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ABSTRACT The dual roles of baculovirus for the control of natural insect populations as an insecticide, and for
foreign gene expression and delivery, have called for a comprehensive understanding of the molecular mechanisms
governing viral infection. Here, we demonstrate that the Bombyx mori Niemann-Pick C1 (BmNPC1) is essential for
baculovirus infection in insect cells. Both pretreatment of Bombyx mori embryonic cells (BmE) with NPC1 antagonists
(imipramine or U18666A) and down-regulation of NPC1 expression resulted in a significant reduction in baculovirus
BmNPV (Bombyx mori nuclear polyhedrosis virus) infectivity. Furthermore, we show that the major glycoprotein gp64
of BmNPV, responsible for both receptor binding and fusion, is able to interact predominantly with the BmNPC1 C
domain, with an enhanced binding capacity at low pH conditions, indicating that NPC1 most likely plays a role during
viral fusion in endosomal compartments. Our results, combined with previous studies identifying an essential role of
hNPCL1 in filovirus infection, suggest that the glycoprotein of several enveloped viruses possess a shared strategy of

exploiting host NPC1 proteins during virus intracellular entry events.

IMPORTANCE BmMNPV is one of the most important members of the Baculoviridae; many viruses in this family
have been frequently employed as viral vectors for foreign gene delivery or expression and as biopesticides, but their
host receptors still remain unclear. Here, we describe that the intracellular cholesterol transporter BmNPCL is

indispensable for BmNPV infection in insect cells, and it interacts with the major viral glycoprotein gp64. Our study on
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the role of BmNPCL1 in baculovirus infection has further expanded the list of the enveloped viruses that require host
NPC1 proteins for entry, and will ultimately help us to uncover the molecular mechanism of the involvement of NPC1

proteins in the entry process of many enveloped viruses.

KEYWORDS Baculovirus, NPC1, host factor, virus entry, cholesterol trafficking pathway, enveloped virus,

Ebola virus

Enveloped viruses include a number of pathogens with significant importance to animal or human health. As a
typical double-stranded DNA enveloped virus, baculoviruses are known to infect invertebrates, with over 600 host
species described (1, 2). Due to a strong species-specific tropism for arthropods, baculovirus has been widely used as a
biopesticide (3). Concurrently, baculovirus can transduce a broad range of vertebrate cells, including human, bovine,
fish avian, and even primitive cells such as embryonic stem cells, warranting its application as a biological tool for gene
delivery (4-6). During its viral infection cycle, baculovirus produces two virion phenotypes: occlusion-derived virus
(ODV) which transmits to insects by the oral route and specializes to infect midgut epithelial cells, and budding virus
(BV) produced during nucleocapsid budding from the basolateral membrane of infected cells, responsible for systemic
host infection (7). During viral infection, BV first attaches to the host cell surface, and is internalized by endocytosis to
late endosomes (8); subsequently, the viral membrane of BV fuses with the endosomal membrane triggered by low pH
and nucleocapsids are released into cytoplasm followed by viral replication (9, 10). The major BV envelope protein,
glycoprotein 64 (gp64), has been shown to be essential for both virus attachment and membrane fusion (11). Despite
the fact that a number of host molecules including heparin sulfate (12), phospholipids (13) or Bombyx mori receptor
expression-enhancing protein (BmREEPa) (14) have been identified to be involved in BV attachment or binding, the

exact identity of host receptors for baculovirus still remains elusive.

Among numerous baculoviruses, Bombyx mori nuclear polyhedrosis virus (BmNPV) is one of the most frequently
employed in the research. It has been reported previously that BmNPV infection was enhanced by Bombyx mori
promoting protein (BmPP), a family member of Niemann-Pick C2 (NPC2), in silkworm BoMo cells (15). The addition
of BmPP to culture media at a concentration of 1 pg /ml resulted in a 1000-10,000-fold increase of BmNPV
production; however, the detailed molecular mechanism has not yet been fully elucidated. Human NPC2 protein

functions as a central shuttle binding to Niemann-Pick C1 (NPC1) to export low density lipoprotein (LDL)-derived
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cholesterol from late endosomes and lysosomes to other cellular compartments (16). The role of BmPP in promoting
BmNPV infection indicates that host proteins responsible for cholesterol transport may be involved in baculovirus
infection. Interestingly, the infection of Ebola virus (EBOV) has proven to be dependent on cholesterol transporter
NPC1, which serves as a virus intracellular receptor for filovirus entry (17-19). NPC1 is a ubiquitously expressed
membrane protein which is mainly involved in intracellular cholesterol transport (20). Structurally, NPC1 is comprised
of three large luminal ‘loop’ domains, A, C, and | (21, 22). Domain A, also called the N-terminal domain (NTD), is
involved in cholesterol binding and exporting cholesterol from lysosomes into the cytosol. Domain C directly and
specifically binds to NPC2 and constitutes the scaffold to properly accommodate NPC2 for hydrophobic handoff of
cholesterol to the pocket of NTD (16, 23, 24). Furthermore, NPC1 domain C is able to bind to the cathepsin-primed
form of Ebola glycoprotein (GPcl) (23, 25); the absence of domain C results in complete resistance to infection by
EBOV, indicating that this domain is essential for EBOV entry. The third luminal domain I interacts with domain C,

and may play a supporting role in cholesterol transport (23).

The recent findings of NPC1 protein as an intracellular receptor for filovirus, coupled with prior evidence
supporting the involvement of NPC2 (BmPP) in BmNPV infection, prompted us to investigate the potential role of
NPC1 homologs in BmNPV infection in insect cells. Here, we demonstrate that BV of BmNPV infection requires the
expression of BmNPC1. BmE cells pre-treated with the NPCL1 inhibitors imipramine or U18666A, which can mimic the
molecular phenotype of NPC disease (26, 27), results in marked inhibition of viral replication and production.
Silencing, knocking out of BmNPC1 expression or blocking BmNPC1 function with domain-specific antibodies also
substantially impairs BmNPV proliferation in vitro. Together, these data show that BmNPC1 is an essential host factor
for baculovirus infection in insect cells, and identifies a shared strategy of exploiting the host NPC1 protein by a group

of enveloped viruses during virus intracellular entry events.

RESULTS

Identification of npcl homologs in the Bombyx mori genome. To identify Bombyx mori homologs of the npcl
gene, the human NPC1 (hNPC1) gene sequence (gi|255652944) was used to conduct a BLAST search in the Bombyx
mori genome database in NCBI. Results revealed that the gene (XP_012544312.1) encoding a protein of 1334 amino

acids long shared the highest sequence similarity of 43% with hNPC1 (Fig S1), indicating this gene is a potential
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homolog of a vertebrate NPC1 family member. This gene was referred as BmNPC1 in our study. Similar to hNPCL1,
structure prediction revealed that BmNPC1 protein contains 13 transmembrane-spanning helices and 3 large luminal
loops, namingly domain A (residues 1 to 270), domain C (residues 408 to 645), and domain | (residues 881 to 1136)
(Fig 1A); Like hNPC1, BmNPCL1 protein includes 3 domains: the NTD domain (NPC1 N-terminal domain, residues 31
to 270), the SSD domain (Sterol-sensing domain, residues 674 to 828), and the patched domain (residues 1088 to
1289). Phylogenetically, BmNPC1 can be grouped in a single clade with Apis cerana, Drosophila melanogaster, and is

relatively distant from NPC1s of Saccharomyces cerevisiae and Toxoplasma gondii (Fig S1).

