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Introduction: Chronic hepatitis B (CHB) virus (HBV) infection has emerged as a global
health burden affecting nearly 292 million people. Tenofovir alafenamide (TAF) is an
effective treatment for CHB patients. However, the detailed mechanism underlying the
antiviral activity of TAF remains unclear.

Methods: In this study, we investigated the antiviral effect of exosomes derived from the
serum of CHB patients treated with TAF (Exo-serum) and TAF-treated macrophages (MP)
(Exo-MP(TAF)).

Results: RNAseq analysis was also performed to determine the associated long non-coding RNAs
(IncRNAs). The results demonstrated that both Exo-serum and Exo-MP(TAF) could be taken up by
HepAD38 cells and exhibited potent antiviral activities, as manifested by significantly down-
regulating the levels of hepatitis B surface antigen, hepatitis B e antigen, HBV DNA, and covalently
closed circular DNA. The antiviral effect of Exo-serum was more potent than those of TAF
treatment alone. RNAseq analysis revealed that IncRNA HOTTIP was upregulated significantly
in Exo-serum. Further, IncRNA HOTTIP knockdown reversed the antiviral effect of Exo-MP(TAF)
on HepAD38 cells, whereas IncRNA HOTTIP knockdown exerted the opposite roles.
Discussion: Taken together, these results suggest that exosomal IncRNA HOTTIP is
essential for the antiviral activity of TAF and provide a novel understanding of the exosome-
mediated mechanism underlying HBV infection.
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Introduction

Chronic hepatitis B (CHB) virus (HBV) infection is a leading cause of chronic liver
diseases, such as liver cirrhosis and hepatocellular carcinoma (HCC).! CHB has
emerged as a global health burden, impacting nearly 292 million people.? In China,
around 86 million people are HBV carriers, accounting for 25% of the global total,
and approximately 32 million patients suffer from CHB.? At present, there are two
major types of treatments, nucleos(t)ide analogues (NAs) and interferons (IFNs),
which are effective in inhibiting HBV replication and reducing the risk of developing
into more severe liver diseases.* Among the NAs, tenofovir alafenamide (TAF) is
a phosphonamidate oral prodrug of tenofovir for the treatment of CHB.? TAF is stable
in the plasma and exerts a potent antiviral effect against HBV with a high barrier to
antiviral resistance, allowing TAF to be a preferred option for treating patients with
CHB.%’ However, the mechanism underlying the antiviral effect of TAF remains to
be elucidated in detail.
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Exosomes, extracellular vesicles 30 to 150 nm in diameter,
originate from endosomal multivesicular bodies.® It has been
demonstrated that exosomes are critical mediators in intercel-
lular communication for transporting functional molecules,
including proteins, DNAs, and non-coding RNAs (ncRNAs),
from donor cells to recipient cells.” Thus, the essential function
of exosomes has been extensively observed in various biolo-
gical processes, such as cancer initiation and progression,
cellular homeostasis, and immune response.'® Regarding
HBV infection, exosomes exert an important role in HBV
transmission and immune regulation of HBV infection.''
microRNA  (miRNA)-122  and
miRNA-146a are upregulated and downregulated in the

Furthermore, exosomal
serum of CHB patients, respectively.'” In another study, exo-
somal miRNA-574-5p derived from interferon-treated macro-
phage (MP) is associated with antiviral activity for HBV
infection.'? It is suggested that exosomal molecules are poten-
tial regulators in regulating HBV infection.

Long non-coding RNAs (IncRNAs), a class of ncRNAs,
are over 200 nucleotides in length without protein-coding
capability.'* So far, numerous studies have reported that
IncRNAs are vital regulators in biological processes, such as
cell proliferation, signaling transmission, and apoptosis.'” In
addition, the role of exosomal IncRNAs has also been uncov-
ered in various intercellular communication mechanisms.'® To
the best of our knowledge, however, the effect of exosomal
IncRNA on HBYV infection has not been investigated. Thus,
this study aimed to elucidate the effect of exosomes on TAF-
induced antiviral effect against HBV infection and the under-
lying mechanisms.

Materials and Methods

Ethics Statement

The study was performed according to Good Clinical Practice
and the ethical principles of the Declaration of Helsinki'’ and
the STROBE statement. Experimental protocols and ethics

Table | The Clinical Characteristics of the CHB Patients

approval forms were approved by the Ethical Review Board
of Linyi People’s Hospital (BS201479-C). Written, informed
consents were obtained from the parents of patients with CHB.

