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NDP52 mediates an antiviral response to
hepatitis B virus infection through Rab9-
dependent lysosomal degradation pathway

ShuzhiCui1, TianXia1,2, JianjinZhao 1,XiaoyuRen1, TingtaoWu1,MireilleKameni1,
Xiaoju Guo1, Li He1, Jingao Guo1, Aléria Duperray-Susini2, Florence Levillayer2,
Jean-Marc Collard 1,2, Jin Zhong1, Lifeng Pan 3, Frédéric Tangy 2,
Pierre-Olivier Vidalain 2,4, Dongming Zhou 5, Yaming Jiu 1,
Mathias Faure 4 & Yu Wei 1,2

Autophagy receptor NDP52 triggers bacterial autophagy against infection.
However, the ability of NDP52 to protect against viral infection has not been
established. We show that NDP52 binds to envelope proteins of hepatitis B
virus (HBV) and triggers a degradation process that promotes HBV clearance.
Inactivating NDP52 in hepatocytes results in decreased targeting of viral
envelopes in the lysosome and increased levels of viral replication. NDP52
inhibits HBV at both viral entry and late replication stages. In contrast to
NDP52-mediated bacterial autophagy, lysosomal degradation of HBV envel-
opes is independent of galectin 8 and ATG5. NDP52 forms complex with Rab9
and viral envelope proteins and links HBV to Rab9-dependent lysosomal
degradation pathway. These findings reveal that NDP52 acts as a sensor for
HBV infection, which mediates a unique antiviral response to eliminate the
virus. This work also suggests direct roles for autophagy receptors in other
lysosomal degradation pathways than canonical autophagy.

The nuclear dot protein 52 (NDP52) belongs to a class of autophagy
receptors called sequestosome 1/p62-like receptors1,2. NDP52 func-
tions broadly in autophagy, not only in substrate recognition, but also
in autophagy initiation and autophagosomematuration3–7. Autophagy
is a lysosomal degradation pathway that plays an important part in
host defense8,9. NDP52 orchestrates diverse cellular responses to
pathogen invasion which are highly context-specific. NDP52 mediates
selective autophagy of bacteria through ATG5-dependent canonical
pathway7,10–12. In viral infection, NDP52 can target MAVS for
autophagic degradation, suppressing type-I interferon signaling13–16.
NDP52 supports replication of Chikungunya virus and measles virus

through the binding with non-structural viral proteins17,18. None of
these NDP52 functions is involved in viral autophagy.

Hepatitis B virus (HBV) is an enveloped DNA virus with a partially
double-stranded genome of 3.2 kb. Three envelope proteins S,M and L
are produced by alternative translation initiations in a single open
reading frame and harbor the common C-terminal domain (S). The M
and L proteins contain an additional preS2 region at the N-terminus
and the L protein has a further N-terminal extension called the preS1
region. Interaction of the L protein with HBV specific receptor sodium
taurocholate cotransporting polypeptide (NTCP) via the preS1 region
triggers viral endocytosis. Upon entry, the HBV virion delivers its
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genome into hepatocyte nucleus where it is converted into covalently
closed circular DNA (cccDNA). cccDNA serves as template for viral
transcription. In the cytoplasm, pregenomic RNA (pgRNA) is packaged
with viral polymerase into the capsid in which the two strands of viral
DNA are synthesized. The nucleocapsids bind to newly synthesized
envelope proteins for secretion from the cell.

In HBV infection, both pro- and anti-viral effects of autophagy
have been observed19–22. HBV infection activates autophagy and
autophagic membranes could participate in viral nucleocapsid
assembly, envelopment and viral release23–25. Silencing autophagy
genes enhances HBV replication, suggesting autophagic degradation
of viral products26,27. Viral protein HBx could dysregulate autophagy
pathway by interacting with autophagy proteins19,28–30.

Despite these findings, the functions of autophagy receptors in
HBV infection have not yet been explored. In this work, we identify
NDP52 as a sensor for HBV infection and demonstrate a specific
mechanism by which NDP52 associates with Rab9 to control HBV
infection.

Results
NDP52 recognizes the preS2 region of envelope proteins
In search for host factors implicated in HBV life cycle, we screened a
human spleen cDNA library by a yeast two hybrid screening using viral
open reading frames as bait. We identified NDP52 as an interactor of
the preS2 region of envelope proteins (Fig. 1a). Glutathione
S-transferase (GST) pulldown assays with GST fusion of NDP52 and
Flag-tagged viral envelope proteins confirmed the interaction of
NDP52 with L and M, but not S (Fig. 1b). When either individually
transfected in Huh7 cells or expressed in HepAD38 cells replicating
HBV, L and M, but not S, co-immunoprecipitated with endogenous
NDP52 (Fig. 1c). Immunofluorescence assays inHepAD38 cells revealed
a clear colocalization betweenNDP52 andM/L both in the absence and
the presence of doxycycline (Dox) (Fig. 1d), indicating that the inter-
action of NDP52withM/L is independent of viral replication. To assess
the frequency of the interaction of L andM with NDP52, we expressed
green fluorescence protein (GFP)-labeled L and M in Huh7 cells and
performed immunofluorescence. GFP-labeled S was used as negative
control. NDP52 colocalized with L and M with similar frequency
(Fig. 1e, f).

HBV envelope proteins can localize in different organelles in the
cell during viral replication. To specify the sub-compartments where
M/L interact with NDP52, we performed immunofluorescence with ER-
Tracker, anti-TGN46 or anti-CD63 antibodies for staining the endo-
plasmic reticulum (ER), Golgi apparatus and multivesicular body
(MVB) respectively, to examine the locality of the interaction of viral
envelope proteins with NDP52. The colocalization signals were detec-
ted in ER, Golgi and MVB (Fig. 1g). Therefore, NDP52 specifically
recognizes HBV envelope proteins through interaction with the preS2
region in various organelles.

NDP52 restricts HBV infection
We generated NDP52-knockout cell line in HepG2 cells stably expres-
sing the viral receptor NTCP (NDP52HepG2-NTCPKO) (Fig. 2a) and confirmed
that knockout of NDP52 does not impact on cell growth (Supple-
mentary Fig. 1a). We infected NDP52HepG2-NTCPKO and NDP52HepG2-NTCPWT

cells with HBV and examined viral replication. Analysis by Southern
blot showed that NDP52 deletion increased cell susceptibility to HBV
(Fig. 2b and Supplementary Fig. 1b), suggesting an inhibitory function
of NDP52 in HBV infection. Complementation of NDP52HepG2-NTCPKO cells
with NDP52 decreased the levels of viral replication (Fig. 2a, b), ruling
out potential off-target effects of gene editing. Consistently, NDP52
overexpression in HepG2-NTCP cells was able to drastically suppress
the virus (Fig. 2a, b). Analysis of viral DNA from cells and secreted
virions byqPCRand secretedHBeAg, an active viral replicationmarker,
by ELISA, further demonstrated the inhibitory effects of NDP52on viral

replication (Fig. 2c–e). Analysis of viral DNA from NDP52-knockdown
HepAD38 cells by Southern blot and qPCR confirmed the suppressor
function of NDP52 on HBV (Supplementary Fig. 2a–d). Furthermore,
we generated NDP52-knockdown Huh7 cells and transfected an over-
length HBV genomic construct competent for viral replication. Ana-
lysis by qPCR showed significantly increase of viral DNA in NDP52-
depleted cells (Supplementary Fig. 2e–g). These results indicate that
NDP52 inhibits HBV replication.

NDP52 depletion increases virus internalization
To investigate whether NDP52 is involved in the early steps of HBV
infection, we performed HBV attachment and internalization assays in
NDP52HepG2-NTCPKO and NDP52HepG2-NTCPWT cells. Cells were infected with
HBV and collected 2 h post-infection for attachment assay and 16 h
post-infection for internalization assay. No significant difference in
viral attachment was observed between NDP52HepG2-NTCPKO and
NDP52HepG2-NTCPWT cells (Supplementary Fig. 2h). In contrast, the level of
HBV DNA internalized into cells was significantly enhanced by knock-
out of NDP52 (Fig. 2f, left panel). Subsequently, the level of cccDNA
was significantly increased in infected NDP52HepG2-NTCPKO cells (Fig. 2f,
middle panel). Because cccDNA is the template of viral transcription,
consequently, expression of pgRNA was at significantly higher level in
NDP52HepG2-NTCPKO cells than NDP52HepG2-NTCPWT cells (Fig. 2f, right panel).
Taken together, these results clearly indicate that NDP52 inhibits both
HBV internalization and replication.

Interaction of NDP52 with the preS2 region is required to
restrict HBV
To identify the regionofNDP52 responsible for the interactionwith the
preS2 region, we used M in coimmunoprecipitation assay with NDP52
deletionmutants (Fig. 3a). As shown in Fig. 3b, the interaction domain
with the M protein was mapped in the galectin 8 interacting region
(GIR)31,32. Deletion of GIR region in NDP52 (NDP52ΔGIR) drastically
reduced the colocalization signals of NDP52 with M (see Fig. 3h, i) To
test whether the GIR regionwas important for the activity of NDP52 on
HBV, we introduced NDP52ΔGIR into NDP52HepG2-NTCPKO cells and
assessed its effect on HBV. Despite similar levels of expression as wild-
type NDP52, the ΔGIR mutant barely had effects on viral replication
(Fig. 3c–f).

To determine the interaction domains in preS2, we constructed a
mutant abolishing the two glycosylation sites in the preS2 region
(mGly) and a series of M deletion mutants (Fig. 3g). GST pulldown
assay showed that mutations in the preS2 glycosylation sites have no
impact on the interaction with NDP52 and the region encompassing
residues 13-26 is critical for the interaction with NDP52 (Fig. 3g). These
results were further confirmed by immunofluorescence assays in
which MΔ19 or MΔ26 mutants display significantly reduced colocali-
zation with NDP52 (Fig. 3h, j).

