL-6 

in culture supernatant were measured using kits from 
Thermo Fisher Scientific (MA, USA) following the 
manufacturer’s protocols.  

Statistical analysis 
Images were imported into Image-Pro Plus 6.0 

(Media Cybernetics Inc., Bethesda, MD, USA). Data 
were analyzed with GraphPad Prism software, 
version 8.0. Comparisons between groups were 
undertaken using paired or unpaired Student’s t-tests. 
Non-normally distributed data were analyzed using 
the Mann–Whitney test. The number of repetitions is 
indicated in the legends of each graph. Results were 
expressed as means ± SD. P-values <0.05 were 
considered significant. 

Results 
RBP-J decoy ODNs inhibited Notch signaling 
activation 

We designed a hairpin-type decoy 
oligodeoxynucleotide targeting the transcription 
factor RBP-J. As shown in Figure 1A, the Decoy RBP-J 
ODNs was a single-stranded ODN that can form a 
hairpin-type structure after annealing. Two RBP-J 
binding sites were present in the Decoy RBP-J ODNs 
as well as three phosphorothioate-modified sites at 
each end to enhance the stability of the ODNs [17]. 

Next, we evaluated whether RBP-J decoy ODNs 
could block Notch signaling from five aspects. First, 
we measured the mRNA levels of target genes 
downstream of Notch signaling in RAW264.7 
macrophages and HUVECs transfected with RBP-J 
decoy ODNs. qRT-PCR analysis showed that RBP-J 
decoy ODNs induced a significant reduction in the 
mRNA levels of hairy and enhancer of split 1 (Hes1) in 
RAW264.7 cells (Figure 1B) and those of HES1, 
Hes-related family bHLH transcription factor with 
YRPW motif 1 (HEY1), and HEY2 in HUVEC’s 
compared with that in cells treated with control decoy 
ODNs (Figure 1C). Second, we assessed the protein 
levels of Notch target genes in RAW264.7 
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macrophages and HUVECs. Compared with controls, 
western blot results demonstrated that the expression 
of HES1 and/or HEY1 was decreased in RBP-J decoy 
ODNs-treated RAW264.7 cells and HUVECs (Figure 
1D, Figure S1A). Third, we performed a luciferase 
reporter assay in HeLa cells using the pGa9816 
plasmid, the promoter region of which contains 
several RBP-J binding sites [24]. We found that 
luciferase expression was activated following 
transfection with the NICD; however, co-transfection 
with RBP-J decoy ODNs reduced luciferase activity, 
an effect that was found to be concentration- 
dependent (Figure 1E). Fourth, we performed an 
EMSA to confirm the direct binding between RBP-J 
decoy ODNs and RBP-J (Figure 1F). We found that 
RBP-J could bind to biotin-labeled RBP-J decoy 
ODNs, as indicated by the appearance of a shifted 
band; however, this binding was abrogated by 
competition with a 10-fold molar excess of unlabeled 

RBP-J decoy ODNs, but not with the same 
concentration of mutated ODNs (Decoy Ctrl). 
Moreover, a supershifted band was generated in the 
presence of an anti-RBP-J antibody. Finally, we 
determined whether RBP-J decoy ODNs could 
prevent the binding of RBP-J to the HEY1 promoter 
region using a chromatin immunoprecipitation (ChIP) 
assay. For this, HeLa cells were co-transfected with 
the pCMV-RBPJ-Flag vector and RBP-J decoy ODNs. 
ChIP was performed using an anti-Flag, rabbit IgG, or 
anti-histone H3 antibody. Human HEY1 promoter 
fragments (−180 to −65) encompassing one RBP-J 
binding site in both input and precipitated DNA were 
detected by qRT-PCR. As shown in Figure S1B, RBP-J 
decoy ODNs could impair the binding of RBP-J to the 
HEY1 promoter. Combined, these results suggested 
that RBP-J decoy ODNs could inhibit Notch signaling 
activation. 

