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Abstract

L-ficolin is a soluble pattern recognition molecule expressed
by the liver that contributes to innate immune defense
against microorganisms. It is well described that binding of
L-ficolin to specific pathogen-associated molecular patterns
activates the lectin complement pathway, resulting in opso-
nization and lysis of pathogens. In this study, we demon-
strated that in addition to this indirect effect, L-ficolin has a
direct neutralizing effect against hepatitis C virus (HCV) en-
try. Specific, dose-dependent binding of recombinant L-fico-
lin to HCV glycoproteins E1 and E2 was observed. This inter-
action was inhibited by soluble L-ficolin ligands. Interaction
of L-ficolin with E1 and E2 potently inhibited entry of retro-
viral pseudoparticles bearing these glycoproteins. L-ficolin
also inhibited entry of cell-cultured HCV in a calcium-depen-
dent manner. Neutralizing concentrations of L-ficolin were
found to be circulating in the serum of HCV-infected indi-
viduals. This is the first description of direct neutralization of
HCV entry by a ficolin and highlights a novel role for L-ficolin
as a virus entry inhibitor. ©2014'S. Karger AG, Basel

Introduction

Chronic hepatitis C virus (HCV) infection affects ap-
proximately 130 million people. Chronic infection is a
risk factor for cirrhosis and hepatocellular carcinoma, re-
sulting in the requirement for liver transplantation [1].
Entry inhibitors are an attractive treatment in the clinical
setting of liver transplantation, where they might prevent
infection of transplanted tissue. Current therapies target
the HCV NS3 protease and the NS5B polymerase [2] but
cannot prevent initial infection.

Binding of HCV envelope glycoproteins E1 and E2 to
cellular CD81 and SR-B1 is essential for HCV entry, and
antibodies that inhibit these interactions neutralize entry
[reviewed in 3]. These glycoproteins are targets for thera-
peutic intervention and host immunity [4, 5]. They possess
up to 5and 11 N-linked glycosylation sites, respectively [6].
These glycans are structurally heterogeneous [7] and con-
tribute to glycoprotein biosynthesis, modulation of infec-
tivity and evasion of neutralizing antibodies [8, 9]. Many
glycosylation sites are highly conserved across genetically
diverse HCV isolates [10]. This makes them attractive tar-
gets for antiviral drug development. The lectins cyanovi-
rin-N [11], griffithsin [12] and mannose-binding lectin
(MBL) [10] all inhibit entry by binding to these glycans.
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Ficolins are a family of serum proteins functionally
and structurally related to the collectins, sharing a quater-
nary structure with MBL and complement component
C1q [13]. They consist of disulfide-linked 35-kDa poly-
peptides organized into trimers. Oligomers of these three
polypeptides form functional dodecamers [13]. They
bind glycan-containing pathogen-associated molecular
patterns and activate the complement cascade. The car-
bohydrate-binding activity is attributed to the C-terminal
fibrinogen-like binding domain, which has general spec-
ificity for N-acetyl groups on the outer walls of microor-
ganisms [14]. In humans, three ficolins have been identi-
fied, namely L-ficolin, M-ficolin and H-ficolin [15].
H-ficolin and L-ficolin are expressed by hepatocytes. L-
ficolin has abroad binding specificity for targets including
galactose, B-glucan, acetylated compounds, N-acetylglu-
cosamine (GIcNAc) and N-acetylcysteine (CysNAc).
Binding is mediated by four binding sites in the C-termi-
nal fibrinogen-like binding domain, some of which re-
quire calcium for interaction [16]. L-ficolin associates
with MBL-associated serine proteases, resulting in com-
plement activation, phagocytosis and clearance of patho-
gens bearing N-acetylated structures such as GIcNAc [17,
18], a major component of bacterial cell walls that is also
incorporated into virus glycoproteins. This early innate
recognition may play a critical step in priming adaptive
immune responses to infection [19].