The preS2 region is frequently found deleted in chronic hepa-
titis B patients33. To test the effect of NDP52 on preS2 mutants, we
transfected pPreS2Δ19-26 or pPreS2WT with pHBVcore(-) (see
Methods) in NDP52HepG2-NTCPKO and NDP52HepG2-NTCPWT cells and com-
pared their replication capacity. In NDP52 wild-type control cells,
the preS2Δ19-26 mutant showed significant higher levels of repli-
cation than preS2WT, whereas in NDP52 KO cells, no significant
difference in replication was observed between preS2Δ19-26 and
preS2WT (Fig. 3k). Taken together, these data indicate that the
interaction with the preS2 region is required for NDP52 to exert its
negative regulation on HBV.

NDP52usesGIR domain to recognize galectin 8-bound Salmonella
to trigger bacterial autophagy31. To examine the role of galectin 8 in
HBV infection, we knocked down galectin 8 in HepG2-NTCP cells and
found that depletion of galectin 8 had no effect on HBV replication
(Supplementary Fig. 3a–d), indicating that galectin 8 is not involved in
NDP52-mediated HBV inhibition.
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NDP52 targets viral envelopes for lysosomal degradation
Immunofluorescence assays in HepAD38 cells showed a colocalization
of viral envelope proteins (HBs), NDP52 and the lysosomal marker
Lamp2 (Fig. 4a, upper panel). Western blot analysis showed envelope
proteins in the lysosome (Fig. 4a, lower panel). Importantly, knock-
down of NDP52 significantly decreases the colocalization of viral
envelope proteins and Lamp2 (Fig. 4b). Following treatment with

bafilomycin A1 to inhibit lysosome activity, the accumulation of
envelope proteins, aswell as autophagy substrate NDP52was detected
(Fig. 4c). Remarkably, depletion of NDP52 leads to substantial stabili-
zation of envelope proteins and their pronounced insensitivity to the
bafilomycin A1 treatment (Fig. 4c), suggesting that depletion of
NDP52 specifically impairs the recruitment of envelope proteins to the
lysosome.We further investigated this role of NDP52 by examining the
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levels of viral envelope proteins in whole cell extract or in the lyso-
some. In whole cell extract, knockdown of NDP52 in HepAD38 cells
resulted in stabilization and accumulation of envelope proteins
(Fig. 4d).Notably, its levelsweredramatic decreased in the lysosome in
NDP52-depleted cells (Fig. 4d). Taken together, these data demon-
strate an essential role for NDP52 in the distribution of envelope pro-
teins in the lysosome.

We then assessed viral replication under the condition of the
block in the lysosomal degradation. NDP52HepG2-NTCPKO and NDP52HepG2-

NTCPWT cells were infected with HBV and then treated with ammonium
chloride (NH4Cl), a weak base that rapidly increases lysosomal pH.
Southern blot analysis showed that NH4Cl treatment results in the
increase of viral replicative DNA species (Fig. 4e). Notably, NDP52
deficiency leads to relative resistance to the NH4Cl treatment (Fig. 4e,
compare line 3 versus line 1 with line 4 versus line 2). These observa-
tions were further validated by quantification of intracellular viral DNA
(Fig. 4f). These findings indicate that NDP52 is essential for HBV
clearance by lysosomal degradation.

NDP52-mediated viral degradation is independent of ATG5
As NDP52 is an autophagy receptor, we investigated the relationship
between the actions of NDP52 on HBV and autophagy protein
machinery. Previous study showed that mutated NDP52Y97A or
NDP52A119Q alleles abolish the formation of trimeric FIP200-NDP52-
NAP1/SINTBAD complex that is required for NDP52-mediated bacterial
autophagy3. We expressed wild-type NDP52, NDP52Y97A and
NDP52A119Q in NDP52HepG2-NTCPKO cells and found that NDP52Y97A or
NDP52A119Q can efficiently inhibit HBV replication as wild-type NDP52
(Supplementary Fig. 4a–d), indicating that trimeric complex formation
with FIP200 and NAP1/SINTBAD is not required for NDP52 to mediate
HBV clearance.

ATG5 is an essential component of LC3-lipidation process, which
is required for the formation of autophagosomes in canonical
autophagy. However, increasing body of evidence has shown that
autophagosome biogenesis can be achieved through alternative
pathways34–36. To determine the role of ATG5 in the actions of NDP52
on HBV, we generated ATG5 knockout HepG2-NTCP cell lines
(ATG5HepG2-NTCPKO) and overexpressed NDP52 in ATG5HepG2-NTCPKO (Sup-
plementary Fig. 5a, b). Deficiency of ATG5 resulted in diminished
HBV replication (Supplementary Fig. 5c), consistent with a previous
report which showed that canonical autophagy pathway supports
viral replication20. Notably, NDP52 can significantly restrict viral
replication in ATG5HepG2-NTCPKO cells (Supplementary Fig. 5d, e), indi-
cating that LC3 lipidation is not required for NDP52-mediated HBV
suppression. Furthermore, we did not observe substantial colocali-
zation of viral envelope proteins, NDP52 and LC3 in HepAD38 cells
(Supplementary Fig. 5f).

Rab9 is crucial for NDP52-mediated HBV inhibition
Previous study reported that an ATG5-independent alternative
autophagy pathway is regulated by Rab9, which is initiated with
membranes derived from trans-Golgi and late endosomes34. We
observed a clear colocalization of HBs, NDP52 and Rab9, as well as

HBs, Rab9 and Lamp2 in HepAD38 cells (Fig. 5a). Depletion of
NDP52 had no effect on the colocalization of HBs and Rab9 (Fig. 5b).
We found that endogenous Rab9 and NDP52 coimmunoprecipi-
tated in HepAD38 cells (Fig. 5c). As viral envelope proteins are
constitutively expressed in HepAD38 cells and independent of
doxycycline control, we used Huh7 cells to assess the role of viral
envelopes in the interaction of NDP52 and Rab9. Interestingly, Rab9
interacted withM and only immunoprecipitated NDP52 whenMwas
present (Fig. 5d, e).

It was shown that the cytotoxic stressor etoposide and starvation
induce both canonical and alternative autophagy, whereas rapamycin
is able to only induce Atg5-dependent autophagy34. We treated
HepAD38 cells with etoposide, starvation and rapamycin in combina-
tion with bafilomycin A1 and analyzed the levels of viral envelope
proteins. Inwhole cells, the treatments resulted in the accumulation of
NDP52, Rab9 and Lamp2 (Fig. 5f), which are cellular substrates of
autophagy. No accumulation of viral envelope proteins was detected
following combination treatments compared to bafilomycin A1 treat-
ment (Fig. 5f), which could be explained by more secretion of viral
particles outside cells. However, in the lysosome, the levels of viral
envelope proteins were largely augmented by the treatments, indi-
cating that stimulation of autophagy causes envelope protein lysoso-
mal targeting (Fig. 5f). Interestingly, while NDP52, Rab9 and Lamp2
were accumulated in the lysosome at similar levels among etoposide,
starvation and rapamycin treatments, the accumulation of envelope
proteins was more pronounced upon etoposide and starvation treat-
ments than that of rapamycin (Fig. 5f), suggesting that Rab9-
dependent pathway plays an important role in lysosomal targeting
of viral envelopes. Knockdown of Rab9 increased envelope proteins in
whole cell lysis, but decreased them in the lysosome (Fig. 5g). Of note,
Rab9 knockdown also decreased NDP52 in the lysosome, but had no
effect on Lamp2 (Fig. 5g). These findings demonstrate that Rab9 is a
key component in lysosomal targeting and degradation of viral
envelopes.

To dissect the mechanisms of NDP52 and Rab9 cooperation, we
knocked down Rab9 in HepG2-NTCP cell lines (Rab9HepG2-NTCPKD)
(Fig. 5h). Depletion of Rab9 resulted in more active HBV replication
with the increase of viral DNA species in cells and HBeAg in the med-
ium (Fig. 5i–k), indicating that downregulation of Rab9-dependent
lysosomal degradation pathway promotes HBV replication. We over-
expressed NDP52 in Rab9-knockdown cells (see Fig. 5h), and assessed
the ability of NDP52 to regulate HBV. Knockdown of Rab9 abrogated
the ability of NDP52 to inhibit viral replication (Fig. 5l–n). These data
demonstrate that NDP52 restricts HBV infection via Rab9-dependent
lysosomal degradation pathway.

NDP52 suppresses HBV in vivo
We investigated the effects of NDP52 on HBV in vivo in amousemodel
for chronic hepatitis B. HBV infection was established by transduction
ofmice with recombinant adeno-associated virus HBV (AAVHBV)37. We
used adenovirus vector to express human NDP52 (AdNDP52) in the
liver. 5 × 1010 AdNDP52 were inoculated by tail vein injection into mice
4 weeks after AAVHBV transduction (week 0). Beginning at 2 weeks,

Fig. 1 | NDP52 interacts with the preS2 region of HBV envelope proteins.
a Schematic presentation of HBV three envelope proteins. The preS1, preS2 and S
regions are indicated. Glycosylation within S and preS2 is indicated. b GST pull-
down assays using cell extract ofHEK293T cells transfectedwith plasmids encoding
Flag-tagged S, M or L and GST or GST fusion of NDP52. Coprecipitated proteins
were detected with indicated antibodies. c Coimmunoprecipitation assays with
anti-NDP52 antibody in either Huh7 cells transfectedwith Flag-tagged vector (V), S,
M or L (upper panel), or HepAD38 cells without doxycycline (Dox) (lower panel).
Immunoprecipitates were detected by indicated antibodies.
d Immunofluorescence with anti-NDP52 and anti-preS2 antibodies shows coloca-
lization of NDP52 with M and L in HepAD38 cells without Dox and with Dox. The

scale bar is 10 µmfor full cell images. eRepresentative fluorescencemicrographs of
Huh7 cells transfectedwith plasmids coding forGFP fusionof L,Mor Sproteins and
immunostained for NDP52. The scale bar is 10 µm for full cell images. f Pearson’s
correlation coefficients for colocalizations in e (n = 7 biological replicates). ns non
significance. g Representative fluorescence micrographs of HepAD38 cells repli-
cating HBV stained with anti-NDP52 and anti-HBs antibodies and reagents labeling
ER (ER-Tracker), Golgi (anti-TGN46 antibody) andmultivesicular body (anti-CD63).
The scale bar is 10 µm for full cell images, 2.5 µm for zoomed images. Data are
means ± SD. Statistical significance in f is determinedbya two-sidedunpaired t-test.
Source data for b, c and f are provided as a Source Data file.
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there was a significant decrease in HBsAg and HBeAg inmice receiving
AdNDP52 as compared to mice injected with empty adenovirus
(AdCtrl) (Fig. 6a, b). Although there was a significant change in serum
alanine aminotransferase (ALT) following administration of AdNDP52

in both AAVHBV-transduced mice and naïve mice, the levels of ALT in
AAVHBV-transduced mice were much higher than those in naïve mice
(Fig. 6c and Supplementary Fig. 6a). Immune cell infiltration, however,
was barely detectable 3 weeks post Ad injection (Supplementary