 

 
Figure 1. RBP-J decoy oligodeoxynucleotides (ODNs) inhibited Notch signaling activation. (A) The structure of the decoy ODNs for the transcription factor RBP-J. 
(B–D) RAW264.7 cells or HUVECs were transfected with RBP-J decoy ODNs (Decoy RBP-J) or control decoy ODNs (Decoy Ctrl). After 24 h, Notch signaling was activated 
by the overexpression of the Notch intracellular domain (NICD) (Ad-NICD) in RAW264.7 cells or with Dll4-Fc in HUVEC cells. The mRNA levels of Notch target genes were 
detected by qRT-PCR in RAW264.7 cells (B) or HUVECs (C). The expression of Hes1 in RAW264.7 cells was determined by western blot, with β-actin serving as a reference 
control (D). (E) Luciferase reporter assay. HeLa cells were co-transfected with the RBP-J reporter plasmid pGa9816, pEFBOS-NICD, and increasing concentrations of RBP-J 
decoy ODNs; pRL-TK served as a reference control. Luciferase activity was detected 24 h after transfection. (F) Representative electrophoretic mobility shift assay (EMSA) 
results showing the binding of RBP-J to RBP-J decoy ODNs. HeLa cells were transfected with pCMV-RBP-J-Flag. Next, cell extracts were incubated in EMSA/Gel Shift binding 
buffer in the presence of biotin-labeled RBP-J decoy ODNs, unlabeled RBP-J decoy ODNs, control decoy ODNs, or an anti-Flag antibody, as indicated. Bars = means ± SD; * P 
< 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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Figure 2. Characterization of HEK293T-derived exosomes and retention of oligonucleotides in exosomes after electroporation. (A) The size distribution of 
exosomes was determined by flow cytometry for nanoparticle analysis. (B) Exosome morphology was observed by transmission electron microscopy (TEM). (C) The levels of 
CD9, Alix, flotillin-1, and VDAC1 in exosomes of HEK293T lysates were determined by western blot. (D) Oligonucleotides (miR-140-5p) were detected in exosomes that had 
been electroporated with scrambled miRNAs (Ctrl) or miR-140-5p mimics using qRT-PCR; U6 served as a reference control. (E) The percentage of oligonucleotides 
(miR-140-5p) retained in exosomes before or after electroporation was calculated according to qRT-PCR standard curves. Bars = means ± SD; ** P < 0.01. 

 

Characterization of exosomes derived from 
HEK293T cells and the efficient loading of 
exosomes with ODNs using electroporation 

Although transcription factor decoy-based 
strategies have shown biomedical potential, the safe 
and efficient delivery of decoy ODNs remains a 
barrier to their broader clinical application [18]. 
Furthermore, exosomes have shown potential as a 
novel method for drug delivery owing to their high 
delivery efficiency and biocompatibility [13,14]. 
Accordingly, we sought to determine the feasibility of 
delivering decoy ODNs using exosomes isolated from 
culture supernatants of HEK293T cells. Particle size 
analysis showed that HEK293T-derived exosomes 
were approximately 63.75 ± 22.28 nm (median ± SD) 
in diameter (Figure 2A). TEM indicated that the 
exosomes had a bilayer structure (Figure 2B). Western 
blot analysis revealed an enrichment of exosomal 
marker proteins, including Alix, flotillin-1, and CD9 
[25], whereas the expression of mitochondrial 

membrane protein VDAC1 was barely detectable 
(Figure 2C).  

Next, ODNs were loaded into exosomes by 
electroporation, as previously reported [23]. To 
quantify ODNs in exosomes, miR-140-5p mimics were 
utilized for convenience of detection when using 
qRT-PCR. Exosomes (5 μg protein equivalent) were 
electroporated with miR-140-5p mimics or negative 
control mimics (100 pmol). The qPCR results showed 
that the level of miR-140-5p in the loaded exosomes 
was approximately 3,000-fold that of the control 
miRNA (Figure 2D), accounting for approximately 9% 
of the electroporated miRNA (Figure 2E). These data 
confirmed that exosomes could efficiently load ODNs.  