Samples

Six patients (average age 38.4 years) were diagnosed with
CHB infection. All enrolled patients had treatment switching
from NAs to TAF monotherapy and had at least a 1-year
course of entecavir (ETV) or an NA combination of lamivu-
dine (LAM)/tenofovir disoproxil fumarate (TDF), ETV/ade-
fovir (ADF), or ETV/TDF. Patients took a dose of 25 mg
TAF orally daily (Vemlidy; Gilead Sciences KK, Tokyo,
Japan). Exclusion criteria were as follows: (a) hepatocellular
carcinoma; (b) decompensated cirrhosis; (c) terminal illness;
(d) positivity for antibody to HIV, hepatitis C, and hepatitis D;
(e) without sufficient medical records; (f) other severe chronic
diseases. Serum samples were collected from these patients at
0, 24, and 48 weeks post-TAF treatment. The clinical char-
acteristics of the CHB patients are listed in Table 1.

Measurement of HBsAg, Hepatitis B e

Antigen, HBV DNA, and HBV cccDNA

Hepatitis B surface antigen (HBsAg) and hepatitis B e antigen
(HBeAg) were quantified using electrochemiluminescence on
a cobas e 601 instrument (Roche Diagnostics, USA). HBV-
DNA level was quantified using fluorescence RT-PCR on the
ABI7500 platform (Applied Biosystems, USA). Intracellular
HBYV covalently closed circular DNA (cccDNA) was quantified
using Light Cycler Fast Start DNA Master HybProbe (Roche
Diagnostics, USA) according to the manufacturer’s instructions.
Meanwhile, the level of cccDNA was also determined by the
Southern blot assay as previously described.'®

Exosome Extraction
Exosomes isolation was performed as previously described.'’
Briefly, serum samples (1 mL) were centrifuged at 300 xg for

HBsAg (IU/mL) 1221.33 + 243.45*

HBV DNA (IU/mL) 3341 £ 234
AST (IU/L) 13.45 + 3.41
TBil (umol/L) 18.96 + 4.34

Clinical Characteristics 0 Weeks 24 Weeks 48 Weeks
Average age (year) 384

Sex (n) Male (3)

HBsAg positive (n) 3

73532 + 189.42 24545 + 67.38

24.55 + 431 11.34 + 285
3496 + 6.71 46.42 £ 5.17
12.34 £ 3.17 11.34 £ 3.77

Note: *Data were represented as mean * SD.
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10 min and were diluted with sterile PBS solution in 1:1 ratio.
Then, the samples were centrifuged at 10,000 xg for 30 min,
followed by ultracentrifugation at 200,000 xg for 2 h. The
exosome pellets were washed with PBS solution three times
and filtered through syringe filters (0.2 pum). Afterward, the
samples were centrifuged at 200,000 xg for 1 h and resus-
pended on PBS. All centrifugation processes were carried out
at 4°C. Exosomes were quantified using Pierce BCA Protein
Assay Kit according to the manufacturer’s instructions
(Thermo Fisher Scientific, USA).

Transmission Electron Microscopy (TEM)
Exosomes were resuspended in PBS solution and placed
on copper carbon-supported grids (Electron Microscopy
Sciences, USA). After 5-min incubation at room tempera-
ture, exosomes were fixed with 2% paraformaldehyde. The
grids were stained with 10% uranyl acetate for 10 min at
room temperature. Exosomes were photographed using
a JEOL 100XCII electron microscope (JEOL, USA).

Nanoparticle Tracking Analysis (NTA)
Nanoparticle tracking analysis was used to determine the
concentration and size distribution. NTA was performed on
Nanosight NS300 system (Malvern Instruments Company,
UK) as previously described.?

Western Blotting

Exosomes (5 ng) were lysed with cell lysis buffer (Beyotime
Institute of Biotechnology, China). Protein extracts were
separated by SDS-PAGE electrophoresis and were trans-
ferred electrically to Polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific, USA). The samples
were blocked with 5% skim milk in PBS-0.05% Tween 20
for 2 h at room temperature. Afterward, the primary antibo-
dies against GAPDH (1;1000), CD81 (1;1000), and TSG101
(1:1000) (Abcam, USA) were applied overnight at 4°C.
Then, the membranes were incubated with their respective
secondary antibody for 1 h at 37°C and visualized by
enhanced chemiluminescence assays (Thermo Fisher
Scientific, USA). The quantification of optical density for
bands was determined via Imagej software (version 1.8).