To further study the biological function of BmNPC1 and its role in baculovirus infection in insect cells, the full
length (4 kb) coding sequence (CDS) of BmNPC1 was cloned from the Bombyx mori cDNA library (Fig 1B); the
sequence was 100% identical to the sequence of XP_012544312.1 published in the NCBI database. Furthermore, a
rabbit polyclonal antibody against hANPC1 (PcAb-hNPC1) was used to determine protein expression and localization of
BmNPCL1 in BmE cells. A single band of ~140 kDa was detected in BmE whole cell lysate by Western blot (Fig 1C).
BmNPCL1 proteins were localized in the plasma membrane, vesicle lumen and membranes in BmE cells as revealed by
IFA (Fig 1D). Taken together, we demonstrate that the putative BmNPCL1 gene (XP_012544312.1) shares high
sequence and structural similarity with hNPC1 and was transcribed and translated in BmE cells, with the protein

abundantly expressed in the plasma membrane and intracellular vesicles.

The potent NPC1 antagonists, imipramine and U18666A, inhibited BmNPV infection in BmE cells. To
investigate whether BmNPCL is involved in BmNPV infection in insect cells, we first examined the effect of two small
molecule NPC1 antagonists on BmNPV-GFP infection in BmE cells. Both small molecules (imipramine and
U18666A) have previously been shown to mimic the molecular phenotype of NPC disease and block the exit of
cholesterol from late endosomal compartments (17, 27). BmE cells were pretreated with imipramine (25-100 uM for 2
h) or U18666A (0.5 to 10 uM for 24 h) before the addition of BmNPV viral inoculum. The effect of drug pretreatment
on viral infection was evaluated based both on the percentage of GFP expression positive cells at 72 h post infection
(p.i.), and the quantification of viral DNA accumulation in infected cells by qPCR. Imipramine and U18666A showed
no evident cytotoxicity in BmE cells (Fig S2), and drug-pretreatment resulted in a dose-dependent reduction in viral
infectivity as demonstrated by the percentage of GFP positive cells (Fig 2A and 2B). The reduction in GFP expressing
positive cells upon drug treatment was statistically significant at concentrations of 25-100 uM for imipramine and of

1-10 uM for U18666A (Fig 2C, 2E). Consistent with the quantification of GFP positive cells, the viral load
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(represented by relative copy number of gp41) decreased significantly at concentrations of 50-100 uM for imipramine
and at concentrations of 1-10 pM for U18666A. For BmE cells pretreated with 100 uM of imipramine or 10 uM of
U18666A, the viral load was reduced to 27% and 10%, respectively, compared to the vehicle along treatment control
(Fig 2D, 2F). In summary, we conclude that blockage of BmNPCL1 function by small molecules can efficiently reduce

BmNPV infection in BmE cells, indicating that functional BmNPC1 is required for BmNPV infection in insect cells.

Knockdown of BmMNPC1 expression by RNAI reduced virus infection in BmE cells. To further study the role
of BmNPC1 in BmNPV infection, two sets of RNAI vectors targeting BmNPC1 (psl-BmNPC1-a and psl-BmNPC1-b)
were constructed (Fig 3A), and independently transfected into BmE cells. The reduction of BmNPCL1 expression at the
mRNA level following BmNPC1-RNAI treatment was detected by gPCR at various time points post transfection (p.t.).
psl-BmNPC1-b was selected to knock down BmNPC1 expression in BmE cells due to greater efficiency and duration
in reducing the expression of BmNPC1 (40% of reduction compared to psl-null at 48 h, with the knock-down effect
persisting until 96 h p.t.) (Fig 3B). BmE cells were treated with psl-BmNPC1-b or psl-null for 48 h prior to infection
with BmNPV-GFP. As shown in Fig 3C and 3D, viral infectivity as indicated by GFP expression was decreased
significantly in psl-BmNPC1-b treated cells at 48, 72 and 96 h p.i. compared to that in control RNAI treated cells.
Furthermore, viral loads represented by relative copy number of gp4l in BmNPC1 RNAI treated cells was less than
10% of that in control RNAi-treated cells at 72 h p.i. (Fig 3E). The viral titer (5.6 logi;oTCIDse/ml) at 96 h p.i. as
quantified by TCIDso in BmNPC1 RNAI treated cells was significantly lower compared to that in control cells (10.8
log10TCIDse/ml, Fig 3F). Collectively, we conclude that knocking down BmNPC1 by RNAI expression in BmE cells

can substantially reduce BmNPV infectivity.

BmMNPCL1 null stable cell line was resistant to BmNPV infection. To further confirm that BmNPC1 is essential
for BmNPV infection, we generated a BmNPC1 null stable cell line by using CRISPR-Cas9 technology. Partial
BmNPC1 gene was replaced by iel-DsRed and A3-neo expression cassettes (Fig S3B), and the mutated BmNPC1 gene
was confirmed by PCR amplification and sequencing (Fig S3D). We next tested the susceptibility of the NPC1-mutant
cells to BmNPV-GFP virus infection, and found that the percentage of GFP positive cells among BmNPC1-null cells as
indicated by the expression of red fluorescence was less than 2% of that of the control cells at 96 h p.i. (Fig 4A and
4B). Concurrently, the virus load as evaluated by relative copy number of gp41 was reduced to 20% of that in control
cells (Fig 4C). Altogether, these data confirmed that BmNPCL1 is required for BmNPV infection, and the cells lacking

functional BmNPCL1 exhibit substantially reduced susceptibility for BmNPV infection.
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BmNPV gp64 protein interacted with BmNPC1 mainly via C domain. It has been shown previously that
hNPCL1 is able to interact with a primed form of Ebola virus glycoprotein GP, the primary glycoprotein responsible for
receptor binding and fusion (18, 25). To investigate whether BmNPCL1 contributes to BmNPV infection by interacting
with glycoprotein gp64 during viral entry, we performed Co-immunoprecipitation with in-vitro expressed proteins
(BmMNPC1 domain A, C, | and BmNPV gp64). Gp64-attached protein G agarose beads through mouse anti-gp64
antibody were incubated with BmNPC1 domain-specific proteins (domain A, C and I, respectively) for
immunoprecipitation. The proteins that bound to the beads, i.e. the co-immunoprecipitation samples were then analyzed
by Western blot. As shown in Fig 5A, gp64 proteins could be detected in the immune pellets by gp64 monoclonal
antibody. The same immune pellets were subsequently probed with anti-HA antibody, and a specific band
corresponding to the NPC1 domain A, C and | in each individual blot was shown in Fig 5B, and the band
corresponding to NPC1-C displaying the strongest signal. Our results suggest that gp64 is able to interact with distinct
domains (A, C and I) of the NPC1 protein, with the strongest binding affinity for NPC1-C. Next, we performed the
reciprocal co-immunoprecipitation experiments, in which NPC1 domain specific protein-attached beads were used to
immune-precipitate gp64 proteins. The presence of NPC1-A, C or I in the retrieved beads was confirmed with anti-HA
antibody (Fig 5C), however, the band corresponding to gp64 was only present in the NPC1-C-attached immune pellets
(Fig 5D). Our results suggest that domain C of BmNPCL1 is sufficient for gp64 binding, while in comparison, the

binding affinity of BmNPC1-A or BmNPC1-1 to gp64 is relatively low.