Exosomes delivered via the tail vein were 
mainly taken up by hepatic macrophages in a 
murine model of hepatic fibrosis 

In the liver, the major site for exosome removal 
from the systemic circulation, exosomes are 
predominantly taken up by macrophages [15,16]. 
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Accordingly, we sought to determine whether 
exogenous exosomes would have a similar fate. To 
test this, we generated a mouse model of hepatic 
fibrosis by intraperitoneal injection of CCl4 (Figure 
5A) or bile duct ligation (Figure S4A). Mice were 
infused with Dil-labeled exosomes (200 μg/mouse). 
As expected, bioluminescence imaging analysis 
revealed that Dil-labeled exosomes were mainly 
distributed in the liver 6 h after injection (Figure 3A). 
Moreover, immunofluorescence staining of liver 
sections showed the presence of Dil-labeled exosomes 
in F4/80+ macrophages 6 h and 48 h after injection 
(Figure 3B, C; Figure S2). These findings suggested 
that HEK293T-derived exosomes were taken up by 
hepatic macrophages in fibrotic mice. 

Exosomes loaded with RBP-J decoy ODNs 
inhibited Notch signaling activation in 
macrophages 

In line with the Dil labeling results in vivo, we 
found that BMDMs could also phagocytose 
Dil-labeled exosomes after 24 h of co-culture (Figure 
4A). Exosomes loaded with FAM-labeled ODNs via 
electroporation were also incubated with BMDMs for 
24 h. Fluorescence imaging showed that exosomes 
could deliver FAM-labeled ODNs into macrophages 
(Figure 4B). Different concentrations of exosomes (2–8 
μg protein equivalent) were loaded with equal 
concentrations of miR-140-5p mimics (100 pmol) via 
electroporation and then co-cultured with BMDMs. 
After 24 h, the level of miR-140-5p in BMDMs was 
detected using qRT-PCR. The results indicated that 

electroporation of miRNA-loaded exosomes led to a 
significant upregulation of miR-140-5p levels in 
BMDMs when compared with the control condition 
(Figure 4C). These data suggested that exosomes 
could deliver ODNs into macrophages in vitro. 

We next assessed if exosomes loaded with RBP-J 
ODNs (Exo-Decoy RBP-J ODNs) were functional in 
macrophages. For this, BMDMs were cultured with 
Exo-Decoy RBP-J ODNs for 24 h and then stimulated 
with LPS (200 ng/mL) for 24 h, following which the 
expression levels of Hes1 were evaluated. As shown 
in Figure 4D, E, Exo-Decoy RBP-J ODNs reduced the 
mRNA and protein levels of Hes1 in BMDMs. In line 
with our previously reported results in 
RBP-J-knockout BMDMs [9,12], culture with 
Exo-Decoy RBP-J ODNs also led to the inhibition of 
the expression of inflammatory factors such as IL1β, 
IL6, and/or inducible nitric oxide synthase (iNOS) in 
BMDMs (Figure 4D, F). Fibrotic mice were also 
injected with Exo-Decoy RBP-J or Exo-Decoy Control 
ODNs via the tail vein (Figure 5A). Hepatic F4/80+ 
cells were isolated using MACS, reaching 85% purity 
(Figure S3). The expression of Hes1, IL1β, and IL6 was 
downregulated, whereas that of Cyld, a 
deubiquitinase negatively correlated with Notch 
signaling [12], was upregulated in hepatic F4/80+ cells 
derived from Exo-Decoy RBP-J ODN-treated mice 
compared with that in mice treated with control 
ODNs (Figure 4G, H). These results suggested that 
Exo-Decoy RBP-J ODNs could inhibit Notch signaling 
in macrophages both in vitro and in vivo. 