Cell Cultures

HepAD38 cells with stable HBV replication were kindly
provided by Peking University. THP-1 cells were obtained
from American Type Culture Collection (Manassas, USA).
HepAD38 cells were maintained in Dulbecco’s modified
Eagle medium (Gibco, USA) supplemented with 100 pg/

mL streptomycin, 100 U/mL penicillin, and 10% fetal
bovine serum. THP-l1-derived MP were cultured in
Roswell Park Memorial Institute 1640 medium (Gibco,
USA) supplemented with 100 pg/mL streptomycin, 100
U/mL penicillin, and 10% extracellular vesicle-free fetal
bovine serum. 50 ng/mL phorbol 12-myristate 13-acetate
(Sigma-Aldrich, USA) was applied to induce cell differ-
entiation for 24 h. All cells were cultured at 37°C and 5%
CO,. TAF treatment with indicated concentrations was
applied to HepAD38 cells for 48 h, and then cells were
collected for subsequent experiments.

Fluorescence Staining Assay

Exosomes were stained with PKH67 Green Fluorescent Cell
Linker Kit according to the manufacturer’s instructions
(Sigma-Aldrich; USA) and were cocultured with HepAD38
cells for 8 h. Then, the coculture system was labeled with
fluorescent dyes rhodamine phalloidin and Hoechst (Thermo
Fisher Scientific, USA). The images were taken using
a confocal microscope (Carl Zeiss LSM710, Germany)

RNAseq

Total RNAs were isolated from serum samples using
exoRNeasy Serum/Plasma Maxi Kit according to the manu-
facturer’s instructions (Qiangen, Germany). RNA quantity
using  NanoDrop™  2000/2000c
(Thermo  Fisher USA).
RNAseq assays, including RNA quality control, library pre-

was  determined

Spectrophotometers Scientific,
paration, and sequencing, were carried out by Nanodigmbio
Biotechnology Co. LTD (Shanghai, China). RAN sequencing
was performed on Illumina HiSeq2500 system (Illumina,
USA). Raw 125 bp reads were obtained, and low-quality
reads were removed before analysis. Bioinformatics analyses
were performed as previously described.?' The raw data were
stored in the Sequence Read Archive (SRA) (SUB9894356).

RT-PCR

Total RNA was isolated from exosomes or cells using the
RNeasy Mini kit (Qiagen, Germany) following the manufac-
turer’s instructions. RNA quantify was determined using
NanoDrop™ 2000/2000c  Spectrophotometers (Thermo
Fisher Scientific, USA). Then, the first-strand cDNA was
synthesized using a reverse transcription PCR kit (Applied
Biosystems, USA) according to the manufacturer’s instruc-
tions. RT-PCR was performed on the ABI7500 platform
(Applied Biosystems, USA) according to the required
conditions for each primer. Raw data were using the 2 44"

method*® with B-actin as the reference gene.
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Transfections

Small interfering RNA (siRNA) against IncRNA HOTTIP
(siRNA-HOTTIP) and negative control (siRNA-NC) were
purchased from Shanghai GenePharma Co, Ltd. The
sequences were as follows: siRNA-HOTTIP: 5-AAAUU
GCUCACUAACAGUGUG-3"; siRNA-NC: 5-GGUGG
AACAAUUGCUUUUA-3'. The plasmids carrying the cod-
ing sequence of IncRNA HOTTIP were constructed using
KOD-plus-Ver.2 kit (Toyobo Life Science, Japan) and then
cloned into pcDNA3.1 vector according to the manufac-
turer’s instructions. When cells reached about 80% confluent
in 6-well plate, cell transfection assay was conducted using
Lipofectamine® 3000 (Thermo Fisher Scientific, USA)
according to the manufacturer’s instructions. 48 h post-
transfection, cells were collected for subsequent experiments.

CCK-8 Assay

Cells (1 x 10* cells/well) were seeded on 96-well plates
and were subjected to the indicated treatment. Cell viabi-
(Dojindo
Laboratories, Japan) according to the manufacturer’s
The
a microtiter plate reader at 450 nm absorbance. The results

lity was determined via CCK-8 assays

instruction. raw data were obtained using

were the mean of three independent triplicates.

Statistical Analysis

Data were presented as mean + SD. Statistical analysis
was performed using GraphPad Prism 8 software
(GraphPad Software, USA). Differences between groups
were analyzed with Student’s #-test. Differences were con-
sidered to be significant at p < 0.05, denoting as * p <0.05,

#% 5 <0.01, *** p<0.001.

Results
Characterization of Exosomes Derived

from the Serum of CHB Patients

In this study, 6 CHB patients who had already received
daily TAF treatment (25 mg) for 48 weeks were enrolled.
The data showed that TAF treatment dramatically reduced
the serum HBsAg levels at 24 and 48 weeks after receiv-
ing TAF treatment, compared with those at day 0
(Figure 1A). Then, extracellular vesicles (EVs) were iso-
lated from the serum of these 6 CHB patients. The Western
blotting assay illustrated that EVs positively expressed
exosomal markers CD81 and TSG101 (Figure 1B). Using
TEM and NTA assays, the results further revealed that
EVs displayed classical bilayer round shape, with 139

nm in diameter (Figure 1C). Collectively, these data
demonstrated that EVs isolated from the serum of CHB
patients were exosomes (Exo-serum).