P = 0.0007
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(KO+ vector, KO+NDP52), or NDP52HepG2-NTCPWT overexpressing mCherry tag vector
or mCherry-tagged NDP52 (WT+vector, WT+NDP52) cells. b Indicated cells were
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HBeAg released from infected cells (n= 3 biological replicates). S:CO signal-to-cutoff
ratio, Dpi day post infection. f NDP52HepG2-NTCPWT and NDP52HepG2-NTCPKO cells were
infected with HBV. Cells were collected at indicated time. Viral DNA, cccDNA and
pregenomic RNA (pgRNA) were analyzed by qPCR. Expression in Ctrl cells was
arbitrarily set as 1 (n= 3 biological replicates). Data are means ± SD. Statistical sig-
nificance in c–f is determined by a two-sided unpaired t-test. Source data for a–f are
provided as a Source Data file.
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Fig. 6b). Intrahepatic HBV DNA, pgRNA, envelope proteins and core
protein were examined by qPCR or immunohistochemistry at 3 weeks
post Ad injection. Significant reduction in HBV DNA and pgRNA was
observed in the liver of mice injected with AdNDP52, which also
showed less core-expressing hepatocytes and diminished levels of
HBsAg (Fig. 6d, e). Examination of CD8+ T cells in liver draining lymph
nodes and spleens showed that significant CD8+ T cell activation was
observed only in the spleen of mice receiving AdNDP52 at 2 weeks

(Supplementary Fig. 6c), suggesting moderate induction of T-cell
response. These data suggest that NDP52 may be important for HBV
clearance in vivo.

Discussion
Hepatitis B virus can evade host surveillance and develop chronic
infection. In this work, we demonstrate NDP52 as a host sensor for viral
proteins and define the role of NDP52 against HBV infection.

25
GST pulldown

P = 0.0017

P = 0.035

1 446
23 125

CLIR
133-136 (421-444)

372-380
CC

145 355

GIR Zn

1-355
1-380
125-355
355-446

125-446SKICH
GIR-Zn
Zn

CLIR-CC
GIR-Zn

a

SKICH
d

4 kb

3 kb

2 kb

Replication 
forms

M
KO+
WT

KO+
vector

KO+
GIR

co
py

 n
um

be
r/

ce
ll

6

0

12

18

24

e

Intracellular HBV DNA

KO+
WT

KO+
vector

KO+
GIR

f

Dpi

S
:C

O

HBeAg

3 5 7

10

20

30

40

0

KO+WT

KO+vector

KO+ GIR

1 55

preS2 S

26
19

13

Asn4 Thr37

S
mGly

Asn146
M

g
h

NDP52 GIR M

NDP52 M 19

NDP52 M 26

mergeNDP52 M

NDP52
0

0.1

0.2

0.3

0.4

0.5

co
lo

ca
liz

at
io

n 
w

ith
 M

GIR WT

i

M 19 WT

co
lo

ca
liz

at
io

n 
w

ith
 N

D
P

52

0

0.1

0.2

0.3

0.4

0.5

26

j

WT 19-26

Ctrl KO

WT 19-26preS2
0

2

4

6

8

co
py

 n
um

be
r/

ce
ll

Intracellular HBV DNAk

6

input

IP: Flag

-HA

-Flag

-HA

-Flag

S
K

IC
H

G
IR

-Z
n

Z
n

C
LI

R
-C

C

G
IR

-Z
n

F
LFlag

HA-Mb

35

20

70

20

70

35

Kd

c KO+
WT

KO+
vector

-GAPDH

KO+
GIR

35

70

35

Kd

P < 0.0001 P = 0.0001

P = 0.0001

Flag M S 2619136

input

-GST

-GST

mGly

GST-NDP52

35

70

70

25

35

P < 0.0001

P = 0.0177

P < 0.0001

P = 0.0004

-Flag

-Flag

Kd

Article https://doi.org/10.1038/s41467-023-44201-2

Nature Communications |         (2023) 14:8440 6



NDP52 recognizes the preS2 region of viral envelope proteins,
which is common to M and L. The L protein displays two transmem-
brane topologies with the preS region either protruding into the ER
lumen or exposed on the cytosolic side of the ER membrane, whereas
Mexhibits one topologywith the preS2 region in the ER lumen38–41. The
preS on the cytosolic side is required for binding to viral nucleo-
capsids, whereas the preS in the ER lumen is displayed on the surface
of mature virions. By immunofluorescence, we detected the colocali-
zation of NDP52 with both M and L in a similar frequency. During viral
life cycle, envelope proteins can localize in different organelles in the
cell. Colocalization signals with NDP52 were found in ER, Golgi and
MVB. In addition, we show that NDP52 affects HBV 16 h post infection,
suggesting that NDP52 may recognize the preS2 region at the early
step of viral life cycle. The mechanism by which NDP52 binds to the
preS2 region of M and L is not yet known. The topology of viral
envelope proteins in each organelle, its dynamics during viral repli-
cation and the relationship between viral envelope proteins and host
factors are the questions that remain to be answered. Given the highly
dynamic nature of the Dane particle and subviral particles, it is safe to
assume that there are still unknown aspects in the topology of HBV
envelope proteins in the course of viral life cycle, which will be pro-
gressively unveiled with the development of new technology and
research tools. We speculate that in the delivery process of viral
envelope proteins during viral replication, the preS2 region in L andM
may be exposed to NDP52-containing cell compartments to allow the
interaction with it. Further studies are needed to better elucidate the
mechanisms of the recognition of the preS2 region by NDP52, which
would shed important insights on the evolution of L andM topology in
each step of viral life cycle. Although direct evidence of NDP52 tar-
geting of enveloped viruses into the lysosome is lacking, the obser-
vation of the increase of core viral DNA inNDP52-/- cells provides strong
support that NDP52 mediates degradation of enveloped viruses. Two
major lines of evidence suggest that NDP52 recognition of envelope
proteins occurs in both viral entry and post-entry life cycle. First,
depletion of NDP52 in HepG2-NTCP cells significantly increased the
level of HBV DNA internalized into cells. Second, the activity of HBV
replication in post-entry life cycle was enhanced in NDP52-depleted
HepAD38 and Huh7 cells, which bypass the entry step to replicate the
virus, suggesting that NDP52 suppresses newly assembled viruses.

Our studies suggest amechanism implicating lysosomal clearance
by which NDP52 protects hepatocytes against HBV infection. Using
genetic, biochemical and virological analyses, we show that lysosome
inhibition increases viral replication and viral envelope protein accu-
mulation. We demonstrate that depletion of NDP52 significantly
decreases the targeting of envelope proteins, including enveloped
virions, into the lysosome, as in NDP52−/− cells both envelope proteins
and viralDNAwere increased. The failure of NDP52ΔGIRmutant, which
does not bind to preS2, to rescue the function in inhibiting HBV
replication is consistent with the substrate-targeting role of NDP52 in

selective autophagy. Currently, it is not known whether NDP52-
targeted HBV envelopes are delivered into the lysosome through
double-membrane autophagosomes. Theobservations that autophagy
stimuli such as starvation, etoposide and rapamycin induce accumu-
lation of M and L in the lysosome suggest that selective autophagy
pathway may be involved in HBV degradation. Since its identification
as an autophagy receptor targeting Salmonella to degradation10, the
research on NDP52 has yielded a range of data attesting to its role as
antibacterial effector of the innate immunity7,11,12. However, no specific
protein in bacteria was identified as target of NDP52 in bacterial
autophagy. Although NDP52 has been shown to interact with viral
proteins of diverse viruses14–18,42, none of these viral proteins was tar-
geted by NDP52 for degradation. Here we provide evidence that
NDP52 specifically targets HBV envelope proteins into the lysosome,
which constitutes the first example of NDP52 targeting of a specific
microbial protein for lysosomal degradation.

Our findings establish the involvement of both ATG5-dependent
canonical autophagy and an ATG5-independent pathway in the reg-
ulation of HBV infection. Our data with ATG5 depletion, which
decreases virus production, confirm that ATG5-dependent canonical
autophagy is important for efficient viral replication19,20. Our studies
demonstrate a previously unappreciated role for NDP52-mediated
HBV lysosomal degradation in viral clearance, which does not rely on
ATG5. In a previous study, it was shown that Rab9 promotes autop-
hagosome biogenesis with membranes derived from the trans-Golgi
and late endosomes34. This ATG5-independent Rab9-dependent alter-
native autophagy canbe triggered in response to certain cellular stress
and during erythrocyte differentiation in vivo34. Our findings demon-
strate that Rab9 depletion increases the susceptibility to HBV and
mitigates NDP52-mediated suppression on the virus, indicating that
the ability of NDP52 to trigger HBV degradation is influenced by Rab9.
We found that NDP52, Rab9 and M proteins form a complex and that
NDP52 interacts with Rab9 in M-dependent manner. The susceptible
phenotype in NDP52-overexpressed Rab9-knockdown cells indicates
that virus-induced Rab9 recruitment is crucial for NDP52 to exert its
inhibitory function on the virus. Previous study reported that Rab9-
dependent alternative autophagy is regulated by ULK complex and
beclin 134. Our observations that NDP52 mutants incapable of forming
trimeric complex with FIP200 and NAP1/SINTBAD still have the ability
to inhibit HBV suggest that NDP52 interaction with ULK complex is not
required forHBV degradation. Although it is not yet known the precise
signaling events that connect the detection of HBV by NDP52 to Rab9-
dependent pathway, our findings suggest that NDP52 may promote
viral delivery through interaction with the Rab9-associated nascent
membrane derived from trans-Golgi and late endosomes. Further
studies are needed to determine how NDP52-Rab9-viral envelopes
interaction takes place, whether autophagosomes are formed, whe-
ther NDP52/Rab9 pathway targets other viruses to lysosomal degra-
dation. Of interest, our data suggest that, like canonical autophagy,