To further confirm these interactions, we employed a yeast two-hybrid system (Y2H). Full-length gp64 was cloned
into the pGBKT?7 vector as bait, and BmNPC1-A, BmNPC1-C, BmNPC1-I were used as the prey. These Y2H screens
revealed that BmNPC1-C interacted with full-length gp64, whereas BmNPC1-A or BmNPC1-1 bound to gp64 with a
weak affinity (Fig S4). Collectively, these results demonstrate a specific interaction between BmNPC1 domain C and

BmNPYV gp64.

Next, we investigated whether the interaction between BmNPV gp64 and BmNPC1 domain C was pH dependent.
For this purpose, the Co-IP between BmNPV gp64 and BmNPC1-C was performed at pH 5 or 8. NPC1-C and gp64
proteins were expressed with His tag in vitro, and then the protein mixtures were incubated with protein G beads that
had been conjugated with mouse monoclonal antibody to gp64. Anti-His antibody was used to detect both gp64 and

NPC1-C at the same blot for more accurate comparison. As shown in Fig 5E, we found a stronger BmNPC1-C signal at


https://doi.org/10.1101/312744
http://creativecommons.org/licenses/by-nc/4.0/

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

bioRxiv preprint doi: https://doi.org/10.1101/312744; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

pH 5 compared to that at pH 8, indicating that BmNPV gp64 binding affinity to BmNPC1-C was enhanced at a lower

pH environment.

To further confirm which domain of BmNPC1 was most critical for BmNPV infection, we assessed the
susceptibility of BmNPV infection in the presence of BmMNPC1 domain specific antibodies. Specific antibodies
targeting extracellular loops A, C and | of BmNPC1 were produced and incubated with BmE cells for 2 h prior to virus
infection. Compared to cells treated with a negative 1gG control antibody, BmNPV infection was significantly reduced
in BmE cells treated with antibodies specific for BmNPC1-C, but not BmNPC1-A or BmNPC1-I as measured by GFP
positive cells and viral gene expression by qPCR (Fig 5F and 5G). These data suggest that the interaction between

BmNPCL1 domain C and BmNPV gp64 is essential for BmNPV infection in BmE cells.

DISCUSSION

Baculoviruses have been widely used as important biological agents for controlling insect populations, and
powerful biological tools for gene delivery and expression; a better understanding of the molecular mechanisms and
host factors involved in baculovirus virus entry is of great significance in bioscience and biotechnology. In this study,
we used the well-studied baculovirus BmNPV as a tool to investigate the host factor requirements for baculovirus
infection, and found that BmNPC1, the hNPC1 homolog in insect cells, is indispensable for BmNPV infection in insect
cells. Our results, together with previous work identifying a role for hNPC1 as an intracellular receptor for Ebola virus
entry, have revealed that the conserved host protein NPC1, essential for cholesterol homeostasis, has been exploited by

a group of divergent viruses for entry.

As an essential component of cellular membranes, cholesterol is one of the most important lipids for maintaining
cell viability, cell signaling and physiology (28, 29). Two major proteins that function in cholesterol transport are
NPC1 and NPC2. NPC2 is the central shuttle in a unidirectional transfer pathway that mobilizes cholesterol to NPC1,
leading to NPC1 export of cholesterol from late endosomes (16, 23, 24, 30). Recently, it has been demonstrated that
filoviruses, including Ebola and Marburg viruses, utilize NPCL1 as intracellular receptors for entry (18). Interestingly, in
addition to Ebola virus (family: Filoviridae), hepatitis C virus (family: Flaviviridae) entry also requires the cholesterol
trafficking receptor Niemann-Pick C1-Like 1 (NPC1L1) (31), a NPC1 paralog which serves in cellular cholesterol

absorption and homeostasis on the apical surface of intestinal enterocytes and human hepatocytes (20, 32). Moreover,
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the release of HIV-1 (family: Retroviridae) (33) and Chikungunya virus (family: Togaviridae) (27) is impaired in cells
from patients with NPC disease. U18666A or imipramine, which mimics a NPC-deficient phenotype, also strongly
inhibits the replication of several flaviviridae family members, including Zika, West Nile, and Dengue viruses (27). In
our study, we present evidence that baculovirus utilizes the NPC1 homolog to enter into insect cells. Although the
enveloped viruses described above belong to distinct viral families (Baculoviridae, Filoviridae, Togaviridae and
Flaviviridae), and possess different types (dsDNA, +ssRNA or -ssRNA) and sizes of viral genomes, they invariably
hijack NPC1 in the cholesterol transport pathway to initiate infection. We speculate that NPC1 is the common entry
receptor for many enveloped viruses during cellular infection. However, it should be noted that infection with some
enveloped viruses from Rhabdoviridae (vesicular stomatitis virus) (18) or Orthomyxoviridae (infiuenza A virus) (34)

occurs independently of NPC1.

However, despite both Ebola virus and baculovirus requiring NPC1 for viral entry, NPC1-dependent baculovirus
infection of insect cells exhibits unique features. The EBOV glycoprotein GP is a Class | fusion protein. During virus
entry, Ebola virus is internalized into host cells by receptor binding-mediated macropinocytosis and is then transported
to late endosomes. In the endosome, cathepsin B-mediated cleavage removes mucin and glycan cap domains from the
GP protein and exposes a hydrophobic cavity, which can mediate binding to the hNPC1 C domain. The specific
binding between hNPC1 and GPcl was hypothesized to facilitate fusion between vial membrane and host endosomal
membranes (23). In contrast, the BmNPV glycoprotein gp64 is a Class 1l fusion protein, and viral fusion is triggered
by a caustic pH without proteolytic cleavage. We show here that BmNPC1 proteins are located at both the cell plasma
membrane and intracellular compartments, and that BmNPCL is capable of binding to gp64 at a neutral pH, indicating
that BmMNPC1 may serve as a host factor to facilitate virus attachment to the cell surface. The enhanced binding
between BmNPC1 and gp64 at a lower pH as demonstrated in our study suggests that low pH triggered-conformational
changes in the gp64 protein may expose certain epitopes or domains to allow better accessibility by BmNPC1, and the
specific binding between gp64 and BmNPC1 may ultimately enable gp64 to maintain a certain structure which is
essential for targeting its fusion domain into the endosomal membranes. However, the detailed mechanism of BmNPC1
protein in baculovirus entry will rely on future crystallographic examination of the BmNPC1 and gp64 complex. Such
studies will ultimately shed light on how a wide range of enveloped viruses utilize the shared host factor NPC1 as part

