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Abstract Objective Lumbrokinase isozymes (LKIs), which were isolated from earthworm called Dilong in traditional Chinese
medicine (TCM), have been used as the active ingredient of the enteric-coated capsule to treat clotting disease approximately 30
years. Recently, the study of LKIs on other critical diseases received much attention. Methods To demonstrate the efficacy of LKIs
on hepatitis B proteins, we incubated surface antigen (HBsAg), core antigen (HBcAg) and e antigen (HBeAg) with LKIs at different
concentrations for different time intervals, and then estimated their cleavage sites. HepG2.2.15 cells were incubated with LKIs and
their HBsAg, HbeAg were determined by ELISA and Western blotting. HBV-transgenic mice (Balb/c) were gavaged with LKIs for
30 days. HBsAg and HBeAg in serum were detected by ELISA and Western blotting, and HBcAg in hepatic tissues were
immunohistochemically stained. Hematoxylin-eosin (HE) staining was used to exhibit liver endolysis of LKI-treated HBV-transgenic
mice. Serum glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) were semi-quantitatively detected
with ELISA. After intraperitoneal injection of LKIs into Sprague Dawley rats, LKIs in serum and liver tissue were assayed. Longyan
sheldrakes (LYS) were gavaged with LKIs for 30 days, and their serum HBV DNA were assayed by PCR. Results We observed
that the capsule ingredient is a compound drug containing 6 LKIs. By incubating with the HBV proteins, LKIs were probably
estimated to degrade HBsAg at K141/P142 and R160/F161, HBcAg at R142/E143, and HBeAg at R122/E123. LKIs significantly
inhibited HBsAg and HBeAg secretion from HepG2.2.15 cells. Levels of HBsAg and HBeAg in serum and those of HBcAg in
hepatic tissues decreased in HBV-transgenic mice gavaged with LKIs, suggesting a suppression of viral assembly. Levels of GOT
and GPT and the number of endolysis in liver exhibited by HE staining were decreased in the LKI-treated HBV-transgenic mice,
demonstrating LKIs’ protecting mice hepatic cells. The activity of LKIs could be detected in serum and hepatic tissues of Sprague
Dawley rats after being intraperitoneally injected with LKIs. After gavaged with LKIs, the ducks showed a decrease in their serum
HBYV DNA levels. Conclusion The current work indicates that LKIs degrade HBs, HBc and HBe proteins and may interfere with

the virion assembly and release, leading to decrease in the virus transmission between hepatocytes, and to hepatic protection.
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report, WHO 2017), with 240 million people being
chronic HBV surface antigen (HBsAg) carriers".
Chronic HBV infection can lead to hepatic cirrhosis
and hepatocellular carcinomal*, and around 650 000
people die each year from the complications of
CHBP!, which remains a major health problem
worldwide!®,

HBV genome codes several distinct proteins
such as HBsAg and HBcAg. HBsAg is composed of 3
HBV envelope proteins, called small, middle, and
large proteins'”™. The small and large proteins are
necessary for virion production®. In infectious
the relaxed circular DNA (rcDNA) is
enclosed within a protein capsid composed of

virions,

HBcAg!"", which is further surrounded by an outer
coat consisting of a host-derived lipid bilayer studded
HBsAg. As described
previously, high rates of sub-viral particles (SVPs)

with viral envelope or
bearing HBsAg is essential for the HBV assembly
after DNA duplication"'!. Therefore, it still needs a
novel anti-HBV regimen, in which the medicine
targets the HBsAg, HBcAg, and HBeAg proteins to
interfere with the viral assembly, and even inhibits the
HBYV infection.

Dilong (earthworm) has long been used as a
material to develop antipyretic and diuretic drugs!'?.
Earthworm extract is also employed to treat
abdominal jaundice, as recorded in “Compendium of
Materia Medica” a primary indication in traditional
Chinese medicine (TCM)!"¥!. These 6 lumbrokinase
isozymes (LKIs) are isolated from earthworms
(Eisenia fetida, E. fetida) fibrinolytic activities!'*'",
Fan and Wu have used LKIs as the ingredient for the
enteric-coated capsule called lumbrokinase capsule
(LKC) to treat patients with el!é-18l
cardiovascular disorders!'*?’. The capsule contains 6
LKIs based on their fibrinolytic function'*, Wang
et al.*"! found a fibronectinase one of LKIs from
E. fetida rapidly degrading fibronectin that is involved
in HBV infection. LKIs also decrease fibronectin in

strok and

the hepatic cells, indicating that LKIs potentially
function in ameliorating liver fibrosis'**!. Recently, we
observed that EfP-I1I-1 degrades HBeAg in vitro'*!. It
is imperative to clarify whether LKIs affect and
decrease HBsAg, HBcAg, and HBeAg proteins, and
protect hepatic cells.

This study focuses on the pharmaceutical
ingredient of LKIs, as a compound drug isolated from

E. fetida. LKIs administration disturbs viral assembly,

protects hepatic cells and interferes with HBV
infection, through targeting and degrading HBsAg,
HBeAg, and HBcAg in vivo and in vitro. The multi-
functional LKIs may be used as a potential drug to
treat CHB on clinical in the future.

1 Materials and methods

1.1 Lumbrokinase isozymes and Dilong

LKIs were a kind gift from Beijing Baiao
pharmaceuticals Co., Ltd (Beijing, China). They
isolated LKIs from Dilong (E. fetida) in Beijing. The
enteric-coated capsule has been approved by the
China Food and Drug Administration (CFDA,
H11021129) for the treatment of clotting disease for
instance stroke.

The animal experiments followed the principles
of care and use of laboratory animals and were
approved by the Animal Welfare and Research Ethics
Committee of the Institute of Biophysics, Chinese
Academy of Sciences (SYXK2019-01).