Fig. 3 | NDP52 interaction with preS2 is required for inhibition of HBV. a A
schematic map of NDP52 showing the domain organization and the deletion con-
structs used to identify the interaction domain with the preS2 region. SKICH ske-
letalmuscle and kidney enriched inositol phosphatase carboxyl homology domain,
CLIR LC3C interacting region, CC coiled-coil, GIR galectin 8 interacting region, Zn
zinc finger. b Coimmunoprecipitation assays using cell extract of HEK293T cells
transfected with plasmids encoding Flag-tagged NDP52 full length (FL) or trunca-
tions and HA-tagged M envelope protein. Flag-coprecipitated proteins were
detected with indicated antibodies. c Immunoblot analysis of indicated proteins
from cellular extract of NDP52HepG2-NTCPKO cells restored with mCherry tag vector,
mCherry-tagged wild-type NDP52 (WT) or mCherry-tagged NDP52 lacking GIR
domain (ΔGIR). d Indicated cells were infected with HBV. Core DNA was purified
fourteen days post infection and detected by Southern blot analysis using an HBV
DNA probe. M: DNA marker. e Quantitative PCR of HBV DNA from infected cells
seven days post infection (n = 3 biological replicates). f Medium levels of HBeAg

from infected cells. S:CO signal-to-cutoff ratio, Dpi day post infection (n = 3 bio-
logical replicates). g GST pull-down assays using cell extract of HEK293T cells
transfectedwith plasmids encoding Flag-tagged S andMconstructs andGST fusion
of NDP52. GST pulldown proteins were detected with indicated antibodies. In
schematic presentation of S and M constructs, glycosylation sites are presented.
mGly: mutant with the two glycosylation sites Asn4 and Thr37 at the preS2 region
changed to Ala4 and Ala37. h Representative fluorescence micrographs of Huh7
cells transfected with plasmids coding for mCherry-NDP52 and Flag-M and immu-
nostained with anti-Flag antibody. The scale bar is 10 µm for full cell images.
i, j Pearson’s correlation coefficients for colocalizations in h (n = 6 biological
replicates). k Quantitative PCR of HBV DNA from NDP52HepG2-NTCPWT (Ctrl) and
NDP52HepG2-NTCPKO (KO) cells transfected with pPres2Δ19-26 or pPreS2WT with
pHBVcore(-) four days post transfection (n = 3 biological replicates). Data are
means ± SD. Statistical significance in e, f, i–k is determined by a two-sided
unpaired t-test. Source data for b–g, i–k are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-44201-2

Nature Communications |         (2023) 14:8440 7



Rab9-dependent lysosomal degradation pathway can be also selective,
which might involve similar set of autophagy receptors.

In a previous report, Rab9 was not identified as HBV regulator in
siRNA screening in HepG2.2.15 cells43. HepG2.2.15 is a stable cell line
containing four copies of HBV genome in which the virus replicates
actively. The efficiency of Rab9 silencing by siRNA transfection in

HepG2.2.15 was not known. In the current study, we knocked down
Rab9 expression with shRNA in HepG2-NTCP cells and infected
Rab9HepG2-NTCPKD cellswithHBV. Rab9expressionwasefficiently reduced
by Rab9-specific shRNA (Fig. 5g). We showed that knockdown of Rab9
increased HBV replication. The discrepancy of the two studies may be
attributed to the difference in the sensitivity of the methods.
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Increasing evidence has shown a critical role for galectin 8 in host
defense against pathogens31,44,45. Although the domain of NDP52
interacting with preS2 is mapped to the GIR domain, depletion of
galectin 8 has no effect on HBV replication, suggesting that galectin 8
is not involved in NDP52 recruitment to viral envelope proteins.

The preS2 domain is frequently involved in deletions and muta-
tions leading to the emergence of HBV variants in patients33. These
variants are associated with severe forms of acute and chronic liver
diseases, which is strongly consistentwith a defect in adaptive immune
response due to the deletion of T- and B-cell epitopes46–48. Besides, it is
plausible that the failure to properly recognize and clear these variants
by NDP52 may contribute to the pathogenesis. This notion is sup-
ported by our in vitro study showing the increased replication capacity
of the preS2 mutant that lacks NDP52-interacting domain. Conversely,
NDP52-mediated HBV lysosomal destruction may constitute a selec-
tion pressure for the emergence of variants that escape NDP52 tar-
geting. Our data with the enforced expression of NDP52 in the liver,
which largely suppresses chronic HBV replication, provide evidence
that NDP52 might orchestrate lysosomal degradation of the virus
in vivo. Although AdNDP52 vector significantly induced ALT levels, the
absenceof immune cell infiltration andmarginal T cell activation in the
liver suggest that HBV clearance is linked to the function of NDP52.

Our study suggests that there are distinct autophagy receptor-
mediated mechanisms for activating pathogen degradation in
response tomicrobial infections.We speculate that future research on
autophagy receptors in infection will uncover novel mechanisms by
which these autonomous factors function as crucial mediators of host
immunity.

Methods
Yeast two-hybrid screen
The yeast two-hybrid screen protocol was previously described49.
Briefly, HBV ORFs were cloned in the vector pPC97-GW using the
Gateway technology (Invitrogen). AH109 yeast cells were transformed
with plasmids expressing viral proteins fused to the DNA-binding
domain of GAL4 (GAL4-BD). In parallel, a human spleen cDNA library
(Invitrogen) cloned in the pPC86 vector was transformed in Y187 yeast
cells to express cellular proteins fused to the transactivation domain of
GAL4 (GAL4-AD). Then, AH109 and Y187 cells were mated and plated
on a synthetic medium supplemented with 3-amino-1,2,4-triazole (3-
AT) and lacking histidine (-His). Plates were incubated for 6 days at
30 °C and yeast colonies were picked and rearrayed. Yeast colonies
were lysed and cDNA insertswere amplifiedwithflanckingprimers that
hybridize into the pPC86 vector. PCR products were sequenced and
cellular interactors were identified by BLAST analysis. A total of 13
positive yeast colonies corresponding to NDP52 were retrieved from
the screen with preS2.

Plasmids
Plasmids encoding GST fusion of human NDP52 was cloned into
pDEST. Plasmids coding for 3xFlag-tagged L, M, S proteins and M

mutants were cloned into pCL-neo. Plasmids encoding Flag-tagged
NDP52 mutants were cloned in pCR3, as described previously7. Plas-
mids encodingGFP-L, GFP-M,GFP-S andHA-taggedMwere cloned into
pCDH-CMV-puro. Plasmid GFP-Rab9 was obtained from Addgene
(#12663)50.

To test the effects of NDP52 on preS2 mutants, pPreS2Δ19-26,
pPreS2WT and pHBVcore(-) were constructed based on pHBVawy1.3.
pPreS2Δ19-26 was constructed with following primers: preS2 19-26
deletion forward 1 5’- GAGTGAGAGGCCTGTATTTCTCCAGTTCAGGA
ACAGTAAA-3’ and reverse 1 5’- TTTACTGTTCCTGAACTGGAGAAATA-
CAGGCCTCTCACTC-3’, forward 2 5’- TGCAAGATCCCAGAGTGAGATC
CAGTTCAGGAACAGTAAA-3’ and reverse 2 5’- TTTACTGTTCCTGAAC
TGGATCTCACTCTGGGATCTTGCA-3’. The overlapping viral poly-
merase ORF at the amino acid positions 308-315 is also deleted in
pPreS2Δ19-26 and the arginine at the position 307 is changed to iso-
leucine. Although the 308-315 deletion occurs in the spacer domain of
the polymerase, full length polymerasewas provided in trans to ensure
efficient viral replication. To construct the control plasmid, a stop
codon was introduced at the amino acid position 708 in the poly-
merase ORF in pHBVawy1.3 to abrogate expression of the polymerase.
This plasmid was named pPreS2WT. The following primers were used
for the construction of pPreS2WT: polymerase stop codon forward 5’-
CGGCCAGGTCTGTGCTAAGTGTTTGCTGACGCA-3’ and reverse 5’-
TGCGTCAGCAAACACTTAGCACAGACCTGGCCG-3’. The stop codon is
underlined. pHBVcore(-) was constructed as previously described51.
The start codon of the core in pHBVawy1.3 was replaced by a stop
codon so that pHBVcore(-) is replication-incompetent by itself, but can
provide polymerase expression in trans. The following primers were
used: core deletion forward 5’- TGC CTTGGGTGGCTTTGGGGCTGA-
GACATCGACCCTTATAAAGAA-3’ and reverse 5’- TTC TTTATAAGGG
TCGATGTCTCAGCCCCAAAGCCACCCAAGGCA-3’. The stop codon is
underlined.

pCDH-based constructs were transformed and amplified in MAX
EfficiencyTM Stbl2TM competent cells (Thermo Fisher Scientific). The
other constructs were transformed and amplified in the Escherichia
coli DH5α competent cells (Thermo Fisher Scientific). All plasmids
were verified by sequencing (Tsingke Biotechnology Co., Ltd.)

Cells
HepG2 (ATCC #HB-8065) and HEK293T (ATCC#CRL-3216) cell line
were fromATCC.HepAD38 cellswere kindly providedbyDr.Christoph
Seeger (Fox Chase Cancer Center, Philadelphia, USA). Huh7 cells,
established by Sato, J., and Nakabayshi, H., in 1982, have been widely
distributed in research laboratories woldwide since then.