The Antiviral Effect of Exosomes Derived

from the Serum of CHB Patients

Next, we applied green fluorescent dye PKH67 to label
Exo-serum and found that Exo-serum could be taken up by
HepAD38 cells under confocal fluorescence microscopy
(Figure 2A). Furthermore, after coculturing with Exo-
serum for 48 h, the levels of HBsAg, HBeAg, and HBV
DNA were downregulated in the culture supernatants of
HepAD38 cells, relative to those treated with PBS
(Figure 2B-D). A reduction of intracellular HBV
cccDNA level of HepAD38 cells was also observed after
treating with Exo-serum (Figure 2E and F). Meanwhile,
the antiviral effect of Exo-serum was partially reversed by
the application of Annexin V, a suppressor for exosome
internalization.”> Together, Exo-serum could be interna-
lized and play an antiviral role in HepAD38 cells.

Comparison of Antiviral Effects of
Exosomes Derived from the Serum of
CHB Patients with TAF Treatment

To investigate the effect of TAF treatment, we first
applied different concentrations of TAF to treat
HepAD38 cells, ranging from 0.5 to 500 umol/L. The
results suggested that TAF at concentrations of 0.5 and
5 pumol/L did not cause a significant antiviral effect
(Figure 3A-D). On the other hand, the concentration of
50 umol/L or beyond displayed antiviral activity in
HepAD38 cells, as manifested by decreasing HBsAg,
HBeAg, and HBV DNA levels in the culture supernatants
of HepAD38 cells and inhibiting intracellular HBV
cccDNA level (Figure 3A-D). Meanwhile, the concentra-
tion of 50 umol/L and lower ones did not impact the cell
viability, whereas 250 umol/L of TAF profoundly inhib-
ited cell viability, as illustrated by the CCK-8 assay
(Figure 3E). Given these observations, the lowest effec-
tive concentration (50 pmol/L) of TAF was used in sub-
sequent experiments. Afterward, we employed Exo-serum
(10 pg/mL) and TAF treatment (50 pmol/L) to treat
HepAD38 cells for 48 h. The results demonstrated that
TAF treatment profoundly suppressed the levels of
HBsAg, HBeAg, HBV DNA, and intracellular HBV
cccDNA. Meanwhile, a more potent antiviral effect was
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Figure | Characterization of exosomes derived from the serum of CHB patients. (A) The serum HBsAg level of CHB patients at 24 and 48 weeks after receiving daily TAF
treatment (25 mg). (B) Protein expressions of exosomal markers CD8I| and TSGI0I in exosomes derived from the serum of CHB patients at 48 weeks after receiving daily
TAF treatment (25 mg) (Exo-serum). The supernatant surrounding the exosome pellet after ultracentrifugation was used as the negative control (NC). (C) Transmission
electron microscopy and nanoparticle tracking analysis for Exo-serum. Scale bar = 100nm. ***p <0.001.

observed in HepAD38 cells treated with Exo-serum
(Figure 3F-H).

Characterization of Exosomes Derived
from Macrophages Treated with TAF

In the next experiment, we applied TAF treatment (50 umol/
L) to treat THP-1-derived MP and isolated EVs derived
from the culture supernatants of MP. The Western blotting
assay revealed that EVs are highly expressed exosomal
markers CD81 and TSG101 (Figure 4A). Also, the round
morphology of EVs, with 141 nm in diameter, was con-
firmed by TEM and NTA assays (Figure 4B). Thus, these
data indicated that EVs derived from the culture superna-
tants of MP treated with TAF were exosomes (Exo-MP
(TAF)). Using the fluorescence staining assay mentioned
above, we found that Exo-MP(TAF) could be internalized

by HepAD38 cells under confocal fluorescence microscopy
(Figure 4C). Furthermore, we observed that Exo-MP(TAF)
played a more potent antiviral role in HepAD38 cells,
compared with exosomes derived from the supernatants of
THP-1-derived MP treated with PBS (Exo-MP(Exo-MP
(PBS)) and PBS (Figure 4D-G). Meanwhile, the addition
of Annexin V could partially attenuate the antiviral effect of
Exo-MP(Exo-MP (TAF) on HepAD38 cells (Figure 4D-G).
Collectively, these data suggest that exosomes may play an
essential role in the antiviral effects of TAF treatment.