1.2 Assay of LKIs activities

Different LKI concentrations were analyzed on
12% fibrin-SDS-PAGE (F-SDS-PAGE) as described
previously”. The F-SDS-PAGE was formed by
adding 0.12% fibrinogen (Sigma Aldrich, St Louis,
MO, USA) and mixing 50 pU thrombin (Sigma
Aldrich, St Louis, MO, USA). After electrophoresis,
the zymogram was obtained when the gel was
renatured with 2.5% TritonX-100 for 30 min,
incubated with PBS buffer (pH 7.2) at 37° C for
30 min, stained with Coomassie Brilliant Blue R-250,
and de-colored with 7% acetic acid. The images were
captured using ChampGel 5000 imager (Sage
Creation Science Co., Ltd, Beijing, China). The
densities were measured to estimate the relative
activities using Photoshop-2019 (Adobe Photoshop
Inc; CA, USA) as described previously®*.

1.3 Hydrolysis of HBeAg, HBcAg, and
HBsAg with LKIs

A recombinant HBeAg
Bioscience Technology Ltd, Beijing, China) was
incubated with 0, 0.25, 0.5, 1, or 2 mg/L LKIs at 37°C
for 60 min. The reaction was terminated by adding 6x

(Beijing  Huamei

sample loading buffer and boiling for 10 min.
Samples (12 pl each) were electrophoresed on 15%
SDS-PAGE and the protein bands in the gel were
visualized using Coomassie Brilliant Blue R-250.
Then, under the same conditions, HBeAg degradation
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in the presence of LKIs (final concentration 1 mg/L)
was observed at different time intervals. HBeAg in the
absence of LKIs and presence of trypsin (final
concentration 2 mg/L) was used as the negative and
positive controls, respectively.

Under the same experimental conditions, HBsAg
(adr, recombinant N-truncated; a.a. 226, Abnova,
Taipei, Taiwan), and truncated HBcAg (recombinant;
a.a. 1-183, RayBiotech, Inc., GA, USA) were also
incubated with LKIs and then assayed by SDS-PAGE.
For convenience, we have stated small HBsAg as
HBsAg in this work unless stated otherwise.

To estimate the proteolytic site on HBeAg in the
presence of LKlIs, HBeAg (0.2 g/L, 3pul) was
incubated with the isozyme (final concentration
2 mg/L) at 37°C for 1 h. The cleaved products were
15% SDS-PAGE and their
masses

electrophoresed on
apparent molecular were
described™. were transferred on
polyvinylidene fluoride (PVDF) membrane
(Millipore, MA, USA). After staining with Coomassie
Brilliant Blue R-250 for 10 s, the bands were cut out

for amino acid sequencing to identify the main

analyzed as
The proteins

cleavage sites on the Applied Biosystem Automated
Protein Sequencer (Applied Biosystem Inc.; CA,
USA). In addition, the reaction mixture was subjected
to mass spectrometry (REFLEX III, Bruker; Bremen,
Germany). The proteolytic sites were estimated based
on the intact sequences of HBeAg (GenBank
CAA01610.1, https://www. ncbi. nlm. nih. gov/protein/
CAAO01610.1), HBcAg (GenBank AUR80754.1, https:
//www. ncbi. nlm. nih. gov/protein/AUR80754.1), and
HBsAg (GenBank ACX36042.1, https://www. ncbi.
nlm.nih.gov/protein/ACX36042).
1.4 Cell culture and treatments

HepG2.2.15 cell line was provided by the
Animal Center of Academy of Military Science of the
Chinese People’s Liberation Army (Beijing, China).
HepG2.2.15 cells were clonal cells derived from
HepG2 cells, transfected with a plasmid containing
HBV DNA. The HepG2.2.15 cells were cultured on
Dulbecco’s modified eagle medium (high glucose,
Gibco, Invitrogen Corporation; Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (PAA;
Pasching, Austria), antibiotic G-418 sulfate (final
concentration 380 mg/L, Amresco; Solon, OH, USA)
(final
concentrations 100 units/ml penicillin and 100 mg/L
streptomycin; HyClone; Logan, UT, USA).

and penicillin-streptomycin solution

HepG2.2.15 cells were seeded at 1.5x10°cells
per tissue culture dish (Corning; NY, USA)"%. LKIs
were added to the culture medium three days after
seeding and incubated in the presence of LKIs for 6
days with changes of media every 3 days. After
treatment, the culture supernatants were collected and
subjected to HBeAg and HBsAg analysis by Western
blotting and ELISA as described previously*"*".. The
inhibition ratio was calculated according to the
following formula: inhibition rate (%) = [(Ac - As)/
Ac]*x100%, where Ac and As represent the absorbance
of control, and that of sample, respectively®". As
described?®!, cell viability was also examined using
cell-counting kit-8 (DOJINDO; Kumamoto, Japan).
1.5 Treatment of HBV-transgenic mice and
Longyan sheldrakes

HBV-transgenic mice came from Transgenic
Engineering Lab, Infectious Disease Center,
China®”!.
selected as the transgenic receptor mice. After HBV

Guangzhou, Inbred Balb/c mice were
genome plasmid amplification, the plasmid DNA was

extracted, digested by enzyme, purified, and
microinjected into male prokaryotes of fertilized eggs
in Balb/c mice. Lamivudine (LV, GlaxoSmithKline;
Philadelphia, PA, Britain) was selected as positive
control because it is a common drug in treating
Thirty HBV-

transgenic mice were divided into three groups

chronic HBV infections on clinicP.

randomly and received 50 mg/kg LKI-, 100 mg/kg
LV-, or 0.9% NacCl (saline)-gavage daily. Then, 6 mice
of each group were euthanized. The treatment time (d)
for transgenic mice were as indicated in the figure
legends. The remaining four mice were raised without
drugs for 7 days. During the medication, mice were
weighed from the beginning of medication (D,) to
their euthanasia (P,).