The human hepatoma cell lines HepG2 and Huh7 as well as
HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Biological Industries, 01-055-1A) supplementedwith 10% fetal
bovine serum (FBS) (YLESA, S211201T), 100Uml−1 penicillin and 100μg
ml−1 streptomycin (Biological Industries, 03-031-1B). Media supple-
mented with heat-inactivated FBS were used for viral infection
experiments. To maintain the cell line, HepG2-derived HepAD38 cells

Fig. 4 | NDP52 targets viral envelopes to lysosomal degradation.
a Colocalization of NDP52, viral envelope proteins (HBs) and Lamp2 in HepAD38
cells (upper panel). The scale bar is 10 µm for full cell images, 2.5 µm for zoomed
images. Immunoblot analysis of indicated proteins from either whole cell lysate
(WCL) or lysosome lysate (LL) of HepAD38 cells in the presence of Dox (lower
panel). Themajor band close to 35 kdwas also detected by anti-preS2 antibody and
is shown in the other figures of WB with lysosome extract. b Short hairpin RNAs
targeting NDP52 (shNDP52) or non-targeting control (shCtrl) were expressed in
HepAD38 cells. NDP52-knockdown HepAD38 or control cells were immunostained
for viral envelope proteins (HBs) and Lamp2. The scale bar is 10 µm for full cell
images, 2.5 µm for zoomed images. Pearson’s correlation coefficients for colocali-
zation are presented (n = 5 biological replicates). c Immunoblot analysis of indi-
cated proteins from cellular extract of HepAD38 cells mock-treated or treated with

bafilomycin A1 (BafA1). The ratio of the envelope protein normalized to GAPDH in
BafA1-treated cells versus mock-treated cells is presented. d Immunoblot analysis
of indicated proteins from either whole cell lysate (WCL) or lysosome lysate (LL) of
HepAD38cells in thepresenceofDox. The ratioof the envelopeproteinnormalized
to GAPDH or Lamp2 in shNDP52 cells versus shCtrl cells is presented. e NDP52HepG2-

NTCPWT (Ctrl) andNDP52HepG2-NTCPKO (KO) cellswere infectedwithHBVand treatedwith
NHCl4. Cytoplasmic core DNA was purified fourteen days post infection and
detected by Southern blot analysis using an HBV DNA probe. M: DNA marker.
f NDP52HepG2-NTCPWT and NDP52HepG2-NTCPKO cells were infected with HBV and treated
with NHCl4. Quantitative PCR of HBV DNA from infected cells seven days post
infection (n = 3 biological replicates).Data aremeans ± SD. Statistical significance in
b and f is determined by a two-sided unpaired t-test. Source data for a–f are pro-
vided as a Source Data file.
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containing integrated HBV genome from which pregenomic RNA
transcription is under the control of doxycycline were cultured in
DMEM-F12 medium (Biological Industries, 01-170-1A) supplemented
with 10% FBS, 100 units ml−1 penicillin and 100μg ml−1 streptomycin,
400μgml−1 G418 (Millipore, 345810), 1μgml−1 doxycycline (Sigma
Aldrich, D9891). Viral replication is induced when doxycycline is
removed52. HepG2-NTCP cells were generatedby infection of lentivirus
expressing human NTCP53 and clonal selection in medium containing

10μgml−1 blasticidin (Invitrogen, R210-01). HepG2-NTCP Atg5 and
HepG2-NTCP NDP52 CRISPR-knockout cell lines (ATG5HepG2-NTCPKO,
NDP52HepG2-NTCPKO) were generated by CRISPR/Cas9-mediated genome
editing using gRNA guides cloned into pLentiCRIPRv2 puro plasmid
(Addgene #98290) for simultaneous gRNA and Cas9 expression54.
HepG2-NTCP CRISPR control cells were generated using pLenti-
CRIPRv2 puro empty vector. Cells were selected with 2μgml−1 pur-
omycin (Invivogen, A1113803) and single-cell colonies were obtained
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by limiting dilution plating in 96-well plates. The sequences of gRNAs
used for CRISPR knockout are as follow: Atg5: 5’-AACTTGTTTCACGC-
TATATC-3’;NDP52: 5’-CAATCCAATCCTTTCGACGA-3’HepAD38NDP52
stable knockdown cell line, Huh7 NDP52 stable knockdown cell line,
HepG2-NTCP Rab9 and Galectin-8 stable knockdown cell line were
generated by the delivery of cassettes expressing hairpin RNA using
pLKO.1 puro vector (Addgene #8453)55 and selection with 2μgml−1

puromycin. The sequences of hairpin RNAs used for knockdown are as
follow: NDP52: 5’-CCGG-GAGCTGCTTCAACTGAAAGAA-CTCGAG-
TTCTTTCAGTTGAAGCAGCTC-TTTTTTG-3’ Rab9: 5’-CCGG-AGATT
GTTGATGCATTCTAAC-CTCGAG-GTTAGAATGCATCAACAATCT-TTTT
TTGAAT-3’ Galectin-8: 5’-CCGG-CGCCTGAATATTAAAGCATTT-CTCGA
G-AAATGCTTTAATATTCAGGCG-TTTTTG-3’. Reconstituted NDP
52HepG2-NTCPKO-NDP52 cells, NDP52HepG2-NTCPKO-ΔGIR NDP52 cells,
NDP52HepG2-NTCPKO-NDP52Y97A cells, NDP52HepG2-NTCPKO-NDP52A119Q cells,
NDP52HepG2-NTCPKO-vector cells, NDP52HepG2-NTCPWT overexpressing NDP52
cells (NDP52HepG2-NTCPWT-NDP52), NDP52HepG2-NTCPWT-vector cells,
ATG5HepG2-NTCPKO-NDP52 cells, ATG5HepG2-NTCPKO-vector cells, Rab9HepG2-

NTCPKD-NDP52 cells, Rab9HepG2-NTCPKD-vector cells were generated by
infection of lentiviruses expressing mCherry-tagged wild-type human
NDP52, NDP52 mutants (ΔGIR, NDP52Y97A, NDP52A119Q), or vector and
selection with 2μgml−1 puromycin.

The growth curve of NDP52HepG2-NTCPWT and NDP52HepG2-NTCPKO cells
were obtained by seeding 2.5 × 104 cells into 12-well plates in triplicate.
Cell numbers were determined everyday for a total of 5 days.

Transfections and cell treatments
Cells were seeded in tissue culture dishes 18 h before transfection. For
coimmunoprecipitation, 2 × 105 cells of Huh7 cell line were transfected
with 4μg plasmids expressing Flag-tagged L, M and S using jetPEI
(Polyplus, 101000053) and harvested 48 h post-transfection. 2 × 105

HEK293T cells were co-transfected with 2μg plasmids encoding Flag-
tagged full-length NDP52 or NDP52 deletion fragments and 2μg plas-
mids encoding HA-taggedM protein. For GST pulldown, 1μg plasmids
expressing GST and GSTNDP52 were cotransfected with 3μg plasmids
expressing Flag-tagged L, M, S and M mutants. For coimmunopreci-
pitation of NDP52, Rab9 and M, 1μg plasmids expressing GSTNDP52
were cotransfected with 2μg plasmids expressing Flag-tagged M and
1μg plasmids expressing GFP-tagged Rab9. For immunofluorescence
labeling, 6 × 104 Huh7 cells were transfected with 1μg plasmids
expressing GFP fusion of L,M and core proteins. ForHBV replication, 2
× 105 Huh7 cells were transfected with 4μg plasmid expressing HBV
genome ayw1.3 using Lipofectamine™ 2000 (Invitrogen™, 11668019).
For lentivirus production, 107 HEK293T cells were seeded in 10 cm
tissue culture dishes 18 h before transfection with 14μg lentivirus
vectors expressing interested proteins along with 7 μg pCMV-VSVG

and 3.5μg pCMV-delta 8.9. Medium was changed 16 h post transfec-
tion. Supernatants were collected every 24h for twice.

To test the effects of NDP52 on preS2 mutants, 2 ×105 NDP52HepG2-

NTCPWT and NDP52HepG2-NTCPKO cells were co-transfected with 4μg of
pPreS2Δ19-26 plus 4 μg of pHBVcore(-) or pPreS2WT plus 4 μg of
pHBVcore(-) using Lipofectamine™ 2000. Four days later, cells were
collected and DNA was extracted. Viral replication was analyzed
by qPCR.

Seven days following the removal of doxycycline, 20mM NH4Cl,
50 μM bafilomycin A1 (Wako, 023-11641), 10 μM ectoposide (Med-
ChemExpress, HY-13629), 200 nM rapamycin and EBSS (for Earl’s
Balanced Salts Solution) (Sigma Aldrich, E2888) were used to treat
HepAD38 cells for 2 h. Cells were harvested for further analysis.

Virus production and infection
For HBV production, HepAD38 cells were cultured in Dulbecco’s Mod-
ified Eagle Medium (DMEM) supplemented with MEM non-essential
amino acids (NEAA) (Gibco, 11140–035), 10% FBS, 100 units ml−1 peni-
cillin and 100μg ml−1 streptomycin, 5μg ml−1 insulin, 25μg ml−1 hydro-
cortisone (Cayman, 18226-1), 2% dimethyl sulfoxide (DMSO)
(Invitrogen, D2650). HBV-containing supernatants were collected, fil-
tered (45μm) and centrifuged at 450 rcf for 5min to clarify from cell
debris. The supernatants were mixed with 40% polyethylene glycol
(PEG) 8000 (Sigma, 89510) to a final concentration of 8% PEG, and
incubated overnight at 4 °C. Viral particles were collected by cen-
trifugation at 10,000g for 1 h at 4°C. The viral pellets were suspended in
hepatocyte maintenance medium (PMM). Virus titers were quantified
by real-time PCR.

For lentivirus production, the supernatants were filtered and
clarified from cell debris by brief centrifugation. The supernatants
were then mixed with 40% PEG 6000 (Sigma, 81260) to a final con-
centration of 8% PEG and incubated overnight at 4 °C. Viral particles
were collected by centrifugation at 1500 g for 30min. The viral pellets
were suspended in complete DMEM medium.

For HBV infection experiments using the stable cell lines men-
tioned above, selection antibiotics were withdrawn from the culture
media for at least 48 h before viral infection. Cells were seeded in Opti-
MEM overnight. Cells were then grown in complete DMEM for 24 h.
After treatment with 2% DMSO in complete DMEM for 24 h, cells were
inoculated with HBV at 100 genome equivalents (GEq)/cell in PMM
containing 4% PEG 8000 at 37 °C for 16 h. Cells were washed three
times with PBS and maintained in PMM.

