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ABSTRACT

Exchangeable apolipoproteins (ApoA, -C, and -E) have been shown to redundantly participate in the formation of infectious
hepatitis C virus (HCV) particles during the assembly process, although their precise role in the viral life cycle is not well under-
stood. Recently, it was shown that the exogenous expression of only short sequences containing amphipathic a-helices from var-
ious apolipoproteins is sufficient to restore the formation of infectious HCV particles in ApoB and ApoE double-gene-knockout
Huh7 (BE-KO) cells. In this study, through the expression of a small library of human secretory proteins containing amphi-
pathic a-helix structures, we identified the human cathelicidin antimicrobial peptide (CAMP), the only known member of the
cathelicidin family of antimicrobial peptides (AMPs) in humans and expressed mainly in bone marrow and leukocytes. We
showed that CAMP is able to rescue HCV infectious particle formation in BE-KO cells. In addition, we revealed that the LL-37
domain in CAMP containing amphipathic a-helices is crucial for the compensation of infectivity in BE-KO cells, and the expres-
sion of CAMP in nonhepatic 293T cells expressing claudin 1 and microRNA miR-122 confers complete propagation of HCV.
These results suggest the possibility of extrahepatic propagation of HCV in cells with low-level or no expression of apolipopro-
teins but expressing secretory proteins containing amphipathic a-helices such as CAMP.

IMPORTANCE

Various exchangeable apolipoproteins play a pivotal role in the formation of infectious HCV during the assembly of viral parti-
cles, and amphipathic a-helix motifs in the apolipoproteins have been shown to be a key factor. To the best of our knowledge, we
have identified for the first time the human cathelicidin CAMP as a cellular protein that can compensate for the role of apolipo-

proteins in the life cycle of HCV. We have also identified the domain in CAMP that contains amphipathic a-helices crucial for
compensation and show that the expression of CAMP in nonhepatic cells expressing claudin 1 and miR-122 confers complete
propagation of HCV. We speculate that low levels of HCV propagation might be possible in extrahepatic tissues expressing se-
cretory proteins containing amphipathic a-helices without the expression of apolipoproteins.

According to recent estimates, more than 160 million people
worldwide are chronically infected with hepatitis C virus
(HCV) (1), which causes liver-related pathologies that can result
in life-threatening diseases such as cirrhosis and hepatocellular
carcinoma (2). Chronic HCV infection is also associated with sev-
eral extrahepatic manifestations, including immunological disor-
ders such as cryoglobulinemia and B-cell non-Hodgkin lym-
phoma (3). A vaccine is not yet available, but recent advances in
antiviral treatment, improving upon what was for many years the
standard therapy of pegylated interferon alpha plus ribavirin, now
include several direct-acting antivirals (DAAs) that have increased
the rate of sustained virological response (SVR) up to 80 to 100%
(4). The use of pseudotype particles carrying the HCV envelope
proteins and RNA replicon systems facilitated the specific analysis
of viral entry and RNA replication (5, 6). Later, the development
ofan in vitro system based on an HCV genotype 2a JFH1 strain for
the complete propagation of HCV in cell culture allowed the study
of the full life cycle of HCV (7, 8). One of the less understood steps
in the HCV life cycle is the assembly of viral particles because of
the lack of an efficient and specific system. It is known, however,
that different structural and nonstructural (NS) HCV proteins are
involved in this process. For instance, the recruitment of core
protein on the surface of cytosolic lipid droplets (LDs) was shown
to be critical for the production of infectious virus (9, 10). The
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HCV NS2 protein also plays a central role in the formation of
infectious viral particles and has been proposed to act as an adap-
tor protein interacting with the viral structural proteins E1 and E2
and nonstructural proteins (11, 12). On the other hand, host fac-
tors, especially those involved in lipid metabolism, are also impor-
tant for the correct assembly of HCV particles. Among them, LDs
and lipoprotein-associated proteins, such as apolipoprotein B
(ApoB), ApoE, and microsomal triglyceride transfer protein, are
required for the efficient formation of HCV particles (9, 13-18).
Recently, it was shown that various exchangeable apolipoproteins
(ApoA, ApoC, and ApoE) could compensate for one another and
redundantly participate in the formation of infectious HCV par-
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ticles in ApoB and ApoE double-gene-knockout (BE-KO) Huh7
cells (17). Interestingly, such compensation was not dependent on
the full-length expression of the exchangeable apolipoproteins but
was dependent on the expression of the 11- and 22-mer tandem
repeats of amphipathic «-helices present in these proteins
(19-22).

Although the specific role of the exchangeable apolipoproteins
in the formation of HCV particles is currently not fully under-
stood, amphipathic a-helices are known to play a key role in viral
particle formation. In the present study, through the screening of
a small library of secretory proteins, we identified the human
cathelicidin hCAP18/LL-37 (CAMP) as a new cellular protein that
was able to facilitate viral particle formation in BE-KO cells.
CAMP was able to restore the production of infectious particles
through its LL-37 domain containing amphipathic a-helices and
was also able to induce the production of infectious HCV particles
in nonhepatic 293T cells. These results suggest that HCV particle
formation can be independent of apolipoprotein expression and
that low levels of HCV propagation might occur in extrahepatic
compartments expressing secretory proteins containing amphi-
pathic a-helices.