LncRNA HOTTIP Was Significantly
Upregulated in Exosomes Derived from
the Serum of CHB

LncRNAs have been demonstrated to be critical regulators
for HBV infection®* and are vital molecules transferred by
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Figure 2 The antiviral effect of exosomes derived from the serum of CHB patients. (A) Fluorescence staining assay for visualizing the internalization of exosomes derived
from the serum of CHB patients at 48 weeks after receiving daily TAF treatment (25 mg) (Exo-serum) in HepAD38 cells. Exo-serum was labeled with fluorescent dye PKH67
(green). The nuclei were labeled with fluorescent dye Hoechst (blue). The cytoskeleton was labeled with fluorescent dye rhodamine phalloidin (red). Scale bar =25 um. (B)
The HBsAg level in the culture supernatants of HepAD38 cells treated with Exo-serum (10 pg/mL) or Exo-serum (10 pg/mL) plus Annexin V (I pg/mL) for 48 h. (C) The
HBeAg level in the culture supernatants of HepAD38 cells treated with Exo-serum (10 pg/mL) or Exo-serum (10 pg/mL) plus Annexin V (I pg/mL) for 48 h. (D) The HBV
DNA level in the culture supernatants of HepAD38 cells treated with Exo-serum (10 pg/mL) or Exo-serum (10 pg/mL) plus Annexin V (I pg/mL) for 48 h. (E) The
intracellular HBV cccDNA level of HepAD38 cells treated with Exo-serum (10 pg/mL) or Exo-serum (10 pg/mL) plus Annexin V (I pg/mL) for 48 h. (F) The intracellular
HBV cccDNA level of HepAD38 cells treated with Exo-serum (10 pg/mL) or Exo-serum (10 pg/mL) plus Annexin V (I pg/mL) for 48 h, as detected by southern blot assay.
*p<0.05, ¥p <0.01, ¥¥p <0.001.

5494  htes Journal of Inflammation Research 2021:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al
A HBsAg HBV-DNA D cccDNA E
ns s  Control
» ok o= 1507 m TaF
ok ok
15 e i gyl

8

* kK

Cell viability (%)

50
5
0 0 0
PBS 05 5 50 250 500 PBS 05 5 50 250 500 PBS 05 5 50 250 500 PBS 05 5 50 250 500 PBS 05 50 50 250 500
TAF concentration (umol/L) TAF concentration (umollL) TAF concentration (umol/L) TAF concentration (molL) TAF concentration (umoliL)
HBsAg HBeAg
F ol G H HBV-DNA I cccDNA
— kK e *kk
*okk | |
20 | *kk kK * XK
20 | 15 —_— 3 —_
15 * Kk * Kk - 3 ERE
— 15: — — — E —
2 S 10 22
40 3 x
2 S 10 2 °
S 2
5 2 s 1
5 I3
0
PBS  Exoseum  TAF 0 0 0

PBS Exo-serum TAF PBS Exo-serum TAF PBS Exo-serum TAF

Figure 3 The antiviral effects of exosomes derived from the serum of CHB patients and TAF treatment. (A) The HBsAg level in the culture supernatants of HepAD38 cells
treated with 0.5, 5, 50, 250, and 500 pmol/L TAF for 48 h, respectively. (B) The HBeAg level in the culture supernatants of HepAD38 cells treated with 0.5, 5, 50, 250, and
500 pumol/L TAF for 48 h, respectively. (C) The HBV DNA level in the culture supernatants of HepAD38 cells treated with 0.5, 5, 50, 250, and 500 pmol/L TAF for 48 h,
respectively. (D) The intracellular HBV cccDNA level of HepAD38 cells treated with 0.5, 5, 50, 250, and 500 pmol/L TAF for 48 h, respectively. (E) Cell viability of HepAD38
cells treated with 0.5, 5, 50, 250, and 500 pmol/L TAF for 48 h, respectively, as detected by CCK-8 assay. (F) The HBsAg level in the culture supernatants of HepAD38 cells
treated with exosomes derived from the serum of CHB patients at 48 weeks after receiving daily TAF treatment (25 mg) (Exo-serum) (10 pg/mL) or TAF treatment (50

umol/L) for 48 h. (G) The HBeAg level in the culture supernatants of HepAD38 cells treated with Exo-serum (10 pg/mL) or TAF treatment (50 umol/L) for 48 h. (H) The
HBV DNA level in the culture supernatants of HepAD38 cells treated with Exo-serum (10 pg/mL) or TAF treatment (50 pmol/L) for 48 h. (I) The intracellular HBV cccDNA

level of HepAD38 cells treated with Exo-serum (10 pg/mL) or TAF treatment (50 pmol/L) for 48 h. *p < 0.05, **p <0.01, **p < 0.001.