For lentivirus infection, cells were transduced with viral particles
in the presenceof 8μgml−1 polybrene for 12 h. Cellswerewashed three
times with PBS and selected with appropriate antibiotics 24 h post-
infection.

Fig. 5 | Rab9 is involved in NDP52-mediated viral degradation. a Colocalization
of HBs, NDP52 and Rab9 or HBs, Rab9 and Lamp2 inHepAD38 cells. The scale bar is
10 µm for full cell images, 2.5 µm for zoomed images. b NDP52 knockdown
HepAD38 (shNDP52) or knockdown control cells (shCtrl) were immunostained for
HBs and Rab9 (n = 10 biological replicates). The scale bar is 10 µm for full cell
images. Pearson’s correlation coefficients for colocalization are presented. ns: non
significance. c Coimmunoprecipitation assays using HepAD38 cells. Rab9 is
coprecipitated with NDP52. d Coimmunoprecipitation assays with anti-GFP anti-
body in Huh7 cells transfected with GFP-tagged Rab9 and Flag-tagged M.
e Coimmunoprecipitation assays with anti-GFP antibody in Huh7 cells transfected
withGFP-taggedRab9,GST-taggedNDP52 andFlag-taggedM. fHepAD38cellswere
treated with bafilomycin A1 (BafA1), Earl’s Balanced Salts (EBSS), rapamycin (Rapa)
or etoposide (Etop). Proteins fromeitherwhole cell lysate (WCL) or lysosome lysate
(LL) were analyzed by immunoblot assay. The ratio of the envelope protein
expression inWCL and LL normalized to GAPDH or Lamp2 respectively in reagent-
treated cells versus mock-treated cells is presented. g Immunoblot analysis of
indicated proteins from either WCL or LL of Rab9-knockdown (shRab9) or control
(shCtrl)HepAD38cells. The ratioof proteinexpression in shRab9 cells versus shCtrl

cells inWCLandLLnormalized toGAPDHorLamp2 respectively ispresentedbelow
each graph. h Immunoblot analysis of indicated proteins from cellular extract of
Rab9 knockdown control Rab9HepG2-NTCPWT (Ctrl), Rab9HepG2-NTCPKD (KD), Rab9HepG2-

NTCPKD overexpressing mCherry-tagged NDP52 (KD +NDP52) or mCherry tag vector
cells (KD + vector). i Rab9HepG2-NTCPWT (Ctrl), Rab9HepG2-NTCPKD (KD) cells were infected
with HBV. Core DNA was purified fourteen days post infection and analyzed by
Southern blot using an HBV DNA probe. M: DNAmarker. jQuantitative PCR of HBV
DNA from infected cells (n = 3 biological replicates). k Medium levels of HBeAg
from infected cells (n = 3 biological replicates). S:CO signal-to-cutoff ratio, Dpi day
post infection. l Rab9HepG2-NTCPKD overexpressing NDP52 (KD +NDP52) or control
cells (KD + vector) cells were infected with HBV. Core DNA was purified and ana-
lyzed by Southern blot using an HBV DNA probe.m Quantitative PCR of HBV DNA
from infected cells seven days post infection (n = 3 biological replicates). ns non
significance. n Medium levels of HBeAg from infected cells (n = 3 biological repli-
cates). S:CO signal-to-cutoff ratio, Dpi day post infection. Data are means ± SD.
Statistical significance in b, j, k, m, and n is determined by a two-sided unpaired
t-test. Source data for b–n are provided as a Source Data file.
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Southern blot analysis for viral DNA
Southern blot analysis was performed as previously described56.
Fourteen days post HBV infection, cells were lysed with lysis buffer
containing 10mM Tris-HCl (pH 8.0), 1mM EDTA, 1% NP-40, and 2%

sucrose at 37 °C for 30min. After removal of the nuclear pellet by
centrifugation, the supernatant was incubated with 7.2% PEG 8000
containing 1.5M NaCl at 4 °C overnight. Viral nucleocapsids were pel-
leted by centrifugation at 10,000g for 30min at 4 °C, followed by
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Fig. 6 | NDP52 suppressesHBV in vivo. a–cMicewere transducedwith AAVHBV to
establish chronic hepatitis B. Four weeks later (week 0), mice were injected either
with adenovirus vector (AdCtrl) or expressing human NDP52 (AdNDP52). Serum
levels of HBsAg (a), HBeAg (b) and alanine aminotransferase (ALT) (c) were mea-
sured. Thedashed lines indicate the levels in naïvemice (n = 9 animals atweeks0–2.
n = 6 animals atweek 3. n = 3 animals at weeks 4–7).dQuantitative PCRofHBVDNA

and HBV pregenomic RNA (pgRNA) in mouse liver 3 weeks post adenovirus injec-
tion (n = 8 animals). Data aremeans ± SD. Statistical significance is determined by a
two-sided unpaired t-test. e Immunohistochemical stainingof liverswith antibodies
against S protein (α-HBs) or core protein (α-HBc). Source data for a–d are provided
as a Source Data file.
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digestion in buffer containing 0.5mg/ml protease K, 0.5% sodium
dodecyl sulfate (SDS), 150mM NaCl, 25mM Tris-HCl (pH 8.0), and
10mM EDTA at 37 °C overnight. DNA released from nucleocapsid was
purified by phenol-chloroform extraction, ethanol precipitation and
resuspended in TE buffer (10mM Tris-HCl, pH 8.0, 1mM EDTA).
Samples were resolved in 1% agarose gel. The gel was subjected to
denaturation in 0.5M HCl, then in a solution containing 0.5M NaOH
and 1.5M NaCl, followed by neutralization in a buffer containing 1M
Tris-HCl (pH 7.4) and 1.5M NaCl. DNA was then blotted onto Hybond-
XL membrane (GE Healthcare) in 20x SSC (1x SSC is 0.15M NaCl plus
0.015M sodium citrate) buffer. HBV DNA probe labeling and hybridi-
zation were carried out by using DIG High Prime DNA Labeling and
Detection Stater Kit II (Roche, 11585614910).

Isolation and analysis of viral DNA by qPCR
HBV progeny DNA was extracted from culture supernatants using the
TIANamp Virus DNA/RNA Kit (Tiangen, DP315). Intracellular HBV DNA
was extracted using QIAamp DNA mini kit (Qiagen, 51306). Samples
were quantified by qPCR using SYBR Green Master Mix (Yeasen,
11203ES03). The primer pairs used were: HBV rcDNA forward 5’-
ATCCTGCTG CTATGCCTCATCTT −3’ and reverse 5’- ACAGTGGGG-
GAAAGCCCTACGAA −3’; HBV cccDNA forward 5’-TGCACTTCGCTT-
CACCT-3′ and reverse: 5’-AGGGGCATTTGGTGGTC-3′57.

HBV attachment and internalization assays
HBV attachment assay was performed as described previously58,59.
NDP52HepG2-NTCPWT and NDP52HepG2-NTCPKO cells were seeded in 24-well
plate and pre-treated as infection experiment. Cells were exposed to
HBV particles in PMM with 4% PEG 8000 at 4 °C for 2 h. Cells were
washed with PBS and collected for DNA extraction. DNAwas extracted
with QIAamp DNA mini kit (Qiagen, 51306) and quantified by qPCR.

HBV internalization assay was performed according to the pre-
vious descriptionwithmodifications60. HepG2-NTCP cells were seeded
in 24-well plate and pre-treated as infection experiment. Cells were
exposed to HBV particles in PMM with 4% PEG 8000 at 4 °C for 2 h.
Then, cellswerewashedwith PBS and cultured at 37 °C for 16 h to allow
viral internalization into cells. Cells were then trypsinized to digest the
cell surface HBV and extensively washed with PBS. DNA was extracted
with QIAamp DNA mini kit (Qiagen, 51306), and quantified by qPCR.

Analysis of gene expression using qRT-PCT
Total RNA was isolated from cells or liver tissues with TRIzol reagent
(Invitrogen, 15596026) and reverse transcribed to cDNA with Hifair III
1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester plus)
(Yeasen, 11141ES10). The primers used were: HBV pregenomic RNA
HBV2268F: 5′-GAGTGTGGATTCGCACTCC-3′, HBV2372R: 5′-GAGGC-
GAGGGAGTTCTTCT-3′;57.

Protein analysis
ForWestern blot analysis, cells were lysed inNP-40 lysis buffer (50mM
Tris-HCl, pH 8.0, 150mM NaCl, 1mM EDTA, 1% NP-40) supplemented
with protease (Roche, 04693132001) and phosphatase inhibitors
(Roche, 4906845001). After boiled, protein samples were subjected to
SDS-polyacrylamide gel electrophoresis and immunoblotting. The
blots were blocked with 5% dry milk in Tris-buffered saline containing
0.1% Tween 20 before being probed with following primary antibody:
GST (Sigma Aldrich, G7781), Flag (Sigma, F7425), HA (Sigma Aldrich,
H6908), GAPDH (Abmart, M20006L), GFP (Sigma Aldrich, G1546),
NDP52 (Abcam, ab68588), mcherry (ABclonal, AE002), HBV preS2
(Abcam, ab8635), HBV HBs (Thermo Fisher, PA1-73083), ATG5 (Cell
Signaling Technology, 12994S), Rab9A (Cell Signaling Technology,
5118), Lamp2 (Santa Cruz, sc-18822), Galectin 8 (Santa Cruz, sc-377133).
Primary antibodies were diluted in Primary Antibody Dilution Buffer
(Beyotime, P0023A). Corresponding secondary antibodies (Beyotime,
A0208, A0216 or Proteintech, SA00001-13) were used after washing

the membrane with TBST. Immunoreactive bands were visualized by
an enhanced chemiluminescence system (Beyotime, P0018FM). The
levels of protein expression were quantified with ImageJ software.

Lysosomes were isolated using Lysosome Extraction Kit (BestBio,
BB-3603). Cells were collected by centrifugation at 4 °C for 5min. Cells
were washed with cold PBS, incubated on ice with Buffer A for 10min
and disruptedwith Dounce homogenizer. The solution was centrifuged
at 1000× g at 4 °C for 5min. The supernatant was collected and cen-
trifuged at 3000× g at 4 °C for 10min. The supernatant was then cen-
trifuged at 5000× g at 4 °C for 10min. The supernatantwas centrifuged
at 25,000× g at 4 °C for 20min. The pellet was collected and incubated
on ice with Buffer B. The solution was centrifuged at 25,000× g at 4 °C
for 20min. The pellet was resolved in Buffer C and used for WB.