MATERIALS AND METHODS

NextBio Body Atlas. The NextBio Body Atlas application presents an
aggregated analysis of gene expression across various normal tissues and
cell types as well as cancer cell lines (23). It enables us to investigate the
expression of individual genes as well as gene sets. Samples for Body Atlas
data are obtained from publicly available studies that are internally cu-
rated, annotated, and processed. Body Atlas measurements are generated
from all available RNA expression studies that used Affymetrix U133 Plus
or U133A GeneChip arrays for human studies. The results from 128 hu-
man tissue samples were incorporated from 1,067 arrays, those from 157
human cell types were incorporated from 1,474 arrays, and those from 359
human cancer cell lines were incorporated from 376 arrays. Gene queries
return a list of relevant tissues or cell types rank ordered by absolute gene
expression and grouped by body systems. In this study, we determined the
expression levels of CAMP in all the different available tissues using an
analysis protocol developed by NextBio, the details of which were de-
scribed previously (23).

Cell lines. All cell lines were cultured at 37°C under conditions of a
humidified atmosphere with 5% CO, and maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Sigma) supplemented with 100 U/ml
penicillin, 100 pwg/ml streptomycin, and 10% fetal calf serum (FCS). Hu-
man hepatocellular carcinoma-derived Huh7 and human embryonic kid-
ney-derived 293T cells were obtained from the Japanese Collection of
Research Bioresources (JCRB) Cell Bank. The Huh7-derived cell line
Huh?7.5.1 was kindly provided by F. Chisari. The BE-KO Huh?7 cell line
was established previously in our laboratory (17).

Plasmids. The cDNA clones of primary microRNA miR-122, ApoE,
Aequorea coerulescens green fluorescent protein (AcGFP), and claudin 1
(CLDNI1) as well as those from the 44 proteins that constitute the expres-
sion library were inserted between the XhoI and Xbal sites of the lentiviral
vector pCSII-EF-RfA, which was kindly provided by M. Hijikata. The
resulting plasmids were designated pCSII-EF-miR-122, pCSII-EF-ApoE,
pCSII-EF-AcGFP, pCSII-EF-CLDNI1, and pCSII-EF-protein name, re-
spectively. The deletion mutants of CAMP were amplified by PCR and
introduced into pCSII-EF-RfA. Plasmid pHH-JFH1, which encodes a
full-length cDNA of the JFH1 strain, was kindly provided by T. Wakita.
pHH-JFH1-E2p7NS2mt contains three adaptive mutations (24). The se-
creted small luciferase (nanoluciferase; Nlucsec) fragment from the
PNL1.3 vector (Promega) was inserted into the self-cleaving 2A peptides
of Thosea asigna virus, which generates two separated proteins (25) be-
tween p7 and NS2 of pJFH1-E2p7NS2mt, and the resulting plasmid was
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designated pJFH1-E2p7NS2mt-Nlucsec. pCon1/JFHI (genotype 1b) was
used for the production of chimeric virus (26). The plasmids used in this
study were confirmed by sequencing with an ABI 3130 genetic analyzer
(Applied Biosystems).

Antibodies. Mouse monoclonal antibodies to B-actin and HCV core
protein were purchased from Sigma-Aldrich and Thermo Fisher Scien-
tific, respectively. Rat monoclonal antibody (3F10) to hemagglutinin
(HA) was purchased from Roche. Mouse anti-ApoE antibody was ob-
tained from Santa Cruz Biotechnology. Rabbit anti-CLDN1 and anti-
CAMP antibodies were purchased from Invitrogen and Abcam, respec-
tively. Rabbit anti-NS5A antibody was prepared as described previously
(27). Alexa Fluor 488 (AF488)-conjugated anti-rabbit or anti-mouse IgG
antibodies were purchased from Thermo Fisher Scientific.

Preparation of viruses. pHH-JFHI1-E2p7NS2mt or in vitro-tran-
scribed Con1/JFH1 and JFH1NIluc RNAs were transfected into Huh7.5.1
cells, and HCV in cell culture (HCVcc) in the culture supernatant was
collected after serial passages (28). Japanese encephalitis virus (JEV)
(AT31 strain) and dengue virus (DENV) (NGC strain) were prepared in
C6/36 cells. Infectious titers for HCV, JEV, and DENV were determined
by a focus-forming assay and expressed as focus-forming units (FFUs)
(7). Pseudoparticles expressing the HCV envelope glycoprotein were gen-
erated in 293T cells as previously reported (5), and infectivity was assessed
by luciferase expression with a Bright-Glo luciferase assay system (Pro-
mega) according to the protocol provided by the manufacturer and ex-
pressed as relative lights units (RLUs). miR-122-independent HCV
(HCV122KO) was obtained through serial passage of HCVcc (pHH-
JFH1-E2p7NS2mt) in microRNA miR-122-deficient Huh7.5.1 cells.