 
 

 
Figure 3. Exosomes delivered by tail vein injection were mainly taken up by hepatic macrophages in mice with CCl4-induced fibrosis. Exosomes were stained 
with Dil and approximately 200 µg (protein equivalent) of exosomes in 150 µL of PBS were injected into mice with CCl4-induced fibrosis via the tail vein. (A) After 6 h, Dil signals 
in the liver, lung, spleen, kidney, and heart were examined using bioluminescence imaging. After 6 (B) or 48 h (C) of injection of Dil-labeled exosomes, liver sections were stained 
with an anti-mouse F4/80 antibody and analyzed by fluorescence microscopy. Nuclei were counterstained with Hoechst 33258. 
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Figure 4. Exosomes loaded with RBP-J decoy oligodeoxynucleotides (ODNs) inhibited Notch signaling in macrophages. Bone marrow-derived macrophages 
(BMDMs) were incubated with Dil-exosomes (A) or exosomes loaded with FAM-labeled ODNs (B) for 24 h and then analyzed by fluorescence microscopy. Nuclei were 
counterstained with Hoechst 33258. (C) Exosomes were loaded with oligonucleotides (miR-140-5p mimics or control mimics, 100 pmol) by electroporation and different 
concentrations of the loaded exosomes were incubated with BMDMs. After 24 h, the level of miR-140-5p was quantified in the BMDMs by qRT-PCR, with U6 serving as a 
reference control. (D–F) BMDMs were incubated with exosomes that had been electroporated with RBP-J decoy or control decoy ODNs for 24 h and then stimulated with LPS 
(200 ng/mL) for 24 h. The mRNA levels of Hes1, IL1β, IL6, and iNOS in BMDMs were detected by qRT-PCR (D). The protein level of Hes1 was determined by western blot (E), 
with β-actin serving as a reference control. The levels of IL1β and IL6 in culture supernatant were detected by ELISA (F). (G, H) Mice were intraperitoneally injected with CCl4 
twice a week for 6 weeks; exosomes loaded with RBP-J decoy or control decoy ODNs (exosomes/decoy ODNs = 200 ng/2.5 nmol) were infused into mice four times via tail vein 
injection. F4/80+ hepatic macrophages were isolated using magnetic-activated cell sorting (MACS). The protein level of Hes1 was determined by western blot (G) and the mRNA 
levels of Hes1, Cyld, IL1β, and IL6 in F4/80+ hepatic macrophages were measured by qRT-PCR (H). Bars = means ± SD; * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Exo-RBP-J decoy ODNs ameliorated liver 
inflammation and fibrosis in mice with CCl4- or 
BDL-induced fibrosis 

Next, we evaluated the efficacy of Exo-Decoy 
RBP-J ODNs in a mouse model of CCl4- or 
BDL-induced liver fibrosis. For CCl4-induced fibrosis, 
mice were administered CCl4 twice a week for 6 
weeks and then infused with Exo-Decoy RBP-J or 
Exo-Decoy Control ODNs (200 μg/mouse) via the tail 
vein 24 h after the 9th to 12th injection of CCl4 (Figure 
5A). For BDL-induced fibrosis, mice were injected 
with Exo-Decoy RBP-J or Exo-Decoy Control ODNs 
via the tail vein on days 2, 5, 8, and 11 (Figure S4A). 
The results showed that serum ALT and AST levels 
were decreased in Exo-Decoy RBP-J ODN recipient 
mice compared with that in mice administered control 
ODNs (Figure 5B, Figure S4B), suggesting that liver 
function had improved in mice treated with RBP-J 
Decoy ODNs. Moreover, H&E staining of liver 
sections showed that the portal region of livers from 
Exo-Decoy RBP-J ODN-treated mice had fewer 
inflammatory cells relative to that in the livers of 
control ODN-treated animals (Figure 5C, Figure S4C).  

The mRNA expression of inflammatory and 
fibrosis factors was determined using qRT-PCR. The 
results indicated that the production of the 
inflammatory factors IL1β and TNFα and the fibrosis 
factors PDGF-B and/or TGFβ was significantly 
decreased in the livers of mice infused with 
Exo-Decoy RBP-J ODNs (Figure 5D, Figure S4D). 
Sirius red, Masson, and Col1α1 staining showed that 
Exo-Decoy RBP-J ODNs administration significantly 
reduced ECM deposition compared with the 
administration of control ODNs (Figure 6A–C, E; 
Figure S5A–C, E; Figure S6A, C). Hepatic stellate cells 
(HSCs) are the major source of the components of the 
fibrous scar in liver fibrosis [2,3]. Accordingly, we 
determined the effect of Exo-Decoy RBP-J ODNs on 
HSCs activation via staining with an anti-αSMA 
antibody. The results indicated that the infusion of 
Exo-Decoy RBP-J ODNs could reduce the 
αSMA-positive signals, suggesting that HSCs 
activation had been abrogated (Figure 6D, E; Figure 
S5D, E; Figure S6B, D). Overall, these data suggested 
that Exo-Decoy RBP-J ODNs application could 
attenuate liver inflammation and hepatic fibrosis in 
mice. 