For co-immunoprecipitation, cells were plated in 6-well plate or
6-cm dishes and transfected with the indicated plasmids. 48 h after
transfection, cells were lysed in NP-40 lysis buffer. The cell lysate was
centrifuged for 10min at 4 °C. Targeted proteins were either pre-
cipitated by antibodies or GST beads (GE, 17-0756-01), Flag beads
(Millipore, A2220) or GFP beads (AlpaLife, KTSM1301) at 4 °C for 8 h.
After washes in NP-40 lysis buffer, the precipitates were subjected to
WB analysis.

For immunofluorescence, cells seeded on cover slips were fixed
with 4% formaldehyde for 30min at RT. For immunofluorescence of
endoplasmic reticulum (ER), cells seededon cover slipswerefixedwith
3% formaldehyde-0.1% glutaraldehyde for 30min at RT. After washed
with PBS, cellswerepermeabilized andblockedwith0.1%TritonX-100,
1% BSA in PBS for 1 h at room temperature. Cells were incubated with
0.1% Triton X-100, 1% BSA, 5% goat serum in PBS supplemented with
primary antibody (1:250) at 4 °C overnight. Cells were then washed
with PBS 3 times, and incubated with Alexa 488-, 594- or 647-
conjugated secondary antibodies (Thermo Fisher Scientific). Nuclei
were stained with 6-diamidino-2-phenylindole. Cells were visualized
under 100× oil objective on Olympus confocal microscope. Colocali-
zation Pearson’s values were quantified with ImageJ. Primary anti-
bodies are: HBs (Abcam, ab32914), calcoco2 (Santa Cruz, sc-376540),
NDP52 (Abcam, ab68588), LC3A/B (Cell Signaling Technology, 12741S),
HBV preS2 (Abcam, ab8635), Rab9A (Cell Signaling Technology, 5118),
Lamp2 (Santa Cruz, sc-18822). The reagents used for colocalization of
HBs and NDP52 in ER, Golgi or multivesicular body (MVB) are: HBsAg
antibody (HB3) conjugated with Alexa Fluor™ 594 (Novus Biologicals
NB500-474AF594), ER Staining Kit - Green Fluorescence – Cytopainter
(Abcam, ab139481), TGN46 antibody (Abcam, ab50595), CD63 anti-
body (E-12) (Santa Cruz, sc-365604).

For immunohistochemistry, PFA-fixed paraffin-embedded tissue
sections were dewaxed in xylene and unmasked in a citric acid solu-
tion. After blocking with normal horse serum, sections were incubated
with primary antibodies against core protein (Dako, B0586) and HBs
(Abcam, ab32914). Endogenous peroxidase activity was blocked by
incubating the sections with 3% hydrogen peroxide. The sections were
then incubated with secondary antibody (Servicebio, GB23303). The
peroxidase reaction was developed. Nuclei were counterstained with
hematoxylin. H&E staining was performed on deparaffinized sections
with eosin and Mayer’s hemalum.

Ethical approval. All animal experiments were performed in accor-
dance with institutional guidelines and approved by the Institutional
Animal Care and Use Committee of the Institut Pasteur of Shanghai,
Chinese Academy of Sciences (Review Board Number: A2020035). All
the mice were kept in a specific pathogen-free facility under biosafety
levels following institutional guidelines.

Animal experiments. AAVHBV vector has been described previously37.
Virus stockswereproduced and titratedby theCentre deProductionde
Vecteurs (UMR 1089) inNantes, France. Adplasmid pAdHu5 deleted for
E1 andE3geneswasused togenerate recombinantAdvector expressing
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human NDP52. The plasmid was linearized by digestion with PacI and
transfected into HEK293 cells to produce recombinant adenoviruses.
The recombinant adenoviruseswere then amplified inHEK293 cells and
purified by cesium chloride gradient centrifugation.

To establish chronic HBV infection, male C57BL/6mice at 6-week-
oldwere injectedwith 5 × 1010 vg of AAV-HBV in 200μl PBS via tail vein.
Four weeks later, mice were selected to obtain groups with similar
HBsAg and HBeAg levels. These mice and age- and sex-matched naive
C57BL/6micewere injectedwith either 5 × 1010 Ad-NDP52 or Ad-empty
viral particles. Animals were bled weekly. Serum HBsAg and HBeAg
levels were quantified using Shanghai Kehua, ELISA HBV Test Kit. ALT
in mouse serum was determined by Alanine Aminotransferase Assay
Kit (Nanjing Jiancheng Bioengineering Institute, C009-2-1).

Splenocytes and lymphocytes from liver draining lymph nodes
were isolated 2 and 3 weeks post recombinant adenovirus injection.
Activated CD4+ T cells were stained using following antibody: CD4
monoclonal antibody (GK1.5), APC-Cyanine7 (ThermoFisher, A15384),
CD8α monoclonal antibody (5H10) PerCP/Cy5.5 (Invitrogen,
MCD0831), CD44 Monoclonal Antibody (IM7) FITC (Invitrogen, 11-
0441-82), CD62L MEL-14 APC (eBioscience, 17-0621-82).

Statistics and reproducibility. Statistical analyses were performed
using GraphPad Prism. Two-sided unpaired t test was used. Data are
presented as the mean and standard deviation (SD) of the mean. Co-
localization was analyzed using Pearson’s correlation coefficient. P
values < 0.05 were considered significant.

All the experiments were repeated at least two times.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data that support the findings of the study are available in the
manuscript and the supplementary information files. Source data are
provided with this paper.

References
1. Deretic, V. Autophagy as an innate immunity paradigm: expanding

the scope and repertoire of pattern recognition receptors. Curr.
Opin. Immunol. 24, 21–31 (2012).

2. Kirkin, V. & Rogov, V. V. A DIVERSITY OF SELECTIVE AUTOPHAGY
RECEPTORS DETERMINES THE SPECIFICITY OF THE AUTOPHAGY
PAThway. Mol. Cell 76, 268–285 (2019).

3. Ravenhill, B. J. et al. The cargo receptor NDP52 initiates selective
autophagy by recruiting the ULK complex to cytosol-invading
bacteria. Mol. Cell 74, 320–329.e326 (2019).

4. Vargas, J. N. S. et al. Spatiotemporal control of ULK1 activation by
NDP52 and TBK1 during selective autophagy. Mol. Cell 74,
347–362.e346 (2019).

5. Shi, X., Chang, C., Yokom, A. L., Jensen, L. E. & Hurley, J. H. The
autophagy adaptor NDP52 and the FIP200 coiled-coil allosterically
activate ULK1 complex membrane recruitment. Elife 9,
e59099 (2020).

6. Fu, T. et al. Mechanistic insights into the interactions of NAP1 with
the SKICH domains of NDP52 and TAX1BP1. Proc. Natl Acad. Sci.
USA 115, E11651–e11660 (2018).

7. Verlhac, P. et al. Autophagy receptor NDP52 regulates pathogen-
containing autophagosome maturation. Cell Host Microbe 17,
515–525 (2015).

8. Levine, B., Mizushima, N. & Virgin, H.W. Autophagy in immunity and
inflammation. Nature 469, 323–335 (2011).

9. Choi, Y., Bowman, J. W. & Jung, J. U. Autophagy during viral infec-
tion - a double-edged sword.Nat. Rev.Microbiol 16, 341–354 (2018).

10. Thurston, T. L., Ryzhakov, G., Bloor, S., von Muhlinen, N. & Randow,
F. The TBK1 adaptor and autophagy receptor NDP52 restricts the
proliferation of ubiquitin-coated bacteria. Nat. Immunol. 10,
1215–1221 (2009).

11. Mostowy, S. et al. p62 and NDP52 proteins target intracytosolic
Shigella and Listeria to different autophagypathways. J. Biol. Chem.
286, 26987–26995 (2011).

12. Minowa-Nozawa, A., Nozawa, T., Okamoto-Furuta, K., Kohda, H. &
Nakagawa, I. Rab35 GTPase recruits NDP52 to autophagy targets.
EMBO J. 36, 2790–2807 (2017).

13. Jin, S. et al. Tetherin suppresses type I interferon signaling by tar-
geting MAVS for NDP52-mediated selective autophagic degrada-
tion in human cells. Mol. Cell 68, 308–322.e304 (2017).

14. Leymarie, O. et al. Influenza virus protein PB1-F2 interacts with
CALCOCO2 (NDP52) to modulate innate immune response. J. Gen.
Virol. 98, 1196–1208 (2017).

15. Mohamud, Y. et al. CALCOCO2/NDP52 and SQSTM1/p62 differen-
tially regulate coxsackievirus B3 propagation. Cell Death Differ. 26,
1062–1076 (2019).

16. Fan, S. et al. Dual NDP52 function in persistent CSFV infection.
Front. Microbiol. 10, 2962 (2019).

17. Judith,D. et al. Species-specific impact of the autophagymachinery
on Chikungunya virus infection. EMBO Rep. 14, 534–544 (2013).

18. Petkova, D. S. et al. Distinct contributions of autophagy receptors in
measles virus replication. Viruses 9, 123 (2017).

19. Sir, D. et al. The early autophagic pathway is activated by hepatitis B
virus and required for viral DNA replication. Proc. Natl Acad. Sci.
USA 107, 4383–4388 (2010).

20. Tian, Y., Sir, D., Kuo, C. F., Ann, D. K. & Ou, J. H. Autophagy required
for hepatitis B virus replication in transgenic mice. J. Virol. 85,
13453–13456 (2011).

21. Xie, N. et al. PRKAA/AMPK restricts HBV replication through pro-
motion of autophagic degradation. Autophagy 12,
1507–1520 (2016).

22. Lin, Y. et al. Glucosamine promotes hepatitis B virus replication
through its dual effects in suppressing autophagic degradation and
inhibiting MTORC1 signaling. Autophagy 16, 548–561 (2020).

23. Li, J. et al. Subversion of cellular autophagy machinery by hepatitis
B virus for viral envelopment. J. Virol. 85, 6319–6333 (2011).