exosomes in intercellular communication.'® To investigate
the potential IncRNAs associated with the antiviral effect
of Exo-serum, we applied RNAseq analysis to screen the
differentially expressed IncRNAs between Exo-serum and
exosomes derived from the serum of CHB patients before
treating with TAF treatment (Exo-serum-NC). As shown
in Figure 5A, IncRNA HOTTIP was one of the most
upregulated IncRNAs in Exo-serum. Using the RT-PCR
assay, we measured the top 10 upregulated IncRNAs
obtained from RNAseq analysis and found that only
three IncRNAs, including HOTTIP, KRASPI1, and H19,
were increased in Exo-serum compared with Exo-serum-
NC (Figure 5B). Additionally, we observed that IncRNA
HOTTIP displayed the highest upregulation (Figure 5C).
Thus, we focused on the effect of IncRNA HOTTIP on the
antiviral effect of Exo-serum. Next, we determined the
expression of IncRNA HOTTIP in Exo-MP(TAF) and
Exo-MP(PBS) and found that IncRNA HOTTIP was upre-
gulated in Exo-MP(TAF) relative to Exo-MP(PBS). This
indicated that IncRNA HOTTIP might also be a critical
factor for the antiviral role of TAF treatment. Then, we
aimed to investigate the role of IncRNA HOTTIP further.
We employed siRNA against IncRNA HOTTIP (siRNA-
HOTTIP) and pcDNA3.1 vector carrying IncRNA
HOTTIP (pcDNA3.1-HOTTIP) to knockdown and over-
express IncRNA HOTTIP successfully, respectively
(Figure 5D and E). Also, the CCK-8 assay demonstrated

of
not

siRNA-HOTTIP  and
viability

that the transfection
pcDNA3.1-HOTTIP did
(Figure 5F).

alter cell

LncRNA HOTTIP Was Essential for the
Antiviral Effect of Exosomes Derived

from Macrophages

In a series of experiments, HepAD38 cells were firstly
treated with Exo-MP(Exo-MP (TAF) for 48 h and then
treated with siRNA-HOTTIP or siRNA negative control
(siRNA-NC). The results indicated that the IncRNA
HOTTIP knockdown partially reversed the effect of Exo-
MP(Exo-MP (TAF) on HepAD38 cells (Figure 6A-H). On
the contrary, the overexpression of IncRNA HOTTIP
further enhanced the antiviral effect of Exo-MP(Exo-MP
(TAF). As such, these observations demonstrated that
IncRNA HOTTIP is a crucial regulator mediating the
antiviral effect of Exo-MP(Exo-MP (TAF).

Discussion

TAF is a newly approved prodrug of tenofovir with higher
levels of the effective metabolite tenofovir-diphosphate
and lower level of plasma tenofovir.>> These advantages
allow TAF to be administered at a much lower dose than
other treatments, for example, TDF, further lowing sys-
temic tenofovir exposures.”® In several clinical trials, TAF
displays enhanced safety profiles and equivalent efficacy
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Figure 4 Characterization of exosomes derived from macrophages treated with TAF. (A) Protein expressions of exosomal markers CD81 and TSG101 in exosomes derived
from the supernatants of THP-I-derived macrophages (MP) treated with TAF treatment (50 pmol/L) for 48 h (Exo-MP(TAF)). MP derived from THP-I was used as the
negative control (NC(MP)). (B) Transmission electron microscopy and nanoparticle tracking analysis for Exo-MP(TAF). (C) Fluorescence staining assay for visualizing the
internalization of Exo-MP(TAF)in HepAD38 cells. Exo-MP(TAF) was labeled with fluorescent dye PKH67 (green). The nuclei were labeled with fluorescent dye Hoechst
(blue). The cytoskeleton was labeled with fluorescent dye rhodamine phalloidin (red). Scale bar =25 pm. (D) The HBsAg level in the culture supernatants of HepAD38 cells
treated with PBS, exosomes derived from the supernatants of THP-|-derived MP treated with PBS (Exo-MP(PBS)) (10 ug/mL), Exo-MP(TAF) (10 ug/mL), or Annexin V (I pg/
mL) for 48h, respectively. (E) The HBeAg level in the culture supernatants of HepAD38 cells treated with PBS, (Exo-MP(PBS)) (10 ng/mL), Exo-MP(TAF) (10 pg/mL), or
Annexin V (I pg/mL) for 48h, respectively. (F) The HBV DNA level in the culture supernatants of HepAD38 cells treated with PBS, (Exo-MP(PBS)) (10 pg/mL), Exo-MP(TAF)
(10 pg/mL), or Annexin V (I pg/mL) for 48h, respectively. (G) The intracellular HBV cccDNA level in the culture supernatants of HepAD38 cells treated with PBS, (Exo-MP