The contribution of ficolins to controlling virus infec-
tions is poorly understood. Porcine ficolin-a reduces the
infectivity of porcine reproductive and respiratory syn-
drome virus (PRRSV) [20]. Human L-ficolin also inhibits
the infectivity of influenza A in vivo [21]. A role for L-fico-
lin in immune recognition of HCV virions may exist, as
binding of a monomeric recombinant L-ficolin to the HCV
envelope glycoproteins has been demonstrated to activate
the complement cascade resulting in cell lysis [22]. How-
ever, no direct antiviral effect on HCV has been described
for L-ficolin. Here, the ability of a purified recombinant
oligomeric L-ficolin to directly neutralize HCV was inves-
tigated. Interaction of L-ficolin with recombinant HCV en-
velope glycoproteins in the context of HCV pseudoparti-
cles (HCVpp) and cell-cultured HCV particles (HCVcc)
was found to result in direct inhibition of virus entry.

Materials and Methods

Purification of Plasma L-Ficolin

L-ficolin was isolated from citrated human plasma using
GlcNac-Sepharose-4B beads according to the method of Cseh et
al. [23].

L-Ficolin Neutralizes HCV Entry

Expression of Recombinant FLAG-Tagged L-Ficolin

Human L-ficolin ¢cDNA was amplified from an IMAGE
clone BCO 69572 (Open Biosystem) to create a recombinant
amino-terminal FLAG-tagged L-ficolin (primers available upon
request). The modified L-ficolin was cloned into pcDNA-
DEST?26 (Invitrogen) and expressed in HEK 293T cells cultured
in DMEM. Culture supernatants were clarified and L-ficolin
was purified using anti-FLAG M2 affinity resin (Sigma). L-
ficolin was eluted with 175 pug/ml FLAG peptide. Fractions were
collected and dialyzed with TBS (50 mM Tris-HCI, pH 8.0,
0.15 M NaCl). Protein separation was performed on a 10% SDS-
PAGE gel, followed by staining with SimplyBlue (Life Technolo-
gies). Western blotting was performed on separated proteins
with anti-L-ficolin mAb GN5 (Hycult) or anti-FLAG mAb (Sig-
ma). Total protein concentration was determined using a bicin-
choninic acid (BCA) assay (Pierce), while active L-ficolin was
measured using an acetylated BSA binding assay (online suppl.
methods; for all online suppl. material, see www.karger.com/
doi/10.1159/000362209).

L-Ficolin HCV Glycoprotein Binding Assay and Inhibition

HCV glycoproteins E1/E2 and 6xHis-tagged soluble E2 con-
structs were described previously [24, 25]. Maxisorp plates were
coated with anti-L-ficolin antibody GN5 (Hycult) in PBS and in-
cubated at 4°C overnight. Plates were blocked with PBS-Tween
and 5% milk and incubated with 5 pg/ml L-ficolin. Lysates con-
taining HCV glycoproteins E1/E2 derived from genotype 1
(H77c¢, accession number AF011751), diluted 1/10 in PBS-Tween,
or purified sE2 (4 pg/ml) in PBS-Tween were added. A cell lysate
from untransfected 293T cells was included as a negative control.
After washing, 1 pg/ml biotinylated mAb AP33 [26] was added
for 1 h. After washing 3 times, wells were incubated for 30 min
with 0.5 pug/ml horseradish peroxidase-conjugated streptavidin.
Binding was detected at 620 nm after incubation with tetrameth-
ylbenzidine (Sigma). Inhibition experiments were performed
with an additional step after L-ficolin incubation, adding 100 pl/
well of serial dilutions of either GIcNAc, CysNAc or D-mannose.
After 1h, the plates were washed 3 times before addition of HCV
glycoproteins.