24. Döring, T., Zeyen, L., Bartusch, C. & Prange, R. Hepatitis B. Virus
subverts the autophagy elongation complex Atg5-12/16L1 and does
not require Atg8/LC3 lipidation for viral maturation. J. Virol. 92,
e01513-17 (2018).

25. Chu, J. Y. K. et al. Autophagic membranes participate in hepatitis
B virus nucleocapsid assembly, precore and core protein traffick-
ing, and viral release. Proc. Natl Acad. Sci. USA 119,
e2201927119 (2022).

26. Lin, Y. et al. Synaptosomal-associated protein 29 is required for the
autophagic degradation of hepatitis B virus. FASEB J. 33,
6023–6034 (2019).

27. Lin, Y. et al. Hepatitis B virus is degraded by autophagosome-
lysosome fusion mediated by Rab7 and related components. Pro-
tein Cell 10, 60–66 (2019).

28. Tang, H. et al. Hepatitis B virus X protein sensitizes cells to
starvation-induced autophagy via up-regulation of beclin 1
expression. Hepatology 49, 60–71 (2009).

29. Liu, B. et al. Hepatitis B virus X protein inhibits autophagic degra-
dation by impairing lysosomal maturation. Autophagy 10,
416–430 (2014).

30. Zhong, L., Shu, W., Dai, W., Gao, B. & Xiong, S. Reactive oxygen
species-mediated c-Jun NH(2)-terminal kinase activation con-
tributes to hepatitis B virus X protein-induced autophagy via reg-
ulation of the beclin-1/Bcl-2 interaction. J. Virol. 91,
e00001–17 (2017).

Article https://doi.org/10.1038/s41467-023-44201-2

Nature Communications |         (2023) 14:8440 14



31. Thurston, T. L., Wandel, M. P., von Muhlinen, N., Foeglein, A. &
Randow, F. Galectin 8 targets damaged vesicles for autophagy to
defend cells against bacterial invasion.Nature 482, 414–418 (2012).

32. Kim, B. W., Hong, S. B., Kim, J. H., Kwon, D. H. & Song, H. K.
Structural basis for recognition of autophagic receptor NDP52 by
the sugar receptor galectin-8. Nat. Commun. 4, 1613 (2013).

33. Pollicino, T., Cacciola, I., Saffioti, F. & Raimondo, G. Hepatitis B virus
PreS/S gene variants: pathobiology and clinical implications. J.
Hepatol. 61, 408–417 (2014).

34. Nishida, Y. et al. Discovery of Atg5/Atg7-independent alternative
macroautophagy. Nature 461, 654–658 (2009).

35. Nguyen, T. N. & Lazarou, M. Rebellious autophagy proteins bypass
ATG8 lipidation, taking their own path to autophagic degradation.
EMBO J. 39, e106990 (2020).

36. Ohnstad, A. E. et al. Receptor-mediated clustering of FIP200
bypasses the role of LC3 lipidation in autophagy. EMBO J. 39,
e104948 (2020).

37. Dion, S., Bourgine, M., Godon, O., Levillayer, F. & Michel, M. L.
Adeno-associated virus-mediated gene transfer leads to persistent
hepatitis B virus replication inmice expressingHLA-A2 andHLA-DR1
molecules. J. Virol. 87, 5554–5563 (2013).

38. Bruss, V., Lu, X., Thomssen, R. & Gerlich, W. H. Post-translational
alterations in transmembrane topology of the hepatitis B virus large
envelope protein. EMBO J. 13, 2273–2279 (1994).

39. Prange, R. & Streeck, R. E. Novel transmembrane topology of the
hepatitis B virus envelope proteins. EMBO J. 14, 247–256 (1995).

40. Ostapchuk, P., Hearing, P. & Ganem, D. A dramatic shift in the
transmembrane topology of a viral envelope glycoprotein accom-
panies hepatitis B viral morphogenesis. EMBO J. 13,
1048–1057 (1994).

41. Lambert, C. & Prange, R. Dual topology of the hepatitis B virus large
envelopeprotein: determinants influencingpost-translational pre-S
translocation. J. Biol. Chem. 276, 22265–22272 (2001).

42. Baillet, N. et al. Autophagy promotes infectious particle production
of mopeia and lassa viruses. Viruses 11, 293 (2019).

43. Inoue, J. et al. Small interfering RNA screening for the small GTPase
rabproteins identifiesRab5Basamajor regulator of hepatitis B virus
production. J. Virol. 93, e00621-19 (2019).

44. Staring, J. et al. PLA2G16 represents a switch between entry and
clearance of Picornaviridae. Nature 541, 412–416 (2017).

45. Pablos, I. et al. Mechanistic insights into COVID-19 by global ana-
lysis of the SARS-CoV-2 3CL(pro) substrate degradome. Cell Rep.
37, 109892 (2021).

46. Pollicino, T. et al. Pre-S2 defective hepatitis B virus infection in
patients with fulminant hepatitis. Hepatology 26, 495–499
(1997).

47. Santantonio, T. et al. Hepatitis B virus genomes that cannot syn-
thesize pre-S2 proteins occur frequently and as dominant virus
populations in chronic carriers in Italy. Virology 188,
948–952 (1992).

48. Chen, B. F. et al. High prevalence and mapping of pre-S deletion in
hepatitis B virus carriers with progressive liver diseases. Gastro-
enterology 130, 1153–1168 (2006).

49. Vidalain, P. O. et al. A field-proven yeast two-hybrid protocol used
to identify coronavirus-host protein-protein interactions. Methods
Mol. Biol. 1282, 213–229 (2015).

50. Choudhury, A. et al. Rab proteins mediate Golgi transport of
caveola-internalized glycosphingolipids and correct lipid traffick-
ing in Niemann-Pick C cells. J. Clin. Invest 109, 1541–1550
(2002).

51. Jiang, B. et al. Virus filaments, like infectious viral particles, are
released via multivesicular bodies. J. Virol. 90, 3330–3341
(2015).

52. Ladner, S. K. et al. Inducible expression of human hepatitis B virus
(HBV) in stably transfected hepatoblastoma cells: a novel system

for screening potential inhibitors of HBV replication. Antimicrob.
Agents Chemother. 41, 1715–1720 (1997).

53. Yan, H. et al. Sodium taurocholate cotransporting polypeptide is a
functional receptor for human hepatitis B and D virus. Elife 1,
e00049 (2012).

54. Stringer, B. W. et al. A reference collection of patient-derived cell
line andxenograftmodels of proneural, classical andmesenchymal
glioblastoma. Sci. Rep. 9, 4902 (2019).

55. Stewart, S. A. et al. Lentivirus-delivered stable gene silencing by
RNAi in primary cells. RNA 9, 493–501 (2003).

56. Guo, H. et al. Characterization of the intracellular deproteinized
relaxed circular DNA of hepatitis B virus: an intermediate of cova-
lently closed circular DNA formation. J. Virol. 81,
12472–12484 (2007).

57. Sun, Y., Qi, Y., Peng, B. & Li, W. NTCP-reconstituted in vitro HBV
infection system. Methods Mol. Biol. 1540, 1–14 (2017).

58. Watashi, K. et al. Cyclosporin A and its analogs inhibit hepatitis B
virus entry into cultured hepatocytes through targeting a mem-
brane transporter, sodium taurocholate cotransporting polypep-
tide (NTCP). Hepatology 59, 1726–1737 (2014).

59. Chakraborty, A. et al. Synchronised infection identifies early rate-
limiting steps in the hepatitis B virus life cycle. Cell Microbiol. 22,
e13250 (2020).

60. Iwamoto, M. et al. Epidermal growth factor receptor is a host-entry
cofactor triggering hepatitis B virus internalization. Proc. Natl Acad.
Sci. USA 116, 8487–8492 (2019).

Acknowledgements
The authors thank Christine Neuveut and Qiang Deng for critical com-
ments on the manuscript, Marie-Annick Buendia, Pascal Pineau, Agnès
Marchio, Thomas Wollert, Jamila Faivre, Philippe Roingeard, Camille
Sureau, Hugues De Rocquigny, Fabrizio Mammano for discussions and
input, Pauline Verlhac, Chaolun Liu, Yimin Tong for technical help. This
work was supported by Institut Pasteur grants PTR20-16 (Y.W.) and ACIP
N°318 (Y.W.), National Natural Science Foundation of China N°81741070
(Y.W.), Science and Technology Commission of Shanghai Municipality
N°18ZR1444000 (Y.W.).

Author contributions
S.C. and Y.W. conceived and designed the experiments. S.C., T.X.,
J.Zhao., X.R., T.W., M.K., X.G., L.H., J.G., A.D., F.L. PO.V. performed the
experiments. JM.C., J.Zhong., L.P., F.T., PO.V., D.Z., Y.J., M.F. contributed
reagents, materials and analysis tools for experiments. S.C., T.X., M.F.
and Y.W. analyzed the data. S.C. and Y.W. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-44201-2.

Correspondence and requests for materials should be addressed to Yu
Wei.

Peer review information Nature Communications thanks Shigeomi
Shimizu, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-44201-2

Nature Communications |         (2023) 14:8440 15

https://doi.org/10.1038/s41467-023-44201-2
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-44201-2

Nature Communications |         (2023) 14:8440 16

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	NDP52 mediates an antiviral response to hepatitis B virus infection through Rab9-dependent lysosomal degradation pathway
	Results
	NDP52 recognizes the preS2 region of envelope proteins
	NDP52 restricts HBV infection
	NDP52 depletion increases virus internalization
	Interaction of NDP52 with the preS2 region is required to restrict�HBV
	NDP52 targets viral envelopes for lysosomal degradation
	NDP52-mediated viral degradation is independent of�ATG5
	Rab9 is crucial for NDP52-mediated HBV inhibition
	NDP52 suppresses HBV in�vivo

	Discussion
	Methods
	Yeast two-hybrid�screen
	Plasmids
	Cells
	Transfections and cell treatments
	Virus production and infection
	Southern blot analysis for viral�DNA
	Isolation and analysis of viral DNA by�qPCR
	HBV attachment and internalization�assays
	Analysis of gene expression using qRT-PCT
	Protein analysis
	Ethical approval
	Animal experiments
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