Lipofection and lentiviral gene transduction. The lentiviral vectors
and ViraPower lentiviral packaging mix (Thermo Fisher Scientific) were
cotransfected into 293T cells by using Trans IT LT-1 transfection reagent
(Mirus) according to the manufacturer’s protocol. The supernatants were
collected at 48 h posttransfection, the lentivirus titer was determined by
using the Lenti-XTM reverse transcription-quantitative PCR (qQRT-PCR)
titration kit (Clontech), and the expression levels of AcGFP were deter-
mined at 48 h postinoculation.

qRT-PCR. Total RNA was extracted from cells by using a PureLink
RNA minikit (Thermo Fisher Scientific), and first-strand cDNA synthesis
and qRT-PCR were performed with TagMan EZ RT-PCR core reagents
and a ViiA7 system (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. The primers for TagMan PCR targeting the noncoding
region of HCV RNA were synthesized as previously reported (29). CAMP
expression was assessed by using TaqMan gene expression assays
(Thermo Fisher Scientific), and fluorescent signals were analyzed with the
ViiA7 system.

Enzyme-linked immunosorbent assay. Protein concentrations of
ApoE and CAMP in plasma and culture supernatants were determined by
using enzyme-linked immunosorbent assay (ELISA) kits from Alercheck
Inc. and Hycult Biotech, respectively, according to the manufacturers’
instructions.

Immunoblotting. Cells lysed on ice in lysis buffer (20 mM Tris-HCI
[pH 7.4], 135 mM NaCl, 1% Triton X-100, 10% glycerol) supplemented
with protease inhibitor mix (Nacalai Tesque) were boiled in loading buf-
fer and subjected to 5-to-20% gradient SDS-PAGE. The proteins were
transferred onto polyvinylidene difluoride membranes (Millipore) and
reacted with the appropriate antibodies. The immune complexes were
visualized with the SuperSignal West Femto substrate (Pierce) and de-
tected by using an LAS-3000 image analyzer system (Fuji Film).

Immunofluorescence assay. Cells cultured on glass slides were fixed
with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at
room temperature for 30 min, permeabilized for 20 min at room temper-
ature with PBS containing 0.2% Triton X-100 after being washed 3 times
with PBS, and blocked with PBS containing 2% FCS for 1 h at room
temperature. The cells were then incubated with PBS containing an anti-
core primary antibody at room temperature for 1 h, washed 3 times with
PBS, and incubated with PBS containing an AF488-conjugated secondary
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antibody at room temperature for 1 h. For LD staining, cells incubated in
medium containing 20 pg/ml boron-dipyrromethene (BODIPY) for 20
min at 37°C were washed with prewarmed fresh medium and incubated
for 20 min at 37°C. Cell nuclei were stained with 4',6-diamidino-2-phe-
nylindole (DAPI). Cells were observed with a FluoView FV1000 laser
scanning confocal microscope (Olympus). Immunofluorescence images
were opened in Image] by using the LSM toolbox, the degree of colocal-
ization was examined with the Just Another Colocalization plug-in (JA-
CoP) (30), and the quantitation of colocalization between core and LDs
was performed by using Pearson’s correlation coefficient (r) (31). Pear-
son’s coefficients range from +1 (strong correlation) to 0 (weak to no
correlation) to —1 (no correlation).

In vitro transcription, RNA transfection, and luciferase assay. Plas-
mids pJFH1 and pJFH1-E2p7NS2mt-Nlucsec were linearized with Xbal
and treated with mung bean exonuclease. The linearized DNA was tran-
scribed in vitro by using the MEGAscript T7 kit (Life Technologies) ac-
cording to the manufacturer’s protocol. The in vitro-transcribed RNA (5
pg) was electroporated into BE-KO cells at 5 X 10° cells/0.4 ml under
conditions of 190 V and 975 wF by using a Gene Pulser (Bio-Rad) and
plated onto DMEM containing 10% FCS. Luciferase activity was mea-
sured by using a Bright-Glo luciferase assay system (Promega) according
to the protocol provided by the manufacturer and expressed as RLU.

Intracellular infectivity. Cells were carefully washed 3 times with PBS,
scraped, and pelleted by centrifugation at 1,000 X g for 5 min. Cell pellets
were resuspended in 500 pl of DMEM with 10% FCS and subjected to 3
cycles of freeze-thawing using liquid nitrogen and a thermo block
(TAITEC) set to 37°C. Cell lysates were centrifuged at 10,000 X g for 10
min at 4°C to remove cell debris. Cell-associated infectivity was deter-
mined by a focus-forming assay.

Buoyant density fractionation. Culture supernatants of cells infected
with HCVcc were concentrated by using Spin-X UF concentrators (Corn-
ing), applied to the top of a linear gradient formed from 10 to 40% Op-
tiprep (Axis-Shield) in PBS, and spun at 32,000 rpm for 16 h at 4°C by
using an SW41 Ti rotor (Beckman Coulter). Aliquots of 12 consecutive
fractions were collected from top to bottom, and the density, infectious
titer, and HCV RNA level were determined for each fraction.

Proteinase K digestion protection assay. The proteinase K digestion
protection assay was performed as described previously (13). Briefly, cells
were extensively washed with PBS, scraped, and centrifuged at 10,000 X g.
Cell pellets were resuspended in 500 pl of PBS and subjected to 3 cycles of
freezing and thawing using liquid nitrogen and a thermo block set to 37°C.
Cell lysates were then centrifuged at 10,000 X g for 10 min at 4°C to
remove cell debris and incubated with 50 pg/ml proteinase K (Thermo
Fisher Scientific) in the presence or absence of 5% Triton X-100 for 1 h on
ice. Digestion was terminated by the addition of phenylmethylsulfonyl
fluoride (PMSF) (Wako Chemical Industries).