(PBS)) (10 pg/mL), Exo-MP(TAF) (10 pg/mL), or Annexin V (I pg/mL) for 48h, respectively. **p <0.01, **p <0.001.

in bone and renal toxicity in HBV-infected patients,”*”-*®

indicating TAF is more suitable for patients with under-
lying renal or bone disease. Moreover, it has been well
documented that TAF displays a potent antiviral effect
against HBV infection, as manifested by HBV DNA sup-
pression, HBsAg clearance, and HBeAg loss.””*" As the
significant barrier for treating HBV, the persistent cccDNA
can lead to a viral relapse after antiviral treatment.”'
Intriguingly, our study reported that Exo-serum could
exhibit potent antiviral activity against HBV infection
through inhibiting levels of HBsAg, HBeAg, HBV DNA,

as well as cccDNA. Also, our report demonstrated that the
antiviral effect of Exo-serum was more potent than those
of TAF alone. These results together suggest that the
exosome-involved mechanism is essential for the antiviral
activity of TAF, and exosome-based treatments might be
a promising therapeutic strategy for CHB patients.

So far, it has been well illustrated that exosomes parti-
cipate in regulating HBV infection, such as intracellular
HBYV replication and immune response coping with HBV
infection.*> For example, several enveloped viruses can
utilize exosome-associated proteins to form and release
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Figure 5 LncRNA HOTTIP was significantly upregulated in exosomes derived from the serum of CHB patients. (A) Volcano plotting of RNAseq analysis in exosomes
derived from the serum of CHB patients at 48 weeks after receiving daily TAF treatment (25 mg) (Exo-serum). Exosomes derived from the serum of CHB patients before
treating with TAF treatment were used as the negative control (Exo-serum-NC). (B) Applying quantitative RT-PCR analysis for verifying expressions of the top 10
upregulated IncRNAs obtained from RNAseq analysis. (C) The level of IncRNA HOTTIP in Exo-serum and Exo-serum-NC. (D) The level of IncRNA HOTTIP in HepAD38
cells treated with PBS, siRNA negative control (siRNA-NC), and siRNA against IncRNA HOTTIP (siRNA-HOTTIP). (E) The level of IncRNA HOTTIP in HepAD38 cells
treated with PBS, pcDNAZ3.| vector negative control (pcDNA3.1-NC), and pcDNA3.| vector carrying InNcRNA HOTTIP (pcDNA3.|-HOTTIP). (F) Cell viability of HepAD38
cells treated with siRNA negative control (siRNA-NC), pcDNA3.l vector carrying IncRNA HOTTIP (pcDNA3.I-HOTTIP), pcDNAS3.| vector negative control

(pcDNA3.1-NC), and PBS. **p <0.001.

virions. Li et al report that HBV-envelope proteins are
detected to be colocalized with AIP1/ALIX and VPS4B
that are involved in the formation of exosomes, and the
mutation of either of these proteins leads to blocking the
release of enveloped HBV virions.® Also, exosomes
derived from IFN-a treated macrophages can transfer
IFN-o-induced antiviral effect to HepG2.2.15 cells,
thereby inhibiting HBV replication in hepatocytes.***>
Exosomal miRNA-21 and miRNA-29a derived from
HBV-infected HepG2-NTCP cells can suppress the
expression of IL-12p35 and IL-12p40, respectively, sug-
gesting that exosomes are essential regulators in the innate
immune response against HBV infection.>® Collectively,
the exosome-mediated operational mechanism provides
a new understanding of the molecular basis of HBV
infection.

In addition to serum-derived exosomes, this study
revealed that TAF-treated MP could also produce exosomes
with antiviral effects against HBV infection. It has been
reported that hepatic MP accounts for nearly 70% of MP,
playing a critical role in defensive response against HBV
infection.””*® In this study, we used THP-1-derived as the

origin to isolate MP-derived exosomes. Consistent with the
observations from Exo-serum, Exo-MP(Exo-MP (TAF) par-
ticipated in TAF-induced anti-HBV response by lowering the
levels of HBsAg, HBeAg, HBV DNA, and cccDNA in
HepAD38 cells. TAF can be taken up intracellularly by MP
and lymphocytes and then converted to active forms.** Thus,
our results demonstrated that MP is not only a “processing
plant” of TAF but also an “effect amplifier” for generating
exosome-based antiviral activity.