of fusion triggers for intracellular entry.
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Baculovirus can transduce a broad range of cells including both vertebrate and invertebrate cells, suggesting that
conserved host factors may be involved in viral entry. In our study, we have only examined the role of NPC1 in viral
entry in insect cells; it will be of great interest in the future to assess whether NPCL1 is involved in viral entry in
mammalian cells. Furthermore, the cell surface localization of BmMNPCL1 in insect cells raises the possibility that
BMNPC1 may act as a host factor for baculovirus in insect cells; future investigation to identify the role(s) of BmNPC1
in various steps of viral entry is warranted. In summary, our study demonstrated that BmNPV entry requires the
cholesterol transporter BmNPC1 as the host factor for baculovirus infection, summarized with a hypothetical model
(Fig. 6). In this model, baculovirus binds to the cell surface with the possibility of using BmNPC1 as one of the
attachment factors, and is then internalized and trafficked to late endosomes. In the caustic pH environment of
endosomes, gp64 undergoes conformational changes to expose certain domain(s) for better access by BmNPC1. The
specific binding between gp64 and BmNPC1 subsequently facilitates viral fusion events to allow nucleocapsids to be
released into the cytoplasm. Our work fills an important gap in baculovirus research, and identifies a new antiviral
target against baculovirus infection. Elucidation of baculovirus entry mechanisms will further facilitate the application
of baculovirus systems in eukaryotic gene delivery. As the cholesterol transporter NPC1 is shared by several viral
families, this work provides a new avenue of inquiry that NPC1 may represent a common entry factor for many

enveloped viruses entry.

MATERIALS AND METHODS

Cell culture and recombinant virus. B. mori cell line BmE cells were maintained at 28°C in Grace's medium
(Thermo Fisher Scientific, USA) supplemented with 10% (V/V) fetal bovine serum (FBS) (Thermo Fisher Scientific,
USA) and 1%(V/V) penicillin-streptomycin (35). The recombinant BmNPV virus bearing an EGFP gene under the
control of polyherin promoter was constructed by Bac-to-Bac Baculovirus Expression System according to the
manufacturer’s protocol (Invitrogen, USA). The expression of EGFP can act as a reporter for monitoring viral gene
expression and viral replication (36). Recombinant viruses were propagated in BmE cells and viral titers were measured

by 50% tissue culture infectious dose (TCIDs) based on EGFP expression as described (37).

Cloning, protein expression, and purification of BmNPC1 and antibody production. The BmNPC1

transmembrane domain was predicted based on the website (http://www.cbs.dtu.dk/servicessTMHMM-2.0/), and
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functional domains were predicted based on the website (http://smart.embl-heidelberg.de/). The full coding region of
BmNPC1 was PCR amplified with specific primer (Table S1) from a BmE cell cDNA library and then cloned into the
pMD19-T vector for sequencing. The sequences of BmNPC1 extracellular loop A (31 to 264 amino acids) or | (881 to
1152 amino acids) were amplified with primer pairs BmMNPC1-A-PE and BmNPC1-I-PE (Table S1) and were then
cloned into pET32a (+) plasmid for protein expression in E. coli. The recombinant BmNPC1-A, BmNPC1-I proteins
with His tag were purified with a HisTrap HP 5 ml column (GE Healthcare, USA) according to the manufacturer’s
instructions. The purified recombinant protein BmNPC1-A and BmNPC1-1 were later used as an immunogen to
immunize 7-week-old BALB/c mice with Freund’s complete adjuvant (Sigma-Aldrich, USA). The
TDPVELWASPTSRS polypeptide from BmNPC1 (409 to 422 amino acids) coupled with the KLH tag were synthesized
by GenScript and used to immunize New Zealand rabbits with Titermax Gold adjuvant. The anti-BmNPC1-A and

anti-BmNPC1-1 mouse serum, anti-BmNPC1 rabbit serum, and control sera from both naive mice and rabbits immunized

with KLH tag only were collected and stored at -20°C until use.

BmNPC1-RNAI construction and transfection in BmE cells. The RNAI target prediction of BmNPC1 was
performed according to the website (http://jura.wi.mit.edu/bioc/siRNA); two regions designated npcl-a and npcl-b
were chosen based on scores for subsequent use. The sense and antisense fragments of npcl-a and npcl-b were
amplified from the BmE genome with primer pairs npc1-RNAi-a and npc1-RNAi-b (Table S1), and were subsequently
cloned into the RNAIi vector pSL1180 with A3 intron as a spacer (3) (Fig 3A), generating RNAIi vectors
psl-BmNPC1-a and psl-BmNPC1-b. Unmodified pSL1180 vector designated as psl-null was used as a negative control

for RNAI.

BmE cells (7 x 10° cells/well) grown in six-well culture plates were transfected with 2 ug of psl-BmNPC1-a or
psl-BmNPC1-b, or negative control psl-null siRNA, using 2 ul of X-treme GENE HP DNA tranfection reagent (Roche,
Germany) following the manufacturer’s protocol for 48h before cells were subjected to viral infection. The knockdown

effect of RNAI transfection was confirmed by mRNA expression via qPCR with primer set BmNPC1-q (Table S1).

Construction and verification of NPC1-knockout (ANPC1) BmE cells. The CRISPR/Cas9 genomic editing tool
was used to generate the stable BmNPC1-knockout BmE cell line. The Cas9 expression vector (named
pSL1180-1E1-Cas9) and sgRNA expression vector (named PUC57-U6-gRNA) were constructed as previously

described (38) (Fig S3A). The primer sequences generating the guide RNA (gRNA) targeting the BmNPC1 genes were
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designed based on the CRISPR website (http://crispr.dbcls.jp/); all candidate sgRNA target sequences bear the
GN19NGG sequence. Next, extraction of two optimal target sites (QRNA-1 and gRNA-2) based on the CRISPR

website (http://crispr.dbcls.jp/) was performed; the forward and reverse primers of the target sequence start with AAGT

and AAAC, respectively. The corresponding oligos were annealed and ligated into a sgRNA expression vector which
was digested by Bbs | to generate sgRNA-1 and sgRNA-2 expression plasmids. All sgRNA expression plasmids were
sequenced by M13 primers for verification. For construction of the BmNPC1 replacement donor vector, homologous
arms targeted upstream of the gRNA-1 site and downstream of the gRNA-2 site were amplified from Bombyx mori
genomic DNA and designated as Left-HR and Right-HR, respectively. The selective markers iel-DsRed-sv40 and
A3-neo-sv40 were maintained in our laboratory. The Left-HR, DsRed expression cassettes, neomycin (neo) expression
cassettes, and Right-HR were sequentially cloned into the pBluescript 1l KS (-) vector to generate the donor plasmid
pKS-donor (Fig S3B). All clones were verified by sequencing of plasmids. The primers are listed in Supplemental

Table S1.