Exosome isolation and purification. BE-KO cells infected with
HCVcc were maintained in DMEM supplemented with 10% exosome-
depleted fetal bovine serum (FBS). Cell culture supernatants were col-
lected, centrifuged at 2,000 X gfor 10 min at 4°C to remove cell debris, and
filtered through a 0.22-mm filter. The culture supernatants were then
concentrated to a final volume of 1 ml by using Spin-X UF concentrators
(Corning). The concentrated culture supernatants were mixed with
the appropriate volume of ExoQuickTC reagent (catalog number
EXOTC10A-1; System Biosciences) according to the manufacturer’s spec-
ifications. Samples were gently mixed and incubated for 12 h at 4°C. Next,
exosomes were precipitated by centrifugation at 1,500 X g for 30 min at
4°C and resuspended in PBS. Positive selection of exosomes was done by
using an ExoCap CD?9 for Serum Plasma kit (JSR Life Sciences).

Statistical analysis. The data for statistical analyses were the averages
of results from 3 independent experiments. Results were expressed as
means = standard deviations. The significance of differences in the means
was determined by Student’s ¢ test.
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RESULTS

Expression screening and identification of CAMP. Recently, we
showed the redundant role of exchangeable apolipoproteins con-
taining amphipathic a-helices in the formation of infectious HCV
particles (17). To clarify whether some other cellular proteins
could compensate for the role of the exchangeable apolipopro-
teins in the production of HCV particles, we first determined po-
tential candidates using the UniProt website (http://www.uniprot
.org/) to compile a set of different human proteins according to
two main selection criteria shared by the exchangeable apolipo-
proteins. First, the protein had to contain an amino-terminal sig-
nal sequence that targets it to the endoplasmic reticulum (ER)
lumen. Second, the protein had to show one or more «-helices in
its secondary structure. By using these two main criteria, a total of
44 proteins were selected and tested according to the screening
process shown in Fig. 1A. The exogenous expression of ApoE,
used as a positive control, exhibited a 10-fold increase of infec-
tious HCV titers in the supernatants compared to the levels de-
tected in control cells. These results were in accordance with those
previously reported by our group (17) and validated our screening
method and results. None of the 44 proteins tested were able to
increase the HCV titers to the same extent as the expression of
ApoE, but interestingly, 6 proteins were able to significantly in-
crease the HCV titers (Fig. 1B). To further assess the effect of the
expression of the identified proteins on viral production, lucifer-
ase activity in the supernatants of BE-KO cells expressing these
proteins was determined at 48 h postinfection with a luciferase
reporter virus, JFEH1-Nluc (Fig. 1C). Moreover, the supernatants
were inoculated into Huh7.5.1 cells, and luciferase activity was
determined at 48 h postinfection (Fig. 1D). Although luciferase
activities in the supernatants were comparable among BE-KO
cells expressing each of the identified proteins upon infection with
JFH1-Nluc, higher levels of luciferase activity were obtained in the
supernatant of Huh7.5.1 cells inoculated with the supernatant
from cells expressing apolipoprotein A4 (ApoA4), CAMP, and
serum amyloid A4 (SAA4), indicating that the expression of these
proteins in BE-KO cells is capable of enhancing the production of
infectious HCV particles. Although ApoA4, along with all the
other members of the ApoA family, was recently reported to com-
plement HCV production in nonhepatic 293T cells (32), our re-
sult also confirms that ApoA4 is able to act as another exchange-
able apolipoprotein to induce the production of infectious HCV
particles, as we previously reported for ApoAl and ApoA2 (17).
SAA4 is a minor apolipoprotein present mainly on the surface of
high-density lipoproteins and constitutes >90% of the total SAA
present in plasma during homeostasis (33). CAMP is the only type
of cathelicidin expressed in humans (34, 35). Cathelicidins are a
group of small and cationic antimicrobial peptides (AMPs) (35)
that are part of the innate immune system and represent one of the
first chemical defense mechanisms against bacteria and other
pathogens (36). The mode of action of AMPs is based mostly on
their ability to bind and disrupt bacterial membranes by different
mechanisms, including the formation of pores (37). Human
CAMP is organized into a conserved N-terminal cathelin domain
of 103 amino acid residues (38), with a signal sequence of 33
amino acids on its N terminus and a C-terminal domain of 37
amino acid residues, called LL-37, which presents antimicrobial
activity (39). CAMP is first translated as a preproprotein. The
signal sequence will ultimately target the preproprotein to either
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FIG 1 Construction of the protein library and screening. (A) Schematic diagram of the protein library screening process. cDNAs from the 44 selected proteins
were individually amplified and cloned into a lentivirus expression vector (pCSII-EF-RfA) that was transfected into 293T cells to produce lentiviruses. BE-KO
cells were infected with HCV at a multiplicity of infection of 1, 72 h after infection with lentiviruses. Infectious titers of HCV in the supernatants were determined
by a focus-forming assay at 72 h postinfection. (B) Infectious titers in the culture supernatants from BE-KO cells expressing the library target proteins were
determined by a focus-forming assay in Huh7.5.1 cells. Average titers were plotted as fold differences compared to the titers obtained from control cells. (C)
BE-KO cells expressing each of the proteins identified by screening were infected with JFH1-Nluc at a multiplicity of infection of 1, and luciferase activity in the
supernatant was determined at 2 days postinfection. (D) The supernatants were further inoculated into Huh7.5.1 cells, and luciferase activity in the culture

supernatants was determined at 2 days postinfection.