To further investigate the mechanism underlying the exo-
some-mediated effect of TAF, we applied RNAseq analysis to
screen the potential IncRNAs related to the effect of Exo-
serum. Several studies have reported that IncRNAs are
involved in HBV infection.”****! Relatively, rare attention is
paid to the role of exosomal IncRNAs in HBV-associated
processes. In this study, we identified that IncRNAs, including
HOTTIP, KRASPI, and H19, were highly expressed in Exo-
serum compared with Exo-serum-NC, of which HOTTIP
showed the highest upregulation. Consistently, the level of
IncRNA HOTTIP was also enhanced in Exo-MP(Exo-MP
(TAF). Moreover, we found that IncRNA HOTTIP knock-
down and overexpression reversed and enhanced the effect
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Figure 6 LncRNA HOTTIP was essential for the antiviral effect of exosomes derived from macrophages treated with TAF. (A) The HBsAg level in the culture supernatants
of HepAD38 cells successively treated with exosomes derived from the supernatants of THP-I-derived macrophages (MP) treated with TAF treatment (50 umol/L) for 48
h Exo-MP(TAF) and then treated with PBS, siRNA negative control (siRNA-NC), or siRNA against IncRNA HOTTIP (siRNA-HOTTIP). (B) The HBeAg level in the culture
supernatants of HepAD38 cells successively treated with Exo-MP(TAF) (10 pg/mL) and then treated with PBS, siRNA-NC, or siRNA-HOTTIP. (C) The HBV DNA level in
the culture supernatants of HepAD38 cells successively treated with Exo-MP(TAF) (10 pg/mL) and then treated with PBS, siRNA-NC, or siRNA-HOTTIP. (D) The
intracellular HBV cccDNA level in the culture supernatants of HepAD38 cells successively treated with Exo-MP(TAF) (10 pg/mL) and then treated with PBS, siRNA-NC, or
siRNA-HOTTIP. (E) The HBsAg level in the culture supernatants of HepAD38 cells successively treated with Exo-MP(TAF) (10 pg/mL) and then treated with PBS, pcDNA3.1
vector negative control (pcDNA3.1-NC), or pcDNA3.| vector carrying IncRNA HOTTIP (pcDNA3.1-HOTTIP). (F) The HBeAg level in the culture supernatants of
HepAD38 cells successively treated with Exo-MP(TAF) (10 pg/mL) and then treated with PBS, pcDNA3.1-NC, or pcDNA3.I-HOTTIP. (G) The HBV DNA level in the
culture supernatants of HepAD38 cells successively treated with Exo-MP(TAF) (10 pg/mL) and then treated with PBS, pcDNA3.1-NC, or pcDNA3.1-HOTTIP. (H) The
intracellular HBV cccDNA level in the culture supernatants of HepAD38 cells successively treated with Exo-MP(TAF) (10 pg/mL) and then treated with PBS, pcDNA3.1-NC,

or pcDNA3.1-HOTTIP. *p < 0.05, #*p < 0.01, **p < 0.001.

of Exo-MP(Exo-MP (TAF) on HepAD38 cells, respectively.
In a previous study, Yilmaz Susluer et al reported that IncRNA
HOTTIP is upregulated in the plasma of HBV resolved
patients, suggesting that IncRNA HOTTIP might serve as
a prognostic marker for HBV patients.”* Recently, a growing
body of evidence has revealed the critical role of IncRNA in
the response against HBV infection. Ren et al illustrate that
IncRNA HOTAIR regulates HBV transcription and replication
by elevating the level of transcription factor SP1.** Feng et al
demonstrated that IncRNA PCNAPI is increased in human
liver-chimeric mice and promotes HBV replication through
miRNA-154/PCNA signaling.** Moreover, IncRNA CD160
functions as an immune suppressor in CD8+ T cells by inhibit-
ing TNF-a and IFN-y secretion via epigenetic modulation
during HBV infection.*> As such, IncRNAs are promising
biomarkers for manipulating HBV infection and developing
treatments coping with HBV infection.

Although this study sheds light on the role of exosomes
induced by TAF treatment, several key questions remain
necessary to address in future experiments. First, this study
only investigated exosomes derived from CHB patients’
serum at 48 weeks after receiving daily TAF treatment. It

is worthwhile to study the exosomes isolated at other time
points, such as 24 weeks, 96 weeks or longer. Second, we
focused on the effect of exosomes in vitro experiments.
However, more valuable conclusions have to be also
drawn from in vivo experiments. Thirdly, more patients
samples with a broader age range should be included.
Lastly, the detailed mechanisms underlying IncRNA
HOTTIP need to be elucidated comprehensively in future
studies.

In conclusion, the results suggest that exosome-
mediated mechanisms are essential for TAF-induced anti-
viral activity and that exosomal IncRNA HOTTIP might
be a key regulator for HBV infection. This study provides
a novel understanding of the molecular mechanism under-
lying TAF-induced antiviral effect.
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