Reverse transcriptase PCR and Quantitative real-time PCR (qPCR). Total RNA from BmE cell was extracted
using Total RNA kit Il (Omega, USA) following manufacturer’s protocol, and reverse transcription was carried out
using MLV Reverse Transcriptase (Promega, USA). These cDNA samples were used to detect transcripts of BmNPC1
using the primers BmNPC1-q (Table S1). The BmRPL3 (gi|112982798) amplified with primers BmRPL3-q (Table S1)
was used as the internal reference. Sample analysis was performed on the CFX96™ Real-Time System (Biorad,

France).

The viral DNA loads were calculated based on qPCR of the BmNPV gp41 gene. Total DNA from each sample was
prepared with a Wizard Genomic DNA extraction Kit (Promega, USA) according to the manufacturer’s protocol, and
the gPCR was performed using primers gp4l-q (Table S1) targeting a 120-bp region of the BmNPV gp4l gene

(AAC63752.1). The BmGAPDH gene amplified by primers BmGAPHG-q (Table S1) was used as the reference.

Viral infection and quantification of infectivity. BmE cells or ANPC1-BmE cells (7 x 10° cells/well) seeded into
six-well culture plates were inoculated with BmNPV-GFP virus at an MOI of 1 for 2 h, after which cells were washed
three times with serum-free Grace medium followed by incubation with Grace medium supplemented with 10% FBS.
Viral infectivity was monitored by GFP expression positive cells at the indicated time points. The mean percentage of

GFP positive cells from five representative fields was calculated, and the data presented are representative of three
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independent experiments. Next, the ANPC1-BmE cells were collected based on DsRed expression by flow cytometry
(Fig S3C), and viral DNA loads were determined by relative quantification of viral gp41 gene using gPCR and were
expressed as the fold of change compared to the corresponding control. Viral titers in RNAI-NPC1 cells were

determined with a TCIDs, endpoint dilution assay based on the GFP expression positive cells.

U18666A and imipramine treatment. BmE cells (2 x 10° cells/well) were seeded into twelve-well culture plates
and pre-incubated with vehicle or various concentrations of imipramine dissolved in methanol (25, 50, 75 or 100 puM)
or U18666A dissolved in serum-free Grace medium (0.5, 1, 5 or 10 uM) for 2 or 24 h, respectively. Drug pre-treated
cells were subjected to BmNPV-GFP virus infection at an MOI of 1 for 72 h in the presence of drug, and viral
infectivity was evaluated by GFP positive cells and quantification of the relative amount of viral DNA in supernatants

by gPCR.

In vitro expression of BmNPCL1 and gp64 proteins and Co-immunoprecipitation. Fragments of BmNPC1-A,
BmNPC1-C, BmNPC1-I and BmNPV gp64 were amplified and cloned into pT7CFE1-NHis-GST-CHA vector
(Thermo Fisher Scientific, USA) for subsequent expression by 1-Step CHO High-Yield In Vitro Translation (IVT) Kit
following the manufacturer’s protocol (Thermo Fisher Scientific, USA). A, C, and I-domains of BmNPC1 were
expressed with Hisg-tag and GST-tag to the N-terminus and a HA-tag to the C-terminus; gp64 protein were only
expressed with Hisg-tag and GST-tag to the N-terminus (not include a HA-tag). The expression of recombinant proteins
was confirmed by Western blot using anti-HA monoclonal antibody (Sigma-Aldrich, USA) or anti-gp64 monoclonal
antibody (Abcom, UK). Co-immunoprecipitation was performed in accordance with standard protocols to probe the
interaction between gp64 and BmNPC1 proteins. In brief, the protein G agarose beads (BioRad, USA) bearing gp64
protein through mouse anti-gp64 antibody were incubated with NPC1-A, NPC1-C or NPC1-I protein overnight at 4°C
with gentle shaking. Proteins eluted from the beads were probed with anti-HA monoclonal antibody via Western blot.
Co-immunoprecipitation was also performed in a reciprocal manner; in which NPC1-A, NPC1-C, and NPC1-I|
conjugated beads were incubated with gp64 protein, with proteins eluted from the beads probed with mouse anti-gp64

monoclonal antibody.

Yeast two-hybrid assay. The yeast two-hybrid assay was used to confirm the interaction between NPC1-A,
NPC1-C, NPC1-l and gp64 in vivo according to the previously described (39). The bait and prey constructs pairs

PGBKT7-gp64/pGADT7- NPC1-A, pGBKT7- gp64/pGADT7- NPC1-C, pGBKT7- gp64/pGADT7- NPC1-I, and
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pGBKT7- NPC1-C /pGADT7-gp64 were transformed simultaneously into competent yeast cells to examine the protein

interaction. All primers used are listed in Supplemental Table S1.

Immunofluorescence assay (IFA). BmE cells grown on cover glasses in 12-well plates (Corning, USA) for 12h at
28°C, then were fixed by 4% paraformaldehyde at room temperature for 30 min followed by permeabilization with
0.2% Triton X-100 or without permeabiliztion. The cells were stained with PcAb-hNPC1 antibody (Abcom, UK) or
negative rabbit IgG for immunofluorescence microscopy as described previously (40), and imaged with an Olympus

confocal microscope.

Antibody blocking assay. BmE cells (2 x 10° cells/well) seeded in twelve-well culture plates were incubated with
one of the following antibodies: mouse anti-NPC1-A,anti-NPC1-1 polyclonal antibody, rabbit anti-NPC1-C polyclonal
antibody, mouse or rabbit naive serum, at a concentration of 10 pg/ml for 2h at 28°C, after which cells were infected
with BmNPV-GFP at an MOI of 3. At 72 h p. i. infected cells were fixed for microscopy and the supernatants were

harvested for measuring viral DNA load by qPCR as described previously.

Statistics. Independent-samples T tests were used for statistical analysis. Significant differences are marked with *
at P <0.05, ** at P < 0.01 and *** at P < 0.001; n.s, non-significant, respectively. All results are graphed as means +

SD for triplicate samples. All the data presented are representative of a minimum of three independent experiments.

Ethics statement. All animal experiments were conducted in accordance with Laboratory Animals Ethics Review
Committee of Southwest University guidelines (Chongging, China) with committee approval for this study (Permit
Number: AERCSWU2017-7). Mice were maintained in accordance with recommendations of the committee for the

purpose of control and supervision of experiments on animals.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation of China (grant number 31770160
31470250, 31270138, 31702185) and Fundamental Research Funds for the Central Universities (XDJK2018AA001,

XDJK2015A010).


https://doi.org/10.1101/312744
http://creativecommons.org/licenses/by-nc/4.0/

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

bioRxiv preprint doi: https://doi.org/10.1101/312744; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC 4.0 International license.