Longyan sheldrakes (LYS) came from School of
Basic Medical Sciences, Guangzhou University of
Chinese Medicine (China), which are naturally
infected with duck HBV (DHBV) P24 They were
randomly divided into 5 groups and received gavage
administration each day for 28 days (D,g) with 100,
50, and 25 mg/kg LKIs, 100 mg/kg LV, or saline (n=
14). Then 8 ducks from each group were euthanized,
and 6 were left without administration for 5 days (P;).
The ducks were weighed at D, D,, D,,, D,,, D,¢, and
P.. In this experiment, we provided the LKC and
Beijing Kangyuyao Biological Company (Beijing,
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China) managed and provided the duck experimental
data.
1.6 Sample collection

Blood of HBV-transgenic mice was collected as

331 at different time intervals as

described previously
indicated in Table S1. Sera were prepared and stored
at —70°C until determination. After the animals were
euthanized, the liver, spleen, and kidney were quickly
dissected and fixed in 4% paraformaldehyde. The
liver tissues were also immediately homogenized in
China) and
centrifuged to collect supernatants for Western
blotting. Blood of LYS were collected at different
time intervals (D,, D,, D,,, D,,, and D,,), they were
rested and observed at P.,.

1.7 Assay of HBeAg, HBsAg,
Western blotting and ELISA

Western blotting was performed to detect HBeAg

lysis buffer (Beyotime; Shanghai,

and HBcAg by

(recombinant HBeAg, Beijing Huamei Company,
China), HBsAg, and HBcAg levels. The samples
(reaction mixture of HBeAg and LKIs, cell culture
media, or serum) were first analyzed using 15% SDS-
PAGE. The proteins in the gel were then transferred
on PVDF membrane (Millipore; MA, USA). The
membrane was blocked in Tris-HCI buffered saline
(TBS) containing 5% nonfat milk and then incubated
with primary antibody (anti-HBeAg and anti-HBsAg,
Santa Cruz; Biotechnology, CA, USA; and anti-
HBcAg, Millipore; MA, USA) at 4°C overnight. After
rinsing with TBS plus 0.2% Tween-20 TBS (TBST),
the membrane was subsequently exposed to
peroxidase-conjugated IgG (Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd, Beijing,
China) in the same solution at 37°C for 2 h. The blots
were washed and then developed using a super
enhanced chemiluminescence detection kit (Applygen
Technologies Inc., Beijing, China). The protein bands
were visualized after exposing the membranes to
Kodak X-ray film. ELISA was
performed with diagnostic kits for HBeAg and
HBsAg
Enterprise Co., Ltd, Beijing, China) as described in

immediately

(Beijing Wantai Biological Pharmacy
the manual.
1.8 HBYV RNA and DNA measurements

Total cellular RNA was extracted using TRIzols
Regent (Invitrogen; CA, USA), treated with RNase-
free DNase I (Promega; Madison, WI, USA), and

used for cDNA synthesis by Super Script™ cDNA

Synthesis Kt
manufacturer’s protocols. The RNA expression was

(Invitrogen) according to the
measured using SYBR green-based real-time PCR
performed on Corbett 6200 Real-time PCR system
(Corbett Research Pvt Ltd, Sydney, Australia). The
optimized amplification protocol consisted of an
initial denaturation step of 94°C for 5 min, followed
by 35 amplification cycles at 94°C for 15 s, annealing
at 54°C for 15 s, and extension at 72°C for 10 s. To
ensure full extension of the products, every cycle was
followed by an extra incubation at 72°C for 10 min.
HBV DNA from the
HepG2.2.15 cells was extracted using TIANamp
Virus DNA Kit (TTANGEN biotech Co., Ltd, Beijing,
China) and amplified under the same conditions as

culture media and

cDNA samples except annealing at 57°C for 15 s and
extension at 72°C for 30 s.

Serum samples from HBV-transgenic mice were
boiled for 10 min to remove the proteins and the
supernatant was used as the PCR template. HBV DNA
in the serum was detected under the same conditions
as that in HepG2.2.15 cells.

LYS blood samples were collected from the
posterior tibial veins and centrifuged (2 000 g,
20 min, 4°C). The serum was subjected to PCR to
screen DHBV positive ducks. DHBV was amplified
through 40 cycles, each cycle consisting of 94°C for
30 s, annealing at 55°C for 60 s, and extension at
72°C for 60 s B4,

Viremia was assessed throughout the treatment
and follow-up period by semi-quantitative DHBV
DNA detection in duck serum using dot-blotting
hybridization. Serum (50 pl) was spotted directly on
nitrocellulose filters (Pall Corporation, Ann Arbor,
MI, USA). After denaturation and neutralization, the
filters were hybridized with a full-length DHBV
genomic DNA probe labeled with **P using a nick
translation system kit (Invitrogen; CA, USA)P%). The
DNA blots were placed side up in the film cassette
and a sheet of autoradiography film was placed on top
of the blots. The blots on the film were scanned at 490
nm to analyze the concentration of DHBV DNA in
serum”®. Primers used in this study were synthesized
by Sangon Biotech Co., Ltd, Shanghai, China
(Table S2).

1.9 Immunohistochemistry and hematoxylin—
eosin (HE) staining

As described previously, the mice livers were
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in 4% 48 h
immediately after dissection”””). After fixation, the

immersed paraformaldehyde for

livers were embedded in paraffin blocks and 5-8 pm
thick
immunohistochemistry. De-paraffined and hydrated

sections were processed for
sections were incubated in target retrieval solution
(Dako, Glostrup, Denmark) at 95°C for 30 min for
enhancing immunoreactivity. After permeabilization
with 0.3% H,O, in absolute methanol for 10 min to
block endogenous peroxidase, the sections were
incubated in 10% normal goat serum (Burlingame,
CA, USA) in PBS at room temperature (~20°C) for
30 min. The specimens were then incubated with anti-
HBcAg monoclonal antibody solution (Millipore;
Bedford, MA, USA) diluted in PBS at 4°C overnight.
After washing with PBS, sections were subsequently
incubated with biotin-labeled secondary antibodies
(Invitrogen, Carlsbad, CA, USA) (37°C, 1h). The
immunoreaction was detected using horseradish
peroxidase-labeled antibodies (GE; Piscataway, NJ,
USA) (37°C, 1h) and red staining was visualized
using an AEC system (Nikon Optical; Tokyo, Japan).
Semi-quantitative immunohistochemical
detection was used to determine the HBcAg levels as

B8 The immunoreactivity for

described previously
HBcAg was scored by evaluating the sum of positive
stained zones and staining intensity over the total
number of the zones. Intensity was scored as “+”
(weakly stained), “ ++ ” (moderately stained), and
“+++ (strongly stained). HE staining was carried out
in the immunodeficiency animal laboratory of
Institute of Biophysics, Chinese Academy of
Sciences, Beijing, China.