Neutralization of Pseudovirus Entry

HCVpp were prepared as previously described [27], incor-
porating E1/E2 glycoproteins from HCV genotypes la (H77c,
AF011751), 2a (JFH1, AB047639), 3a (UKN3A13.6, AY894683)
and 4a (UKN4.11.1, AY734986). Pseudoparticles possessing the
vesicular stomatitis virus (VSV) G protein were also produced.
The infectivity of purified pseudoparticles was assessed using
Huh?7 cells, incubating particles with purified L-ficolin prepara-
tions (quantified by either BCA assay or functional binding assay)
for 1 h in DMEM before addition to target cells. A fraction from
the L-ficolin purification process containing no detectable protein
(determined by BCA assay) was used as a control. Luciferase activ-
ity was assessed after 72 h. Neutralization assays with human im-
munodeficiency virus (HIV)-1 pseudoviruses were performed es-
sentially in the same manner, using glycoproteins from strain
HXB2. Infection of TZM-bl cells was performed as previously de-
scribed [28]. To assess any effect of L-ficolin on Huh?7 cells, frac-
tions containing L-ficolin oligomers (or controls) were incubated
with cells at 4°C for 1 h prior to washing with PBS and addition of
pseudoviruses.
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Fig. 1. Expression of recombinant, oligomeric human L-ficolin.
a Schematic illustrating the structure of L-ficolin. Each polypep-
tide monomer possesses a cysteine-rich N-terminal domain, a col-
lagen-like domain, a neck region and a C-terminal fibrinogen-like
domain. Monomers oligomerize into dodecamers formed of tri-
meric subunits. b L-ficolin was purified from human serum using
GlcNAc-Sepharose. The flow-through (F), mannose wash (M) and
L-ficolin eluate fractions (lanes 1-7) were detected by Western blot
with mAb GNS5 following nonreducing (NR) or reducing (R) SDS-
PAGE. Serum L-ficolin oligomers appeared as a 35-kDa monomer,
70-kDa dimers and approximately 250-kDa oligomers, as well as

Neutralization of HCVec Infection

Neutralization assays with JFH1 HCVcc were performed as
previously described [27], using similar conditions to those of
HCVpp assays. Neutralization was performed with 100 focus-
forming units of virus and different concentrations of purified
L-ficolin protein. The effect of calcium was determined using an
approximate median inhibitory concentration of oligomeric L-
ficolin in the presence of 2 or 7 mM CaCl,. Infection was deter-
mined by staining for the presence of HCV NS5A using antibody
9E10 [29]. Neutralization was calculated as the percentage of an
uninhibited control.

Statistical Analysis

Unpaired t tests or one-way analysis of variance tests were used
as appropriate to determine differences between mean binding/
neutralization values. Serum concentrations of L-ficolin in differ-
ent groups of individuals were compared using a Mann-Whitney
U test.
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higher-order multimers. ¢, d Expression of recombinant L-ficolin.
In vitro expressed L-ficolin was purified using an anti-FLAG M2
affinity resin. L-ficolin samples were resolved using nonreducing
PAGE and Western blotting with anti-L-ficolin antibody GN5 (c)
or anti-FLAG mAb M2 (d). Each blot presents reactivity with start
material (S), flow through (F) and eluted L-ficolin (E). Monomer-
ic (35 kDa), dimeric (approx. 70 kDa) and multimeric forms (>250
kDa) of recombinant L-ficolin were observed. e Eluted material
was analyzed under nonreducing conditions (NR) or reduced in
the presence of dithiothreitol (R), demonstrating the reduction of
oligomers (o) to monomers (m).

Results

In vitro Expressed Recombinant L-Ficolin Forms

Oligomers Similar to Serum-Purified L-Ficolin

Natural L-ficolin exists as oligomers of a 35-kDa sub-
unit, up to and including a dodecamer form (fig. 1a).
These oligomers were observed for fractions of L-ficolin
purified from human serum after passage through a
GIcNAc-Sepharose matrix and elution with soluble
GIcNAc (fig. 1b, left panel). Proteins observed at 35 and
70 kDa and above 250 kDa represented monomers, di-
mers and higher-order oligomers, respectively. Consis-
tent with previous reports [30], proteins were also ob-
served at molecular masses greater than the expected do-
decamer, suggesting that L-ficolin is able to form

Hamed et al.
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HCV glycoproteins E1 and E2 in an acetyl-
specific manner. a L-ficolin binding to re-
combinant HCV glycoproteins was evalu-
ated by ELISA. E2 was captured using mAb
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covalently linked higher-molecular weight oligomers.
Under reducing conditions, the oligomers of serum L-
ficolin were reduced to a molecular mass of 35 kDa
(fig. 1b, right panel), with traces of dimer or trimer. Re-
combinant FLAG-tagged, affinity-purified L-ficolin was
observed as a similar mixture of monomers and oligo-
mers, both when probed with anti-L-ficolin mAb (fig. 1c)
and with anti-FLAG mAb (fig. 1d), indicating that the
recombinant protein possesses a similar structure to the
in vivo form. Under these nonreducing conditions, high-
er oligomers were observed, including a possible do-
decamer complex. Treatment with dithiothreitol resulted
in only the monomeric recombinant protein being re-
solved by Western blot (fig. 1e).