specific granules for storage or the cell membrane for secretion.
After cleavage of the signal sequence, the resulting proprotein,
with a molecular mass of 18 kDa, is still not active until the LL-37
domain is released from the cathelin domain through cleavage by
proteinase 3, kallikrein, or gastricsin enzymes, depending on the
cell types or tissues (40—42). Because CAMP was the only identi-
fied protein in our screening that could increase the production of
infectious HCV particles and that did not belong to the family of
apolipoproteins, we decided to further determine its potential role
in HCV propagation.
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CAMP expression in different tissues and cell lines. CAMP is
highly expressed in bone marrow and in many cell types related to
the immune system, such as neutrophils, natural killer cells,
monocytes, lymphocytes, and macrophages (43—49). CAMP has
also been detected in epithelial cells that are in contact with the
external environment in the skin, intestine, airways, and genitals
(50-54). We first used the Web-based search engine NextBio Body
Atlas to compare the relative CAMP mRNA expression levels in
different tissues (Fig. 2A). Blood and especially bone marrow were
the only two tissues where CAMP was highly expressed, while the
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FIG 2 Expression of CAMP in various tissues and cell lines. (A) The relative mRNA expression level of CAMP in different human tissues was determined by using
the NextBio Body Atlas application. The median expression level was calculated across all 128 human tissues from 1,068 arrays by using the Affymetrix GeneChip
Human Genome U133 Plus 2.0 array. The mRNA expression level for each gene was log, , transformed. (B) Endogenous expression of CAMP mRNA. Total RNA
was extracted from PBMCs and 293T, Huh7, Hep3B, and HepG2 cells, and the expression of CAMP mRNA was determined by qRT-PCR. ND, not determined.
(C) Endogenous expression of ApoE and CAMP was determined by immunoblotting. (D and E) Expression levels of ApoE and CAMP in plasma and
supernatants from 293T, Huh7, Hep3B, and HepG2 cells were determined by using ELISA kits.

rest of the tissues showed comparatively low expression levels.
Next, we determined the expression of CAMP in isolated periph-
eral blood mononuclear cells (PBMCs); 293T cells; and also the
hepatic cell lines Huh7, Hep3B, and HepG2. CAMP mRNA ex-
pression was detected only in PBMCs, while much lower levels or
no expression was detected in the rest of the cell lines tested (Fig.
2B). We next evaluated the CAMP and ApoE protein expression
levels by immunoblot analysis (Fig. 2C). ApoE was detected only
in the hepatic cell lines, while the CAMP protein was detectable
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only in PBMCs. We also quantified the levels of both proteins in
the supernatants of the different cell lines as well as in plasma
samples by an ELISA. Very similar but low levels of ApoE were
detected in the supernatants of the three hepatic cell lines (ranging
from 21 to 27 ng/ml), while the levels in plasma were much higher
(9,515 ng/ml), and no protein was detected in the supernatant of
293T cells (Fig. 2D). The CAMP ELISA, which targets the LL-37
domain, showed detectable levels of the protein in plasma, with a
concentration of 13.35 ng/ml, while no protein was detected in
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any of the cell lines tested (Fig. 2E). Collectively, these results
demonstrated that the hepatic cell lines express ApoE but not
CAMP, while PBMCs express only CAMP.

CAMP compensates for the role of apolipoproteins in the
formation of infectious HCV particles. As a recent report showed
that exchangeable apolipoproteins play an important role in HCV
particle assembly at a postenvelopment step (17), we examined
whether CAMP plays the same role as exchangeable apolipopro-
teins. We first confirmed the expression of the ApoE and CAMP
proteins and comparable expression levels of viral proteins in
transduced BE-KO cells by immunoblot analysis (Fig. 3A) and
then determined the HCV RNA levels and infectious titers in cells
upon infection with the HCV genotype 2a JFHI strain. Although
the expression of CAMP had no effect on intracellular HCV RNA
levels (Fig. 3B), it significantly increased the extracellular and in-
tracellular infectious titers (Fig. 3C). In addition, the expression of
CAMP did not change the intracellular HCV RNA levels (Fig. 3D),
but it enhanced extracellular infectious titers (Fig. 3E) in BE-KO
cells infected with genotype 1b chimeric (Conl/JFH1) HCV, as
seen for infection with the genotype 2a JFH1 strain. We also elec-
troporated RNA of a luciferase reporter virus, JFH1-Nluc, into
BE-KO cells, and the luciferase activities in the supernatants were
then determined at 24, 48, and 72 h postelectroporation (Fig. 3F).
Moreover, Huh7.5.1 cells were infected with the supernatant from
BE-KO cells at 72 h postelectroporation, and the luciferase activity
in the supernatant was determined at 48 h postinfection (Fig. 3G).
Although the luciferase activities in the supernatants of the cells
were comparable, significantly higher levels of luciferase activity
were obtained in the supernatants of Huh7.5.1 cells infected with
the supernatants of cells expressing CAMP or ApoE, suggesting
that CAMP participates in the enhancement of HCV infectious
particle production in BE-KO cells without any effect on viral
replication. To rule out the possibility that CAMP participates in
HCV replication in any other way than by compensating for ex-

changeable apolipoproteins, we examined the effect of CAMP ex-
pression on the production of infectious particles in Huh7 cells.
The expression of CAMP (Fig. 3H) exhibited no effect on the
production of infectious particles in the supernatants of Huh7
cells (Fig. 31), suggesting that CAMP plays a redundant role with
the exchangeable apolipoproteins in the formation of infectious
HCV particles.