 

 
Figure 5. Exosomes loaded with RBP-J decoy oligodeoxynucleotides (ODNs) attenuated liver inflammation in mice with CCl4-induced fibrosis. (A) 
Schematic illustration of the procedure used for the loading of exosomes with RBP-J decoy ODNs to treat liver fibrosis in mice. (B) Liver sections were subjected to hematoxylin 
and eosin (H&E) staining. The micrographs in the lower row are a higher magnification of the yellow frames in the upper row. (C) Serum albumin, alanine aminotransferase (ALT), 
and aspartate aminotransferase (AST) levels in the mice. (D) The mRNA levels of IL1β, IL6, TNF-α, PDGF-B, and TGFβ in the liver were determined by qRT-PCR. Bars = means 
± SD; * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 6. Exosomes loaded with RBP-J decoy oligodeoxynucleotides (ODNs) ameliorated liver fibrosis induced by CCl4 in mice. Liver sections were subjected 
to Sirius red (A) and Masson staining (B). Liver sections were subjected to immunohistochemical staining for Col1α1 (C) and αSMA (D). (E) Areas positive for Sirius red staining 
in (A), Masson staining in (B), Col1α1 in (C), and αSMA in (D) were quantitatively compared. Bars = means ± SD; * P < 0.05, ** P < 0.01.  

 

 
Figure 7. Schematic summary of this study. RBP-J decoy oligodeoxynucleotides (ODNs) were loaded into HEK293T-derived exosomes by electroporation. Next, 
exosomes loaded with RBP-J decoy ODNs (exosomes-RBP-J decoy ODNs) were injected into mice via the tail vein. The infused exosomes-RBP-J decoy ODNs were mainly taken 
up by hepatic macrophages, resulting in the inhibition of Notch signaling activation in these cells and, finally, the amelioration of liver inflammation and fibrosis. 
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Discussion 
Notch signaling plays a role in the development 

of hepatic fibrosis by regulating different cell types 
[26]. Zhu et al. [27] reported that hepatocyte-specific 
Notch loss-of-function resulted in the attenuation of 
non-alcoholic steatohepatitis (NASH)-associated liver 
fibrosis, while forced activation of Notch signaling in 
the liver could induce fibrosis. Furthermore, we have 
previously shown that myeloid-specific disruption of 
RBP-J using Lyz2-Cre RBP-Jflox/flox or RBP-J deficiency 
in hepatic myofibroblasts mediated by Sm22α-CreER 

RBP-Jflox/flox could reduce hepatic fibrosis in mice 
[12,28], while endothelial Notch activation with 
CDH5-CreER NICD elicited the opposite effect [29]. 
These results suggested that blocking Notch signaling 
in hepatocytes, macrophages, liver sinusoidal 
endothelial cells, or HSCs can exert a beneficial effect 
on hepatic fibrosis in mice. However, the systematic 
blockade of Notch signaling is not a feasible 
therapeutic option for this condition given the 
extensive role of Notch in development. For instance, 
systemic γ-secretase inhibitor (GSI) treatment can 
cause goblet cell metaplasia [30]. Indeed, when using 
a Cre-inducible transgenic mouse model (Mx-Cre), we 
found that the systemic knockout of RBP-J in adult 
mice, in which RBP-J is deleted with high efficiency in 
both the hematopoietic system and the liver, led to the 
aggravation of CCl4-induced hepatic fibrosis (data not 
shown).  