Recombinant L-Ficolin Interacts with

HCYV Glycoproteins

Two recombinant glycoprotein constructs derived
from the HCV infectious clone H77c¢ [31] were used to
model the interaction between L-ficolin and HCV viri-
ons. Binding of both recombinant L-ficolin and L-ficolin

L-Ficolin Neutralizes HCV Entry

purified from serum to the E2 glycoprotein ectodomain
(aa 363-661) was comparable (fig. 2a). This was con-
firmed by dose-dependent binding of recombinant L-
ficolin to E1/E2 heterodimers (aa 170-746; fig. 2b).

Preincubating L-ficolin with ligands resulted in com-
petition for E2 binding (fig. 2c). Both CysNAc and
GIcNAc inhibited the binding interaction between re-
combinant L-ficolin and the E2 ectodomain in a dose-
dependent manner. Fifty percent inhibition was achieved
with 1.8 mM CysNAc and 260 mM GIcNAc. At the great-
est concentration tested (1 M), the MBL ligand D-man-
nose had no effect on binding.

L-Ficolin Neutralizes Genetically Diverse HCV Strains

Having demonstrated an interaction between recombi-
nant L-ficolin and the HCV glycoproteins, the effect of
L-ficolin on entry of HCVpp possessing the HCV glyco-
proteins isolated from patient viruses was investigated.
Before performing these experiments, the expression of
L-ficolin by target Huh7 cells was assessed. No cellular ex-
pression of L-ficolin in the target cells was observed, either

J Innate Immun 2014;6:676-684 679
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Fig. 3. L-Ficolin-mediated neutralization of HCV entry. a Retro-
viral pseudoparticles possessing envelope glycoproteins E1/E2
from strains of HCV representing genotypes la (H77c¢), 3a (UK-
N3A13.6) and 4a (UKN4.11.1), the VSV G protein or HIV-1 gp160
were treated for 1 h at room temperature with purified recombi-
nant L-ficolin (gray bars) or a control fraction from purification
containing no L-ficolin (black bars), before infecting Huh7 cells.
All of the HCVpp and the VSV G pseudoparticles were neutralized
by L-ficolin. No inhibition of entry of pseudoparticles bearing
HIV-1 glycoproteins into TZM-bl cells was observed. Data are pre-
sented as the proportion of infectivity in the absence of inhibitor.
b FLAG-tagged L-ficolin expressed in the supernatants of HEK
293T cells was fractionated by affinity purification on FLAG resin

by immunofluorescence or quantitative RT-PCR of L-fi-
colin mRNA (data not shown). Glycoproteins derived
from genetically diverse HCV viruses were tested in a
pseudoparticle entry assay (fig. 3a). Active L-ficolin in the
preparation was quantified using a functional assay bind-
ing to acetylated BSA. Ata concentration of 1 ug/ml active
protein, almost complete inhibition of entry of pseu-
doparticles reconstituted with strains H77 (genotype 1a),
UKN3A13.6 (genotype 3a) and UKN4.11.1 (genotype 4)
was observed (fig. 3a). A control fraction from the purifi-
cation procedure containing no L-ficolin (as determined
by Western blot and BCA assay) had no inhibitory effect
when diluted equivalently. Entry of pseudoparticles bear-
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and pooled into 3 independent fractions (F1, F2 and F3), as well as
a negative fraction containing no L-ficolin (N). These fractions
contained 157, 46, 10 and 0 pg/ml total protein, respectively. ¢
When analyzed by staining an SDS-PAGE gel, protein was only
detected in sample F1. d The fractions were each diluted to 1 pg/
ml total protein and assessed for neutralization of entry of HCVpp
bearing JFH1 E1/E2 glycoproteins. Data are presented as the pro-
portion of an uninhibited control. Significant neutralization was
only exhibited for the fraction containing detectable oligomeric
L-ficolin (** p < 0.01). e The F1 fraction was found to neutralize
entry of the JFH1 strain of HCVcc in a dose-dependent manner
(median inhibitory concentration = 1.2 ug/ml), while no inhibi-
tion was observed with the negative control sample.