To determine if CAMP expression has any effect in other un-
related viruses, DENV and JEV were inoculated into BE-KO cells
expressing either CAMP or ApoE proteins. Viral titers in the su-
pernatants showed no difference between control and CAMP-
expressing cells upon infection with DENV (Fig. 4A) and JEV
(Fig. 4B).

To examine whether CAMP has any effect on the entry of
HCV, retrovirus pseudotype particles bearing HCV envelope pro-
tein E1/E2 (HCVpp) or the vesicular stomatitis virus G protein
(VSVpp) were inoculated into BE-KO cells expressing CAMP, and
luciferase activity was determined (Fig. 5A). The expression of
CAMP exhibited no significant effect on the expression of lucifer-
ase, suggesting that CAMP has no effect on the entry of HCV into
BE-KO cells. The localization of HCV core proteins around LDs is
known to be critical for the assembly of HCV particles (9). In our
previous report (17), BE-KO cells infected with HCV were shown
to exhibit greater accumulation of core proteins and LDs around
the perinuclear region than in those with restored ApoE expres-
sion. Therefore, we next examined the effect of CAMP on the
expression and localization of the core protein in BE-KO cells
upon infection with HCV. BE-KO cells expressing CAMP had no
significant effect on the expression levels of core protein (Fig. 5C),
and the distribution patterns of core and LDs were similar to those
of BE-KO cells expressing ApoE upon infection with HCV, in
contrast to the greater accumulation of core protein and LDs
around the perinuclear region in BE-KO cells (Fig. 5D). Although
the accumulation of LDs around the nucleus was observed only in

HCV RNA levels (D) as well as extracellular infectious titers (E) were determined 72 h after infection with HCV Con1/JFH1 at a multiplicity of infection of 2 by
qRT-PCR and a focus-forming assay, respectively. (F) BE-KO cells expressing either ApoE or CAMP were electroporated with JFH1-Nluc RNA, and luciferase
activities in the supernatants collected every 24 h for 3 days were determined. (G) The supernatants at 3 days postelectroporation were further inoculated into
Huh?7.5.1 cells, and luciferase activity in the culture supernatants was determined at 2 days postinoculation. (H) Expression levels of ApoE and CAMP were
determined by immunoblotting 48 h after transduction of lentiviruses into Huh7 cells. (I) Infectious titers in the supernatant were determined 72 h after infection
with HCV JFH1 at a multiplicity of infection of 1. In all cases, asterisks indicate significant differences (*, P < 0.05; **, P < 0.01) versus the results for control cells.
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Ao Hoven B sto vovep control BE-KO cells, the degrees of core and LD colocalization
4 were similar between CAMP-expressing cells and control BE-KO
cells (Pearson’s correlation coefficient [r] of 0.552 versus 0.470)
(Fig. 5D). To further assess the role of CAMP in viral particle
production, the specific infectivity in the supernatants was deter-
mined by comparing the infectious titers with viral RNA level (Fig.
. 5E). The expression of either CAMP or ApoE increased the spe-
c font AR cawP o ot Gont Aok cAWP cific infectivity in the supernatants of BE-KO cells. HCV particles
e in the supernatants were also analyzed by buoyant density ultra-
centrifugation, and infectious titers and HCV RNA levels were
determined for each fraction. The highest infectious titers were
detected at a density of 1.03 g/ml of the supernatants of BE-KO
cells expressing either CAMP or ApoE, although high infectious
- & & HO i titers were also detected at densities of up 1.07 g/ml in ApoE-
B ool expressing cells (Fig. 5F). Both gradients showed very similar dis-
tributions of viral RNA through the density gradient, with two
clear peaks at densities of around 1.02 and 1.10 g/ml (Fig. 5G).
These results suggest that CAMP has a role similar to that of ApoE
in the formation of infectious HCV particles.

ApoE has been shown to participate in a postenvelopment step
during the process of assembly of HCV particles (14, 17). To de-
termine whether CAMP has any effect on the envelopment of
HCV particles, BE-KO cells expressing either ApoE or CAMP
were infected with HCVcc, and the cell lysates were treated with
proteinase K in the presence or absence of Triton X-100 (55). No
significant difference in the protection of core proteins from pro-
teinase K digestion was observed for BE-KO cells expressing either
CAMP or ApoE (Fig. 5H), suggesting that neither ApoE nor
CAMP participates in the envelopment step of the assembly pro-
8 cess of HCV. Collectively, these results suggest that CAMP can
compensate for the roles of ApoE in HCV particle formation at a
postenvelopment step in BE-KO cells.