1.10

(GOT), glutamic—pyruvic transaminase (GPT),

Glutamic—oxaloacetic transaminase

and creatinine level analysis

GOT and GPT levels in the serum were semi-
quantitatively detected with ELISA. Creatinine level
was determined using mouse creatinine assay kit
(picric acid). The performance of these measurements
strictly followed the manuals provided with the kits
(Sangon Biotech Co., Ltd, Shanghai, China).
1.11 Data analysis

All values reported are means + standard errors
(SE) unless otherwise indicated. Data analysis was
performed by one way analysis of variance (ANOVA)
using Origin 7.0 (Origin Lab, Northampton, MA,
USA) statistical software. Differences with 95%

probability level (P<0.05) were considered significant.
2 Results

2.1 LKIs cleaved HBsAg, HBcAg and HBeAg

First, we prepared the fibrin polyacrylamide gel
electrophoresis (F-PAGE) to assay the activities of
LKIs. F-PAGE exhibited 6 fibrinolytic bands with
different apparent molecular masses (40.79, 36.49,
34.03, 30.44, 28.40, and 26.49 ku; Figure la, b).
Density-based scanning showed 6 main peaks of
proteolytic activity in percentage (Figure 1c, Table 1).
As described previously, L. rubellus™ or E. fetida™"
contains 6 LKIs with fibrinolytic activity. These data
indicate that the ingredient of the enteric-coated
capsule contains 6 LKIs used in this work.

As we know, infectious HBV is spherical
consisting of HBsAg that envelops the viral
nucleocapsid. To identify whether LKIs interfere with
HBV assembly, we incubated HBsAg with LKIs at
37°C and collected aliquots at different time intervals.
As exhibited in 15% SDS-PAGE, HBsAg was
hydrolyzed and two protein bands with the apparent
molecular masses of 18.45 and 12.35 ku for HBsAg
(23.90 ku) were released in the presence of LKIs
(averagely 32.77 ku) (Figure 1d). The cleavage sites
were estimated at K141/P142 and R160/F161 (Figure
S1), based on the amino acid sequence of HBsAg
(adr, Abnova, GenBank APY18030.1).

HBcAg constructs the nucleocapsid involving
viral assembly!"”, To demonstrate that LKIs disturb
the HBV assembly, we incubated HBcAg (~18.31 ku;
Figure 1le) with the proteases for different time
Different from HBsAg,
HBcAg by LKIs was slow, and generally produced a
peptide (~12.72  ku)
experimental conditions. According to our previous

intervals. hydrolysis of

in 4days under -current
work!?!, the N-terminal sequence of the released
peptide was identical to that of the intact HBcAg
peptidyl chain (n—MDIDPYKEFG—). Thus, the
cleaved site was estimably at 142R/143E (Figure S2).
HBcAg degradation suggests that LKIs may impede
viral assembly, leading to the suppression of HBV
infecting ability.

Serum HBeAg has been widely used to monitor
viral infection and treatment response as it is usually
associated with viral replication!'”. To identify
whether LKIs decrease HBeAg levels, we incubated a
recombinant HBeAg with LKIs (2 h at 37°C). As
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Fig. 1 Assays of lumbrokinases (LKIs), and hepatitis B surface antigen (HBsAg) and core protein (HBcAg)
hydrolysis
The LKIs were isolated on 12% SDS-PAGE mixed with 0.15% fibrinogen and 50 pU thrombin at 37°C for 30 min. Different amounts of LKIs (20,
12, and 8 pg) were added to lanes at 37°C, respectively (a). After fibrinolytic reaction, the gel was stained with Coomassie Brilliant Blue R-250,
followed by density-based scanning to evaluate the relative activity (in percentage) of each isozyme (b, ¢). Conditions were as indicated, HBsAg (d)

and HBcAg (e) were incubated with LKIs at 37°C and aliquots were collected at different time intervals for assays on 15% SDS-PAGE.

Table 1 Relative activity and apparent molecular masses of LKIs"

Peak ok Density based scanning Assay of activity
Area Ratio/% Area Ratio/%

1 40.79 12+1.8 15.29 9+0.6 9.13
2 36.49 9+2.2 11.6 15+1.1 15.64
3 34.03 1845.7 23.2 9+1.4 9.86
4 30.44 12+4.1 14.89 27+3.1 27.74
5 28.40 9+3.0 11.65 13£3.3 14.16
6 26.49 184+4.4 23.37 14+1.8 14.65

aMW 32.77 - - - -

YData from Figure 1, and measurements of samples (#=3) shown in means + SD.
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shown, HBeAg (10 pg, ~14.50 ku) was degraded and
released a major cleaved protein band about 12.48 ku
in the presence of 1.0, 2.0, 4.0, and 10 pg LKIs
S3a). The cleaved peptide
sequence was identical to that of HBeAg (n—Thr—
Met—Ile—Thr—Asn—), and the cleaved site was
estimated at R122/E123 (Figure S2). The density of
HBeAg protein band markedly decreased in 120 min
in the presence of 1 mg/L LKIs (Figure S3b).
in an LKI-
concentration- and time-independent manner detected
by Western blotting (Figure S3c, d) and ELISA
(Figure S3e, f).
2.2 LKIs decrease HBsAg and HBeAg secreted
by HepG2.2.15 cells

HepG2.2.15 cells with HBV genomic DNA
release HBsAg and HBeAg into the cultured media!*").