REFERENCES

10.

11.

12.

13.

14.

15.

. Blissard, G. W., G. F. Rohrmann. 1990. Baculovirus diversity and molecular biology. Annu Rev Entomol 35:127-155.

. Wood, H. A., R. R. Granados. 1991. Genetically engineered baculoviruses as agents for pest control. Annu Rev

Microbiol 45:69-87.

. Jiang, L., Q. Xia. 2014. The progress and future of enhancing antiviral capacity by transgenic technology in the silkworm

Bombyx mori. Insect Biochem Mol Biol 48:1-7.

. Volkman, L. E., P. A. Goldsmith. 1983. In vitro survey of Autographa californica nuclear polyhedrosis virus interaction

with nontarget vertebrate host cells. Appl Environ Microb 45:1085-1093.

. Kost, T. A., J. P. Condreay, D. L. Jarvis. 2005. Baculovirus as versatile vectors for protein expression in insect and

mammalian cells. Nat Biotechnol 23:567-575.

. Chen, C. Y., C. Y. Lin, G. Y. Chen, Y. C. Hu. 2011. Baculovirus as a gene delivery vector: recent understandings of

molecular alterations in transduced cells and latest applications. Biotechnol Adv 29:618-631.

. Slack, J., B. M. Arif. 2006. The Baculoviruses Occlusion-Derived Virus: Virion Structure and Function. Adv Virus Res

69:99-165.

. Volkman, L. E., P. A. Goldsmith. 1985. Mechanism of neutralization of budded Autographs californica nuclear

polyhedrosis virus by a monoclonal antibody: Inhibition of entry by adsorptive endocytosis. Virology 143:185-195.

. Kielian, M., F. A. Rey. 2006. Virus membrane-fusion proteins: more than one way to make a hairpin. Nat Rev Microbiol

4:67-76.

Kadlec, J., S. Loureiro, N. G. A. Abrescia, D. I. Stuart, I. M. Jones. 2008. The postfusion structure of baculovirus gp64
supports a unified view of viral fusion machines. Nat Struct Mol Biol 15:1024-1030.

Rahman, M. M., K. P. Gopinathan. 2003. Characterization of the gene encoding the envelope fusion glycoprotein GP64
from Bombyx mori nucleopolyhedrovirus. Virus Res 94:45-57.

Duisit, G., S. Saleun, S. Douthe, J. Barsoum, G. Chadeuf, P. Moullier. 1999. Baculovirus vector requires electrostatic
interactions including heparan sulfate for efficient gene transfer in mammalian cells. J Gene Med 1:93-102.

Tani, H., M. Nishijima, H. Ushijima, T. Miyamura, Y. Matsuura. 2001. Characterization of cell-surface determinants
important for baculovirus infection. Virology 279:343-353.

Dong, X. L., T. H. Liu, W. Wang, C. X. Pan, Y. F. Wu, G. Y. Du, P. Chen, C. Lu, M. H. Pan. 2015. BmREEPals a Novel
Gene that Facilitates BmNPV Entry into Silkworm Cells. Plos One 10:e0144575.

Kanaya, T., J. Kobayashi. 2000. Purification and characterization of an insect haemolymph protein promoting in vitro

replication of the Bombyx mori nucleopolyhedrovirus. J Gen Virol 14:1135-1141.


https://doi.org/10.1101/312744
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/312744; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

382 16. Infante, R., M. Wang, A. Radhakrishnan, H. Kwon, M. Brown, J. Goldstein. 2008. NPC2 facilitates bidirectional transfer
383 of cholesterol between NPC1 and lipid bilayers, a potential step in cholesterol egress from lysosomes. Proc Natl Acad Sci
384 U S A 105:15287-15292.

385 17. Coté, M., J. Misasi, T. Ren, A. Bruchez, K. Lee, C. M. Filone, L. Hensley, Q. Li, D. Ory, K. Chandran. 2011. Small
386 molecule inhibitors reveal Niemann-Pick C1 is essential for Ebola virus infection. Nature 477:344-348.

387 18. Carette, J. E., M. Raaben, A. C. Wong, A. S. Herbert, G. Obernosterer, N. Mulherkar, A. 1. Kuehne, P. J. Kranzusch, A.
388 M. Griffin, G. Ruthel. 2011. Ebola virus entry requires the cholesterol transporter Niemann-Pick C1. Nature
389 477:340-343.

390 19. Miller, E. H., G. Obernosterer, M. Raaben, A. S. Herbert, M. S. Deffieu, A. Krishnan, E. Ndungo, R. G. Sandesara, J. E.
391 Carette, A. I. Kuehne. 2012. Ebola virus entry requires the host-programmed recognition of an intracellular receptor. The
392 Embo J 31:1947-1960.

393 20.Altmann, S. W., D. H. Jr, L. J. Zhu, X. Yao, L. M. Hoos, G. Tetzloff, S. P. lyer, M. Maguire, A. Golovko, M. Zeng. 2004.
394 Niemann-Pick C1 Like 1 protein is critical for intestinal cholesterol absorption. Science 303:1201-1204.

395 21. Carstea, E. D., J. A. Morris, K. G. Coleman, S. K. Loftus, D. Zhang, C. Cummings, J. Gu, M. A. Rosenfeld, W. J. Pavan,
396 D. B. Krizman. 1997. Niemann-Pick C1 disease gene: homology to mediators of cholesterol homeostasis. Science
397 277:228-231.

398 22. Loftus, S. K., J. A. Morris, E. D. Carstea, J. Z. Gu, C. Cummings, A. Brown, J. Ellison, K. Ohno, M. A. Rosenfeld, D. A.
399 Tagle. 1997. Murine model of Niemann-Pick C disease: mutation in a cholesterol homeostasis gene. Science 277:
400 232-235.

401 23. Gong, X., H. Qian, X. Zhou, J. Wu, T. Wan, P. Cao, W. Huang, X. Zhao, X. Wang, P. Wang. 2016. Structural Insights
402 into the Niemann-Pick C1 (NPC1)-Mediated Cholesterol Transfer and Ebola Infection. Cell 165:1467-1478.

403 24. Deffieu, M. S., S. R. Pfeffer. 2011. Niemann-Pick type C 1 function requires lumenal domain residues that mediate
404 cholesterol-dependent NPC2 binding. Proc Natl Acad Sci U S A 108:18932-18936.

405 25. Han, W., S. Yi, S. Jian, J. Qi, G. Lu, J. Yan, G. Gao. 2016. Ebola Viral Glycoprotein Bound to Its Endosomal Receptor
406 Niemann-Pick C1. Cell 164:258-268.