The exosome-mediated transmission of HCV in a hepatic cell
1.00 line was recently reported (56). To test if CAMP expression had
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cells.

any effect on the production of exosomes containing HCV RNA,
we purified exosomes from the supernatants of BE-KO cells in-
fected with HCVcc. Although the expression of either CAMP or
ApoE increased the total HCV RNA levels in the supernatants of
BE-KO cells compared to those in control cells (Fig. 5I), compa-
rable amounts of HCV RNA were detected in purified exosomes
(Fig. 5J), suggesting that CAMP and ApoE have no effect on the
production of exosomes containing HCV RNA.

The LL-37 domain is responsible for CAMP activity in the
formation of infectious HCV particles. Next, to determine the
functional domain of CAMP responsible for HCV particle forma-
tion, an expression plasmid encoding the LL-37 domain (Fig. 6A)
was expressed in BE-KO cells (Fig. 6B), and intracellular HCV
RNA levels and infectious titers in the supernatants were deter-
mined upon infection with HCV. Although the expression of the
LL-37 domain showed no effect on the intracellular HCV RNA
levels in BE-KO cells (Fig. 6C), it significantly increased the infec-
tious titers in the supernatants (Fig. 6D), suggesting that the LL-37
domain in CAMP participates in the production of infectious
HCV particles in BE-KO cells.

The three-dimensional (3D) structure of the LL-37 domain in
CAMP was previously determined and revealed an amphipathic
helix-bend-helix conformation (57, 58) in which the lysine at po-
sition 12 (K12) islocated at the breakpoint between an N-terminal
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a-helix and a C-terminal a-helix (Fig. 7A). To further confirm the
role of amphipathic a-helices in the effect of CAMP on HCV
particle formation, we constructed two expression plasmids en-
coding CAMP with a single deletion at each of the two a-helices
(Fig. 7A), expressed them in BE-KO cells (Fig. 7B), and then de-
termined the intracellular HCV RNA levels and infectious titers in
the supernatants upon infection with HCV. Compared to control
cells, the expression of the CAMP deletion mutants in BE-KO cells
showed no effect on the intracellular HCV RNA levels (Fig. 7C)
and infectious titers (Fig. 7D) in the supernatants upon infection
with HCV. These results suggest that both a-helices in the LL-37
domain are necessary for CAMP to participate in HCV particle
formation in BE-KO cells.

CAMP can induce production of infectious HCV particles in
293T cells. Reconstitution of the complete HCV life cycle in non-
hepatic cells was recently accomplished by using 293T cells (32,
59). Exogenous expression of host factors in 293T cells, including
CLDNI1, microRNA miR-122, and exchangeable apolipoproteins,
is required for entry, viral RNA replication, and HCV particle
release, respectively (27). To determine whether CAMP can com-
pensate for the role of apolipoproteins in nonhepatic cells, we
expressed CAMP in 293T cells expressing both CLDN1 and miR-
122 (Fig. 8A) and then determined the intracellular viral RNA
levels and infectious titers in the supernatants upon infection with
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HCV. Although the expression of ApoE or CAMP in 293T cells
expressing both CLDN1 and miR-122 exhibited no effect on HCV
RNA replication upon infection with HCV (Fig. 8B), they induced
the production of infectious HCV particles in the culture super-
natants (Fig. 8C). Next, we repeated the same experiment but this
time in a more restricted nonhepatic environment using 293T
cells expressing CLDN1 alone. We expressed ApoE or CAMP in
293T cells expressing CLDN1 (Fig. 8D) and infected them with an
HCV mutant possessing a G28A substitution in the 5 untrans-
lated region (UTR) of the genotype 2a JFH-1 strain (HCV122KO)
that facilitates viral RNA replication in miR-122-deficient
Huh7.5.1 cells (60). The results showed that the expression of
CAMP has no effect on the replication of HCV122KO (Fig. 8E)
but induces the production of low levels of infectious particles in
the culture supernatants of 293T cell expressing CLDN1 (Fig. 8F),
suggesting that complete HCV propagation can be accomplished
in nonhepatic cells lacking the expression of miR-122 and apoli-
poproteins. To confirm the bona fide production of infectious
HCV particles in nonhepatic cells, JFH1 RNA was electroporated
into 293T-CLDN1-miR-122 cells, and infectious titers in the su-
pernatants were determined at 3 and 6 days posttransfection. Al-
though no infectious titer was detected in the supernatants of
293T-CLDN1-miR-122 cells upon infection with HCVcc, low but
significant infectious titers were detected in those expressing ei-
ther ApoE or CAMP (Fig. 8G).

DISCUSSION

The life cycle of HCV is tightly associated with lipid metabolism
and especially with lipoprotein biogenesis (18). We previously
reported the redundant roles of different exchangeable apolipo-
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proteins in the assembly of HCV particles and identified the am-
phipathic a-helix motifs present in these apolipoproteins as crit-
ical factors for this process (17). These results were recently
confirmed and complemented by others (32). In this study,
through the screening of a small secretory protein library, we iden-
tified CAMP as a cellular protein that is able to compensate for the
role of apolipoproteins in the formation of HCV particles. The
expression of CAMP in BE-KO Huh?7 cells increased the forma-
tion of infectious HCV particles through the amphipathic a-heli-
ces in the same way as ApoE acting at a postenvelopment step
without any effect on viral RNA replication. Moreover, the expres-
sion of CAMP in Huh?7 cells did not increase the production of
infectious HCV particles, supporting the idea that it has a redun-
dant role with apolipoproteins.