(Figure N-terminal

Hydrolysis of HBeAg underwent

(a)
LKIs/(mg' L")y 0

HBsAg *- i

005 025 05 1.0 25

(a)

120 -

el
(=]
T

'
=)

Relative HBsAg levels/
arbitrary unit

0 0.25 05 1.0 25 5.0
LKI/(mg-L™")
Fig.2 Decreased HBsAg and HBeAg levels in HepG2.2.15 cell culture media
HepG2.2.15 cells were cultured with different lumbrokinase isozyme (LKI) concentrations for 6 days, and the media were collected for determining
the HBsAg and HBeAg levels by Western blotting (a, b) and ELISA (a’, b’) as indicated. The inhibition ratio was calculated as described in Materials
and Methods. The data represent means+SD (n=3). *, P<0.05; **, P<0.01.

2.3 LKIs decrease levels of HBsAg, HBeAg,
and HBcAg to protect the hepatic cells in HBV-
transgenic mice

HBV-transgenic Balb/c mice were divided into
three groups: LKI-, LV-, and saline-treated (n=10 each
group). During the drug administration course, there
were no statistically significant differences in body
weights among the three groups (Figure S5). No
obvious side effects were observed in the animals on
antiviral therapy or control animals during the 35-day
treatment.

(®)

Before studying the effect of LKIs on secreted HBsAg
and HBeAg, we assessed the potential toxicity of
those isozymes on HepG2.2.15 cells. As shown in
Figure S4, 0.25-5.0mg/L LKIs, or LV (positive
control), did not affect cell viability significantly as
examined by cell-counting kit-8 under the
experimental conditions.

To investigate whether LKIs affects the secreted
antigen levels, we added different concentrations of
LKIs to the HepG2.2.15 cell culture media and
collected aliquots for observing the changes in HBV
proteins. Both Western blot and ELISA showed that
secreted HBsAg levels decrease with the increase of
LKIs concentration in the culture media (Figure 2a,
a'"). The decreased levels of secreted HBeAg in the
presence of LKIs were also observed using WB and

ELISA (Figure 2b, b").

(b)

LKIsmgL") 0 005 025 05 1.0 2.5

HBeAg - R e

120

>®
=3
T

Py
=
T

Relative HBsAg levels/
arbitrary unit

0 025 05 1.0 25 50
LKI/(mg-L™)

Serum HBsAg levels decreased to ~34% (using
Western blotting, Figure 3a) and ~64% (using ELISA,
Figure 3c) in the LKI-treated transgenic mice (LKIs,
50 mg/kg) at D,; compared with that at D, (P=0.039 1).
Interestingly, the serum HBsAg levels significantly
bounced back (P<0.05) at P, compared with that at
D,,. However, serum HBsAg levels in the LV-treated
(Figure 3d) or saline-treated (Figure 3e) transgenic
mice had little changes, even after withdrawing the
administration.

HBeAg was significantly decreased (P<0.05) in
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the LKI-treated transgenic mice (Figure 3b). At D
and D,,, the HBeAg levels decreased to ~55% (P=
0.016 5) and ~28% (P=0.003 4) (Figure 3f), compared
with that at D,. However, at P,, HBeAg levels in the
blood returned to 69% (P<0.05) compared with that at

(a) Assay of HBsAg
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(g) LV-gavage

D, Neither the serum HBeAg levels in LV
(100 mg/kg/d) -treated HBV-transgenic mice, nor the
control group showed significant decreases (Figure
3g, h).
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Fig. 3 Effects of LKIs on serum HBsAg and HBeAg in HBV-transgenic mice

HBV-transgenic Balb/c mice (n=6, each group) were gavaged with LKIs, lamivudine (LV), or saline (SL) once daily for 30 days, and their sera were

collected at different time intervals (0, 7, 15, and 23 d; then gavage withdrawal for further 7 days) for examining the HBsAg level using Western

blotting (a) and ELISA (¢, LKI-gavage; d, LV-gavage; e, saline-gavage group). Under the same conditions, the HBeAg level was determined using

Western blotting (b) and ELISA (f, LKI-gavage; g, LV-gavage; h, saline-gavage group). Serum albumin was used as loading control. P, withdrawal of

LKIs, LV, or saline for 7 days, respectively. n=6, *, #, P<0.05; **, P<0.01.

2.4 HBcAg changes on LKI treatment

HBcAg within the hepatocytes is associated with
the inflammatory response, liver cell damage, and
HBeAg expression'*?. To clarify whether LKIs target
HBcAg in vivo, we detected HBcAg levels in the
hepatic tissues of LKI-treated transgenic mice for 30
consecutive days (n=6 in each group) and with gavage
withdrawal for 7 days after the continuous gavage for

30 days (n=4 in each group) (Figure 4a). HBcAg
levels in LKI-treated mice reduced to 80.0%
(P=0.048 5) compared with that in control mice at D,
(Figure 4b). However, HBcAg levels rebounded to
~87.6% at P,. LV observably suppressed HBcAg
levels (decreased to ~88%), which rebounded after
gavage withdrawal as well. HBcAg levels in saline-
gavage transgenic mice (control) did not change
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significantly before and after gavage withdrawal.
These data indicate that LKIs can decrease HBcAg
levels in the hepatic tissues of the transgenic mice.

To further demonstrate that LKIs decrease
HBcAg hepatic
immunohistochemical examination was performed.

levels in tissues,
The hepatic tissues collected from LKI-gavage mice
had small and light cell clusters stained positive for
HBcAg (Figure 4c, c'), while those from saline-
gavage mice (control) were strongly stained (Figure

(@) Treated for 30 days Withdrawal 7 days

MouseNo. 7 2 3 4 5 6 1 2 3 4

HBcAg
LKI
Actin

HBcAg
LV

Actin

HBcAg
SL

Actin

——--
L
e

I : Mcdication for 3 days

® I : 7 days after medication

—_

Relative concentration/
arbitrary unit
o =)
f=) (=} (=)
*

50

SL LKI LV

4d, d'). The staining of hepatic tissues from LV-
gavage mice was stronger than that from LKI-gavage
mice (Figure 4e and 4e"). Normal wildtype mice did
not show HBcAg signals (Figure 4f, f’). Semi-
quantitative immunohistochemical statistics from 6
sections of each group is summarized in Figure 4g
and Table S3. These data indicate that LKI
administration decreases HBcAg levels in the hepatic
tissues of HBV-transgenic mice. In other words, LKIs
may disturb HBV assembly in the hepatic cells.