The above observations highlight the need to 
develop therapeutic strategies that rely on tissue- or 
cell-specific inhibition of Notch signaling for the 
treatment of hepatic fibrosis. Pajvani et al. [31] 
developed a nanoparticle-mediated delivery system 
targeting GSI to the liver and demonstrated that 
GSI-nanoparticle application reduced hepatic fibrosis 
and inflammation in mice. In addition, macrophages 
are known to play a central role in the pathogenesis of 
liver fibrosis and we have previously shown that 
myeloid-specific blockade of Notch signaling 
ameliorated hepatic fibrosis [12]. Accordingly, we 
next sought to determine the feasibility of treating 
hepatic fibrosis by inhibiting Notch signaling in 
macrophages.  

Transcription factors are important targets for 
the treatment of diseases caused by overactivated 
signaling pathways. TFD ODNs are short, double- 
stranded DNA molecules representing a novel class of 
nucleic acid-based drugs [17]. TFD ODNs can contain 
the consensus DNA binding sequence for a specific 
transcription factor normally found in the promoter 
regions of its target genes. SiRNAs or shRNAs are 
widely applied for the downregulation of the 
expression of transcription factors by promoting the 

degradation of their transcripts. However, 
transcription factors that have already been produced 
retain their activities until they are degraded. In 
contrast, TFD ODNs can downregulate the expression 
of target genes faster than RNAi by acting as decoys 
for the binding of existing transcription factors [17,18]. 
Nevertheless, TFD ODNs also have their limitations 
[18]. First, they are prone to degradation by nucleases 
and are unstable. Second, the negative charge of the 
nucleotides hampers their cellular uptake. Third, the 
systemic administration of TFD ODNs is likely to 
result in more severe adverse effects, particularly if 
the target transcription factor has important, 
multifunctional roles. Hence, the structure of TFD 
ODNs must be modified to enhance their stability and 
cellular uptake. This includes endowing single- 
stranded ODNs with the ability to form hairpins and 
circular ODNs to assume a dumbbell configuration, as 
well as introducing locked nucleic acids or 
internucleotidic phosphorothioate bonds [17]. 
Furthermore, the application of tissue- or cell-specific 
delivery systems, such as nanovectors, can reduce the 
side effects associated with TFD ODNs.  

Exosomes are nano-sized phospholipid 
bilayer-enclosed vesicles secreted by living cells and 
are thought to have enormous potential as natural 
drug delivery vehicles [13,32]. Drugs can be loaded 
into exosomes by electroporation, co-incubation, 
ultrasound treatment, saponin treatment, density 
gradient ultracentrifugation, and freeze–thaw 
extrusion [32]. Owing to their endogenous nature, 
exosomes have lower immunogenicity compared with 
exogenous nanocarriers [33]. Interestingly, in the liver, 
the major site for exosome removal from the systemic 
circulation, exosomes are predominantly taken up by 
macrophages [15,16]. This indicates that exosomes 
may represent a natural delivery system for the 
targeting of hepatic macrophages.  

In this study, we described a hairpin decoy ODN 
for RBP-J containing three phosphorothioate- 
modified sites at each end to enhance its stability. We 
found that RBP-J decoy ODNs could inhibit Notch 
signaling activation and could be loaded into 
HEK293T-derived exosomes by electroporation. We 
further observed that exosomes administered via tail 
vein injection were mainly taken up by hepatic 
macrophages in mice with hepatic fibrosis, and that 
RBP-J decoy ODNs delivered by exosomes could 
efficiently inhibit Notch signaling in macrophages 
and ameliorate hepatic fibrosis in these animals. Some 
issues related to the application of TFD ODNs remain 
to be solved, such as how to promote their 
translocation into the nucleus to exert their activity. 
Linking nuclear localization signals (NLSs) to decoy 
peptide nucleic acids may be one solution. Surface 
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receptors in exosomes can also be modified to target 
liver sinusoidal endothelial cells (LSECs) and deliver 
Notch inhibitors with the aim of treating hepatic 
fibrosis. Combined, our findings indicate that the 
infusion of exosomes loaded with RBP-J decoy ODNs 
represents a promising therapeutic strategy for the 
treatment of hepatic fibrosis that merits further 
investigation. 
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