CAMP is the only member of the cathelicidin family of AMPs
in humans and was originally identified for its broad antimicro-
bial activity against both Gram-positive and -negative bacteria
(39). The mechanism of action of CAMP is mediated by its ability
to bind parallel to the surface of the bacterial membrane and to
induce curvature strain, which can result in the formation of pores
disrupting the membrane (61). CAMP has also been reported to
have antiviral activity against human immunodeficiency virus, in-
fluenza A virus, respiratory syncytial virus, and vaccinia virus (62)
as well as several other functions in the immune system, such as
chemotactic and angiogenic roles (63). Very recently, it was re-
ported that preincubation of cells or HCV with LL-37 attenuates
the infectivity of HCV (64), in contrast to our observation here
that the exogenous expression of CAMP and LL-37 promotes in-
fectious particle production in BE-KO cells. Although direct com-
parison is difficult, the discrepancy of the effects of LL-37 on HCV
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propagation might be attributable to the concentration of LL-37
used in the experiments. The amounts of LL-37 (5 to 20 pg/ml)
required for a modest antiviral effect (64) were larger than normal
plasma levels (25 to 250 ng/ml). Further studies are needed to
clarify the roles of LL-37 in the HCV life cycle.

Virtually all activities of CAMP have been reported to be me-
diated through its C-terminal LL-37 domain, which consists of 37
amino acid residues with an amphipathic a-helix structure. We
also revealed that both amphipathic a-helices present in the LL-37
domain of CAMP are indispensable for CAMP to compensate for
infectious particle formation in BE-KO cells. While apolipopro-
teins play a structural role in maintaining the integrity and stabil-
ity of lipoproteins, the exact mechanism by which they promote
the assembly of HCV particles is currently unknown. In the same
way, the exact role of CAMP in the assembly of HCV particles
remains to be determined. Interestingly, CAMP has also been re-
ported to bind to low-density lipoproteins (LDLs) and very-low-
density lipoproteins (VLDLs) (65). In addition, the lipidome
composition of HCV particles has been shown to resemble that of
VLDLs and LDLs (66), suggesting that CAMP is able to interact
with HCV particles. Moreover, some AMPs are designed based on
apolipoprotein sequences (67—69). This apparent cross talk be-
tween CAMP and apolipoproteins suggests that amphipathic
a-helices from both proteins probably share the ability to bind to
the same types of lipid membranes and induce similar curvature
effects (70, 71). Based on these observations, we speculate that
exchangeable apolipoproteins and CAMP might be able to bind to
the surface of HCV particles in the ER lumen and to confer some
specific characteristics to the viral particles that permit maturation
and release into the extracellular space through the Golgi appara-
tus in a postenvelopment step. In this sense, it might be interesting
to examine whether other human AMPs with amphipathic a-he-
lices can compensate for the role of exchangeable apolipoproteins
in HCV particle formation. It will also be necessary to elucidate
the requirements of length, charge, and hydrophobic content in
the tandem repeats of amphipathic a-helices that are required
for the induction of HCV assembly. Interactions of ApoE with
NS5A (72) and E2 proteins (14) have been reported to be required
for the assembly of infectious particles. Moreover, it has been re-
ported that ApoE participates in the attachment of HCV to target
cells through the interaction with heparan sulfate (73) or through
binding to the LDL receptor (74). Further studies are needed to
determine whether CAMP is capable of compensating for the role
of ApoE in the interaction with NS5A and/or E2, is associated with
HCV particles, and is involved in the attachment and/or entry of
HCV particles in target cells.

Another important aspect of our present study is that the pro-
duction of infectious HCV particles was shown to be independent
of the expression of apolipoproteins in nonhepatic 293T cells.
Until now, to the best of our knowledge, complete propagation of
HCV in nonhepatic cells has been accomplished only either in cell
lines that endogenously express some exchangeable apolipopro-
teins (75) or through the exogenous expression of at least one of
them (59, 76, 77). Although extrahepatic propagation of HCV still
remains a controversial issue, high levels of CAMP expression and
possible propagation of HCV in PBMCs were previously reported
(78-80). Our present results support the idea that low levels of
HCV propagation might be feasible in nonhepatic cells and/or
tissues expressing CAMP but not apolipoproteins, such as bone
marrow or PBMCs, that could serve as a reservoir for HCV. In fact,
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common extrahepatic manifestations associated with HCV infec-
tion, such as cryoglobulinemia, neutropenia, or B-cell non-Hodg-
kin lymphoma (3, 81), are associated with dysfunctions in the
above-mentioned tissues and immune cells.

In conclusion, we proved that the production of HCV particles
can be independent of apolipoprotein expression through com-
pensation by the LL-37 domain of CAMP, suggesting that low
levels of HCV propagation might be possible in extrahepatic com-
partments with low-level or no expression of apolipoproteins but
high expression levels of host proteins possessing an amphipathic
a-helix structure, such as CAMP.
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