(© (¢

LKI

15

wn

Immunoreactivity scores

(=}

SL LV LKI WT

Fig. 4 The effect of LKIs on HBcAg in the hepatic tissues of the transgenic mice

After gavage with LKIs, lamivudine (LV), or saline for 30 days, 6 HBV-transgenic mice Balb/c in each group were euthanized and their sera were

collected for detecting HBcAg by Western blotting (a). Four mice in each group were sacrificed for detecting HBcAg by Western blotting after the

withdrawal of LKIs, LV, and saline for 7 days. Actin was used as a control. The densitometric analyses of HBcAg are shown (b). The hepatic tissues

were sectioned and HBcAg was detected by immunohistochemistry with the monoclonal antibody in LKIs-treated (c, ¢’). Saline-treated (d, d'), and

LV-treated (e, ') transgenic mice. Untreated wildtype C57/bl6 mice (£, f') were used as controls. n=6. The immunoreactivity for HBcAg was scored

by evaluating the sum of positive stained zones and the staining intensity over the total number of the zones as described®® (g).

2.5 LKIs protect the structure and function of
hepatic cells in HBV-transgenic mice

To investigate whether LKIs protect the structure
of hepatic cells, we sectioned the liver samples of

transgenic mice and stained them with HE (Figure 5)
in the treatment on day 28. In the normal liver
(wildtype), the hepatic lobule structure was integrated,
the central vein and its radially arranged liver cells
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were clearly visible, the boundaries of liver cells were
clear, and the cytoplasm was abundant (Figure 5a).
However, in saline-treated transgenic mice liver,
hydropic degeneration was prominently observed in
the lobular center, accompanied by a significant
cytoplasmolysis of hepatic cells (Figure 5b). Mild and
diffuse hepatocyte degeneration and partial necrosis
of liver cells were observed in LV-treated transgenic
mice (Figure 5c¢). Marked hepatocyte hydropic
degeneration, except lymphocytic infiltration, was not
observed in partial liver parenchyma and perivascular
space in LKIs-treated transgenic mice (Figure 5d).
Kidney and spleen of the HBV-transgenic mice were
also sectioned and stained, which did not exhibit
morphological (Figure So0),

significant changes

similar to the creatinine levels (Figure 5g). Thus,
LKIs may prevent the hepatic cells from the hydropic
degeneration.

Serum GOT and GPT levels were also measured
to detect the function of the hepatic cells of transgenic
mice after the treatment of LKIs™!. GOT levels
(Figure Se) were significantly decreased (P<0.05) in
the HBV-transgenic mice serum during LKI gavage
from D,; to D,,, compared with that at D,. LV as a
positive control which also suppressed GOT levels.
Serum GPT levels on D, were significantly decreased
(P<0.05) in LKI-gavage mice, but those of LV-gavage
mice were not (P>0.05) (Figure 5f). Thus, LKIs
suppress both GOT and GTP levels, further
suggesting their protective role on hepatic cells.
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Fig. 5 Hematoxylin—eosin (HE) staining of the liver of HBV—transgenic mice and changes in serum GOT, GPT, and

creatinine levels after medication

Conditions were similar to that reported in Figure 3. The liver sections collected from wildtype mice (a) and saline-treated (b), lamivudine (LV)-

treated (c), and lumbrokinase isozyme (LKI)-treated (d) transgenic mice were stained with HE. Scales were as indicated. Moreover, serum aliquots

were collected from saline-, LV-, and LKI-treated transgenic mice at different time intervals for measuring the GOT (e) and GPT (f) levels by ELISA

and creatinine level (g) by picric acid-kit. *, P<0.05; **, P<0.01.

2.6 LKIs decreases DHBV DNA levels in LYS
serum

We then checked whether LKIs affect the viral
DNA in an animal naturally infected with HBV. We
employed LYS because it is naturally infected with
DHBV™, LYS was gavaged with LKC and sera
DHBV DNA were examined at different time
intervals. During intragastric medication, the LYS

gained weights, but not significantly different in the
weights among the three groups (Figure 6a). Sera
DHBYV DNA decreased markedly after intragastric LV
administration for 7 days (P<0.05) and kept at low
levels during medication (P<0.01), but it increased
rapidly back to the start level at P, (Table S4).
Interestingly, DHBV DNA was significantly inhibited
at D, in 100 mg/kg LKI-treated LYS (P<0.05)
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Fig. 6 Changes in HBV DNA copies in LKIs—treated LYS, mice, and HepG2.2.15 cells
DHBV-infected LYS were randomly divided into three groups (n=14) and gavaged with 100 mg/kg LKI in enteric capsule, 100 mg/kg lamivudine
(LV), or 0.9% saline (once daily) for 28 days. Then 8 ducks from each group were euthanized and 6 were left for stopping medication for 5 days.
Their bodies were weighed (a) and sera HBV DNA were determined with TIANamp virus DNA kit (b) at different time intervals. Cell culture
conditions were similar to that reported in Figure 2, however the HBV DNA in HepG2.2.15 cells (¢) and culture media (d) and cellular HBV RNA (e)
were determined by fluorescent qPCR. Serum from saline-, LV-, and LKI-treated transgenic mice were employed for determining HBV DNA copies

(). n=6; *, P<0.05; **, P<0.01.
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compared with that at D, or that at D,, in saline-
treated LYS (Figure 6b). DHBV DNA levels also
rebounded significantly at P;. These data manifest that
oral LKI medication suppresses DHBV DNA in LYS
serum.