407 26. Underwood, K. W., B. Andemariam, G. L. Mcwilliams, L. Liscum. 1996. Quantitative analysis of hydrophobic amine
408 inhibition of intracellular cholesterol transport. J Lipid Res 37:1556-1568.

409 27. Wichit, S., R. Hamel, E. Bernard, L. Talignani, F. Diop, P. Ferraris, F. Liegeois, P. Ekchariyawat, N. Luplertlop, P.
410 Surasombatpattana. 2017. Imipramine Inhibits Chikungunya Virus Replication in Human Skin Fibroblasts through

411 Interference with Intracellular Cholesterol Trafficking. Sci Rep 7:3145.


https://doi.org/10.1101/312744
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/312744; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

412 28. Goldstein, J. L., R. A. Debose-Boyd, M. S. Brown. 2006. Protein sensors for membrane sterols. Cell 124:35-46.

413 29. Incardona, J. P., S. Eaton. 2000. Cholesterol in signal transduction. Curr Opin Cell Biol 12:193-203.

414 30. Kwon, H. J., L. Abimosleh, M. L. Wang, J. Deisenhofer, J. L. Goldstein, M. S. Brown, A. R. E. Infante. 2009. Structure
415 of N-Terminal Domain of NPC1 Reveals Distinct Subdomains for Binding and Transfer of Cholesterol. Cell
416 137:1213-1224.

417 31. Jr, S. B., N. Barretto, D. N. Martin, N. Hiraga, M. Imamura, S. Hussain, K. A. Marsh, X. Yu, K. Chayama, W. A. Alrefai.
418 2012. ldentification of the Niemann-Pick C1-like 1 cholesterol absorption receptor as a new hepatitis C virus entry factor.
419 Nat Med 18:281-286.

420 32. Yu, L. 2008. The structure and function of Niemann-Pick C1-like 1 protein. Curr Opin Lipidol 19:263-269.

421 33. Tang, Y., I. C. Leao, E. M. Coleman, R. S. Broughton, J. E. Hildreth. 2009. Deficiency of niemann-pick type C-1 protein
422 impairs release of human immunodeficiency virus type 1 and results in Gag accumulation in late endosomal/lysosomal
423 compartments. J Virol 83:7982-7995.

424  34. Aminibavilolyaee, S., Y. J. Choi, J. H. Lee, M. Shi, I. Huang, M. Farzan, J. U. Jung. 2013. The Antiviral Effector
425 IFITM3 Disrupts Intracellular Cholesterol Homeostasis to Block Viral Entry. Cell Host Microbe 13:452-464.

426 35. Pan, M., X. Cai, M. Liu, J. Lv, H. Tang, J. Tan, C. Lu. 2010. Establishment and characterization of an ovarian cell line of
427 the silkworm, Bombyx mori. Tissue and Cell 42:42-46.

428 36. Jun, Z., H. Qian, Z. Chun-Dong, C. Xiang-Yun, C. Xue-Mei, D. Zhan-Qi, L. Na, K. Xiu-Xiu, C. Ming-Ya, L. Cheng.
429 2014. Inhibition of BmNPV replication in silkworm cells using inducible and regulated artificial microRNA precursors
430 targeting the essential viral gene lef-11. Antiviral Res 104:143-152.

431  37. Wu, C.P., Y.J. Huang, J. Y. Wang, Y. L. Wu, L. Hueiru, J. C. Wang, Y. C. Chao. 2010. Autographa californica multiple
432 nucleopolyhedrovirus LEF-2 is a capsid protein required for amplification but not initiation of viral DNA replication. J
433 Virol 84:5015-5024.

434  38. Dong, Z. Q., T. T. Chen, J. Zhang, N. Hu, M. Y. Cao, F. F. Dong, Y. M. Jiang, P. Chen, C. Lu, M. H. Pan. 2016.
435 Establishment of a highly efficient virus-inducible CRISPR/Cas9 system in insect cells. Antiviral Res 130:50-57.

436 39. Yang, D., L. Pan, P. Peng, X. Dang, C. Li, T. Li, M. Long, J. Chen, Y. Wu, H. Du. 2017. Interaction between SWP9 and
437 Polar Tube Proteins of the Microsporidian Nosema bombycis and Function of SWP9 as a Scaffolding Protein Contribute
438 to Polar Tube Tethering to the Spore Wall. Infect Immun 85:e00872-16.

439  40. Chen, H. Y., C. D. Meng-Lin, Z. J. Lin, H. Chia-Chun, G. C. Yin, I. C. Weng, G. Peter, W. Stephan, H. Katja, S. Gerd.
440 2016. Nanoimaging granule dynamics and subcellular structures in activated mast cells using soft X-ray tomography. Sci

441 Rep 6:34879.


https://doi.org/10.1101/312744
http://creativecommons.org/licenses/by-nc/4.0/

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

bioRxiv preprint doi: https://doi.org/10.1101/312744; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

FIG 1 Expression and localization of BmNPC1 in BmE cell. (A) Schemes show the main structural characteristics of
BmNPC1. BmNPC1 contained 13 transmembrane helices and 3 large conservation domains: N-terminal domain
(NTD), sterol sensing domain (SSD) and patched domain (PTC). The three large luminal loops were named as domains
A, C, and I. (B) BmNPC1 full-length gene was PCR amplified with specific primers (supplementary Table S1) from
BmE cell cDNA. (C) Immunoblot of BmNPC1 in BmE cells with PcAb-hNPC1 antibody. (D) Localization of
BMNPC1 in BmE cells. BmE cells were permeabilized (a) and unpermeabilized (b) followed by immunostaining with
PcAb-hNPC1 antibody. The vesicle lumen and membranes were labeled by PcAb-hNPC1 antibody in the
permeabilized BmE cells (al, green fluorescence). The plasma membrane was labeled by PcAb-hNPC1 antibody in the

unpermeabilized BmE cells (b1, red fluorescence). The nucleus was stained by DAPI. Bar, 5 pum.

FIG 2 Cationic amphiphilic compounds imipramine or U18666A inhibits BmNPV replication in BmE cell. BmE cells
were pretreated with imipramine (A) or U18666A (B) for 2 and 24 h, respectively followed by GFP-BmNPV infection
at an MOI of 1 for 72 h. Viral infection was indicated by positive GFP expression in BmE cells. Bar, 200 puM.
Quantification of GFP-BmNPV infectivity in BmE cells pretreated with impiramine (C) or U18666A (E). The
percentage of GFP positive cells was counted from at least five different fields. Fold decrease of viral DNA load in
BmE cells pre-treated with imipramine (D) or U18666A (F) compared to control. The viral DNA load was analyzed by
gPCR analysis using gp41 DNA primers, and the viral DNA load in cells treated with blank solvent was set as “1”.
Relative copy numbers were calculated using B. mori GADPH DNA as the internal control. Independent-samples T
tests were used for statistical analysis. For panels C-F, *P<0.05; **P<0.01; ***P<0.001; ns, non-significant, Means +

s.d. are shown (n=3).