2.7 LKIs did not decrease HBYV RNA and DNA
in HepG2.2.15 cells and transgenic mice

We determined the HBV DNA and RNA levels
in HepG2.2.15 cells using fluorescent qPCR. The
HBV DNA levels in HepG2.2.15 cells (Figure 6¢) or
their cultured media (Figure 6d) under LKI-treatment
did not significantly decrease, compared to those in
LV-treated cells or medium only. The RNA levels in
the three groups were also similar (Figure 6e).
Moreover, the treatment of cells with LKIs combined
with LV at different concentrations did not change the
HBV DNA levels significantly compared to that in the
controls (data not shown).

We also investigated the impact of LKIs on HBV
DNA levels in the serum of transgenic mice. As
shown in Figure 6f, the serum viral DNA level was
slightly increased, but was stable in saline-treated
mice during the gavage. No significant reduction in
viremia was found in LKI-treated mice at day D,,, D,
and D,,, compared with the baseline at D,. However,
serum HBV DNA levels were markedly decreased
with LV medication (positive control), with the
significant decrease at D,, (£<0.05) and D,, (P<0.01).
It is likely that LKIs cannot remove the HBV DNA
which is integrated into chromosome genomes of
HepG2.2.15 cells and transgenic mice.

Together, these results suggest that the decreased
DHBYV DNA may be due to hydrolysis of HBsAg and
HBcAg by LKIs, disturbing the assembly of virion
and life cycle, which leads to indirectly reducing of
the serum DHBV DNA.

3 Discussion

As described in the previous and current work,
LKIs decreases not only fibrin and fibronectin
functioning in anti-hepatic cirrhosis®", but also
HBsAg, HBeAg and HBcAg, in their disturbing viral
assembly. Gavage of LKIs significantly reduced GOT
and GPT levels and relieved the hepatic pathological
changes in the transgenic mice. Administration of
LKIs also decreased DHBV DNA level in LYS. These
in vivo and in vitro results indicate that LKC may be

employed as a candidate drug to treat CHB. This

viewpoint is based on the following observations.
First, HBsAg is cleavaged and decreased to impede
HBYV envelope assembly. Second, HBcAg degradation
interferes with HBV capsid formation. Third,
EfP-11I-1 purified LKIs significantly decrease HBeAg

levels in
[21,23,45]

molecular and cellular studies in
HBeAg hydrolysis affects HBV
immunoregulation*®’, particularly immune tolerance

vitro

of T-lymph reactions"*”.. Fourth, LKIs protect the liver
tissues through alleviating hepatic cell endolysis and
decreasing the levels of GPT and GOT. Fifth, DHBV
DNA level decline in naturally HBV-infected LYS
serum. Sixth, LKIs have high activity on fibronectin
to affect hepatic cirrhosis™®'??. Seventh, LKIs have
fibrinogenase activity for not only anti-thrombus in
stroke and myocardial infarction”>**  but also
disturbing liver cirrhosis with a high fibrinogen
level®!. And eighth, oral LKC administration for
treating stroke had mild side effects in a clinical trial
for 69 patients, though their limb movements and
language abilities were markedly improved®”.

One of the important goals of HBV therapy is
HBV DNA clearance®!!. As mentioned above, LKIs
gavage significantly decreased DHBV DNA levels in
LYS serum, and withdrawal led to a rebound,
demonstrating that LKIs can suppress DHBV in
serum. However, LKIs cannot suppress HBV DNA
and RNA levels in HepG2.2.15 cells and HBV DNA
levels in the transgenic Balb/c mice (Figure 6c¢-f).
Since HBV DNA has been integrated in the
chromosomes of HepG2.2.15 cell® and transgenic
mice®, all hepatic cells are infected, containing the
HBV genome which cannot be cleared' **. Although
one of the LKIs was observed to function as a
deoxyribonuclease (DNase), the optimal pH for the
isozyme is acidic®”. The DNase activity of the LKI
was too low to be detected after absorbed into serum
under weak alkaline (pH>7.0) conditions.

The spread of HBV
hepatocytes in the liver is mainly due to cell-free
virus®®!, which is the virion released from the infected
cells after assembly®™®. We hypothesized that LKIs
HBV
hepatic cells by interfering with capsid and envelope

infection between

prevent cell-to-cell transmission between
assembly (Figure 7). HBcAg, which self-assembles to
form the viral capsid, is degraded in the presence of
LKIs. HBcAg damage should disturb capsid
assembly, thus affecting the HBV life cycle®’.

Degradation and decrease of HBs and HBc protein
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and may disturb the cell-to-cell transmission of the
cell-free virus between hepatocytes”’). Furthermore,
HBsAg degradation also affects HBV life cycle
because HBV requires HBsAg for enveloping and
release . LKIs decrease not only HBsAg but also

Cleavage

HBeAg levels in vitro and in vivo. LKIs probably
decrease the serum DHBV DNA by degrading the
proteins essential for viral assembly and interfering
with virons spread between hepatocytes (Figure 6b).

' : HBsAg @ :HBcAg

Virion assembly

:HBV DNA @ : DNA polymerase

® :HBeAg

e====== : Lipid bilayer membrane

I— : Inhibition

Fig. 7 Putative mechanisms of LKIs in anti—-infection of HBV and protection of hepatic tissues

Infectious HBV is spherical and consists of hepatitis B surface antigen (HBsAg) that envelops the viral nucleocapsid, which is formed by the core

protein (HBcAg). LKIs attack and degrade HBsAg, HBcAg, and HBeAg, markedly decreasing their levels to impede new virion assembly. Thereby,

LKIs resist hepatitis B infection and protect hepatic cells.

From the HBcAg sequence (GenBank
AURS80754.1), we estimated the cleavage site of LKIs
in HBcAg to be around R142, since a ~12.72 ku
fragment was released by the degradation. HBcAg is a
multiple-function  protein  required for HBV
replication and pathogenesis®”. The arginine-rich
domain (ARD, C-terminal) of HBcAg has distinct
nuclear localization (NLS) and cytoplasmic retention
signals (CRS)[®. Cleavage by LKIs results in ARD
loss, which affects several HBcAg functions, such as
regulating host gene transcription, interacting with
host proteins, and acting in allosteric modulation®'.

Two degradation sites in HBsAg were estimated
to be located in the first cytosolic loop (CL1) and
major hydrophobic region (MHR). This is because
LKIs belong to carboxy-peptidase and recognize
lysine and arginine residues””. The full-length
HBsAg releases 18.45 and 12.35 ku peptides after
treatment, which suggests that the cleavage sites

should be K141 and R160 based on the amino acid
sequence provided by Abnova (http://www. abnova.
com/products/products_detail. asp? catalog_id=P4874).
We have repeatedly tried to determine LKIs’ cleavage
sites on HBsAg using mass spectrometry, but we
could not successfully detect the hydrolytic sites on
HBsAg in the presence of LKIs. Approximately, we
have to estimate the cleaved sites from HBsAg
molecular mass according to the amino acid sequence.

For the in vivo experiments, an easily generated
immunocompetent animal model is instrumental for
the systematic investigation of HBV therapy!®”. We
adopted a gavage administration route of LKIs as
earthworm proteases have been formulated into the
oral enteric-soluble capsule to protect LKIs from
degradation under the acidic conditions in stomach.
This formulation has been successfully used in clinics
with certified efficiency!"®'®. Clinically, LKIs have
mild side effects and require a 21-day treatment
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course!®, In this study, HE-stained spleen and kidney
sections showed no pathological change after LKI
administration for 30 days and the serum creatinine
levels did not change significantly during the
medication. These results indicate the relative safety
of LKIs. However, whether the 21-day course can be
continued in the patients with hepatitis needs further
clinical trials.

LKIs may transport through the intestinal wall
into blood because LKIs (at least EfP-III-1 and
EfP-I11-2) adhered to and crossed the intestinal wall®!
using duodenum segment protocol'®!, which can be
detected in rat serum after intraperitoneal injection'®.
Further, LKIs were reported to maintain their
biological activity in serum after oral administration,
which was the most at about 1.5 h, while several LKIs
were distributed in stomach and duodenum!®®. Figure
S7a, a' showed the section of duodenum wall
markedly adhered with LKIs
segment protocol and immunohistochemical staining.

using duodenum

Moreover, intraperitoneal injection resulted in LKI
activity in rat serum and liver (Figure S7b-d). It
should be noted that LKI dose (25 mg/kg body weight
of rat) used was reported previously!*”**!. Thus, LKIs
can transport across the intestinal wall to at least
partially reach the liver via the blood®" 4670,

Human HBV and duck HBV, which are members
of the same family of Hepadnaviridae, share several
common features’"). Unavailability of primary animal
models and inefficient and unreliable in vitro infection
process’? are major limitations in HBV research and
restrain the study of human pathogen. However,
establishing the duck model has helped greatly to
overcome the shortcomings in HBV research!”" ",
Unlike the HBV-transgenic mice, the ducks are
naturally infected with DHBYV, which simulates a
process similar to that in humans infected with HBV,
suggesting that it is an ideal model for investigating
anti-HBV therapy. As mentioned above, DHBV DNA
significantly decreased in LV-treated ducks at D,
through D, and 100 mg/kg LKI-treated ducks starting
at D,,. This is to say, LKC can inhibit DHBV DNA in
vivo, but requires longer time for its effect than LV.
Further studies should focus on not only DHBV DNA
but also other indicators, such as pathological change
of liver.

4 Conclusion

LKIs degrade HBsAg, HBcAg, and HBeAg in
vitro, and decrease their levels in cell and HBV-
transgenic mice, protecting hepatic tissues. LKIs also
decrease serum DHBV DNA levels in LYS. These
effects may be due to LKIs’ suppressing virion
assembly and release, which is involved in the viral
spreading between hepatocytes. LKC may be used as
a potential drug to target the HBV proteins for long-
term CHB treatment although there have been
different developing and potential therapies such as
siRNA", vesicles!”™ , nanoproducts'™, and other
natural products’””.
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HE BH BREEER TR (LKIs) 7E RS IRREN AR, I TIRIT TR CAA 30 Z4E 05 L. JE4Ek, LKIs7EH:
b fes T T A FE A A AR GE . AR SO LKIs E CRF R T ER . FiE CRFRREHUR (HBsAg) . iR
(HBcAg) Mledilit (HBeAg) Z3il5 AR LKIsIFE , WA LLRE 1 I AR A THIREE R D) EI0L . HepG2.2.15 4
SLKIsWEE, RABGH RN (ELISA) A BTEIZE (Western blotting) 6 U2 1 5341 HBsAg #ll HbeAg. LKIs
i H Balb/c /N30 K, SR JH ELISA Fll Western blotting Kl H 1f 7 HBsAg f1 HBeAg, 2l b AT 21 ) HBcAg.
T IRAMG AL G 0537 I % BE R/ INEUIF AR U, Il ik ELISA 2 =40 I A 7% 28 (GOT) FIATEE A
i (GPT). JEMTESE, BOCRMIS AT, e LKIs &, MTIEE LKIs BRI, % FH LKIs 25 75 45 RIS B
30K, it PCRAGINILIM G HBV DNA, 4558 WIEGIA 7 B2 1A 8084 2 A 6 FP LKIs I E B (R 259, nl LARA S
HBV 4w i i 25 A1 BT . LKIs [ ff HBsAg 1913 15 o0 K141/P142 J R160/F161; HBcAg * R142/E143; HBeAg M R122/E123,
LKIs 7] i Z#04H| HepG2.2.15 4 i3 /3 HBsAg #1 HBeAg., LKIs# E , HBV # /N EUML T HBsAg F1 HBeAg 7K - M AT £H 21
F HBeAg /K IBEAIL, iR ML AR nT RESZ 3 T I . #F LKIs AbBEAOFEIL /N, If3E GPT A GOT 7K F- &AL,
JHFAL L A s, R LKIs 5/ SUF AR SR 7E T . LKIs ¥E B R A RS, 1i7% 5 DHBV DNA KB 2 N R, %
i B . Z5i8  LKIsiid f4f% HBs., HBc M HBe 2, Al ET4L HBV AL e RUBEIL, /b 9s 5 76 HF 40 it 2 0] A9 1%
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