FIG 3 Silence of BmNPC1 inhibits BmNPV replication in BmE cell. (A) Schematic diagram of the BmNPC1 RNAI
vector construction. IE1 indicates the iel promoter of BmNPV. NPC1l-a and NPC1-b are two NPC1 fragments,
NPC1-a-S, NPC1-b-S, NPC1-a-A and NPC1-b-A represents the sense fragment (S) and the antisense fragment (A) of
NPC1-a and NPC1-b, respectively. These backbones were inserted into pSL1180 vector (‘‘head to head’”), the arrow
direction of gene fragment represented 5°— 3’. The A3 intron was a spacer cloned from the genomic DNA of B. mori

Dazao. SV40 was the polyadenylation signal. (B) The effect of BmMNPC1 RNAI transfection in BmE cell. BmE cell
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was transfected with psl-BmNPC1-a or psl-BmNPC1-b, and the relative expression levels of NPC1 was detected by
gPCR at the indicated times. (C) Fluorescence microscopy of BmNPV infected BmE cells transfected with
psl-BmNPC1-b or null RNAI at indicated times. Cells transfected with psl-BmNPC1-b or null RNAI were infected with
BmNPV at an MOI of 3. BmNPV infection positive cells were indicated by GFP expression. Bar, 200 uM. (D)
Quantification of BmNPV infection based on GFP expression in BmE cells transfected with psl-BmNPC1-b and
psl-null RNAI vector. The percentages of GFP positive cells of five different fluorescent fields were counted in each
group. (E) The fold change of viral DNA load in cells transfected with psl-BmNPC1-b and psl-null RNAI vector. The
viral DNA load were analyzed by qPCR analysis using gp41 DNA primers, the viral DNA loads in cells transfected
with psl-null RNAi vector at the indicated times were set as “100%”. Relative copy numbers were calculated using B.
mori GADPH DNA as the internal control. (F) Virus titer determination by TCIDs, end point dilution assays.
Supernatants were harvested at 96 h p.i. from the cells infected with BmNPV for the virus titer titration. Virus infection
was determined by positive GFP expression in BmE cells by fluorescence microscopy. For panels B, D-F, *P<0.05;

**pP<0.01; ***P<0.001; ns, non-significant, Means * s.d. are shown (n=3).

FIG 4 Knock out BmNPC1 by CRISPR-Cas9 system inhibits BmNPV replication in BmE cell. (A) Fluorescence
microscopy of BmNPV infected wild-type and BmNPC1 knocked out BmE cells. BmNPV infection positive cells were
indicated by GFP expression and BmNPC1 knocked out BmE cells were indicated by DsRed expression. Bar, 100 uM.
(B) Quantification of BmNPV infection based on GFP expression in BmE cells. The percentages of GFP positive cells
of five different fluorescent fields were counted in each group and the means were shown in bar graph. Three
independent experiments were carried out. (C) Quantification of BmNPV infection based on viral DNA load in BmE
cells. The viral DNA load were analyzed by g-PCR analysis using gp4l DNA primers, the viral DNA loads in
wild-type cells at the indicated times were set as “100%”. Relative copy numbers were calculated using B. mori

GADPH DNA as the internal control. For panels B, C, ***P<0.001; ns, non-significant, Means % s.d. are shown (n=3).

FIG 5 BmNPC1-C interacts with BmNPV gp64 and the antiBmNPC1-C antibody pretreatment reduces BmNPV
infection. (A, C) Western blotting of co-immunoprecipitate samples was used to analyze the interaction between
BmNPV gp64 and BmMNPC1 domain-specific proteins. BmNPC1 domain A, C, | and gp64 were expressed by In Vitro

Translation Kit (see Materials and Methods). Then the BmNPC1 domain-specific proteins were incubated with gp64,
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respectively, and coimmunoprecipitated with anti-gp64 monoclonal antibody. For the three immune pellets, anti-gp64
monoclonal antibody was used to detect gp64 protein (A). Al, gp64 incubated with BmNPC1-A; A2, gp64 incubated
with BmNPC1-C; A3, gp64 incubated with BmNPC1-l. Anti-HA antibody was used to detect BmNPC1-A,
BmNPCL1-C, or BmNPC1-I at the corresponding immune pellets (C). C1, gp64 incubated with BmNPC1-A; C2, gp64
incubated with BmNPC1-C; C3, gp64 incubated with BmNPC1-1. Lane M, EasySee Western marker. (B, D) BmNPC1
interacted with BmNPV gp64 assay by ColP. Anti-HA monoclonal antibody was used for IP with BmNPC1-A,
BmNPC1-C, or BmNPCL1-1 (B). B1, BmNPC1-A incubated with gp64; B2, BmNPC1-C incubated with gp64; B3,
BMNPC1-1 incubated with gp64. The anti-gp64 antibody was used for ColP with gp64 (D). D1, BmNPC1-A incubated
with gp64; D2, BmNPC1-C incubated with gp64; D3, BmNPCL1-I incubated with gp64. Lane M, EasySee Western
marker. (E) The pH dependent interaction between gp64 and BmNPC1-C. The mixtures of NPC1-C and gp64 were
coimmunoprecipitated with anti-gp64 antibody, and anti-His antibody was used for immunoblot. Red arrows indicated
the corresponding proteins showed at the arrows back. Lane M, EasySee Western marker. Line 1, pH 8; Line 2, pH 5.
(F) The fold change of viral DNA load in BmE cells preincubated with domain specific BmNPC1 antibodies. BmE
cells preincubated with anti-NPCI-A, C, | domain specific antibody or control serum at a concentration of 10 pg/ml for
2 h before cells were infected with BmNPV at an MOI of 3 for 2 h, and the viral DNA loads were analyzed by qPCR
using gp41 DNA primers. The viral DNA load in cells preincubated with negative serum was set as “1”. Relative copy
numbers were calculated using B. mori GADPH DNA as the internal control. **P<0.01; ns, non-significant, Means *
s.d. are shown (n=3). (G) Fluorescent microscopy of BmNPV infected BmE cells preincubated with domain specific
BmNPC1 antibodies. BmE cells were treated and infected as described in (F). The cells were imaged by fluorescence

microscopy at 72 h p.i. The positive GFP expression indicates BmNPYV infected cells.

FIG 6 A model illustrating the role of BmNPC1 in baculovirus entry. Virus particles adhere to the plasma membrane
by binding to NPC1, NPV gp64 could interact with BmNPC1-C domain, and trafficked to endosome (early/late
endosomal, EE/LE) compartments, then the conformational change of gp64 were triggered by low pH, initiated the
fusion of viral and host membranes and the cytoplasmic release of the viral nucleocapsid. After viral transcription and
replication occur in the host cell nucleus, new BV particles are budded out from the basolateral membrane to spread the

infection systemically.
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