ing VSV G was also neutralized by L-ficolin, but this L-
ficolin preparation had no effect on entry of retroviral
pseudoparticles bearing HIV glycoproteins into CD4+/
CCR5+ TZM-bl cells, eliminating the possibility of non-
specific toxicity (fig. 3a). Recombinant L-ficolin was fur-
ther separated into 3 fractions (F1, F2 and F3) containing
a mixture of oligomers/monomers, or only monomers, as
analyzed by Western blot (fig. 3b) and stained SDS-PAGE
(fig. 3¢). Consistent with the greater sensitivity of Western
blotting, protein was only observed in sample F1 in the
stained gel. No contaminating protein was observed. Total
protein was quantified in these samples by BCA assay.
Samples F1, F2 and F3 possessed 157, 46 and 10 pg/ml

Hamed et al.
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protein, respectively. Each sample was diluted to 1 pg/ml
total protein and assessed for neutralizing potency against
HCVpp possessing the glycoproteins from strain JFH1
(fig. 3d). F1 neutralized HCVpp entry by >60%. F2 and F3
demonstrated no significant inhibition. A negative con-
trol fraction possessed no neutralizing activity. To exclude
the possibility that the small neutralizing effect of F2 and
F3 might be due to the presence of residual FLAG peptide
in the eluted material, neutralization experiments with
this peptide demonstrated no effect on the entry of HCVpp
(not shown). Given that the negative fraction was treated
identically and had no effect on entry, it is most likely that
the neutralizing effect was due to small quantities of oligo-
meric L-ficolin in these fractions. The sample possessing
detectable oligomeric L-ficolin consistently had signifi-
cantly greater neutralizing effect than any other sample
tested. This sample was further found to inhibit the entry
of HCVcc of strain JFH-1. Sample F1, at a stock of 157 ug/
ml, was serially diluted in parallel with the negative frac-
tion before incubation with HCVcc. Neutralization by F1
was dose dependent, with a median effective concentra-
tion of 1.2 ug/ml (fig. 3f), while no inhibition was observed
for the negative fraction.

To eliminate the possibility that the observed neutral-
izing effect was a result of L-ficolin interacting with the
target cells, preincubation experiments were performed
with a preparation of L-ficolin. Neutralization was only
observed when pseudoparticles were preincubated with
the L-ficolin-containing sample (fig. 4).

L-Ficolin Neutralizes HCVcc in a Calcium-Dependent

Manner

L-Ficolin binding has been described to be partially
calcium dependent [32]. To determine if this is the case
for recognition of HCV, neutralization experiments were
performed using HCVcc in the presence of different con-
centrations of CaCl,. HCVcc particles were prepared in
media containing a basal level of 2 mM CaCl, or media
supplemented to a final concentration of 7 mm CaCl,. Us-
ing 1.6 pg/ml L-ficolin in this assay, enhanced neutraliza-
tion was observed with increasing calcium chloride con-
centration, indicating that this activity is, at least in part,
calcium dependent. This is likely to be caused by interac-
tions between the S1 binding site and the GIcNAc present
on the surface of HCV particles. When L-ficolin treated
with 7 mM CaCl, was analyzed by Western blot, no dif-
ference in patterns of oligomerization was observed
(fig. 5b). Consistent with previous reports [30], the action
of calcium is likely to be on binding activity rather than
disulfide-mediated oligomerization.

L-Ficolin Neutralizes HCV Entry
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Fig. 4. Neutralization of HCV entry by L-ficolin requires interac-
tion with virus particles. Protein fractions containing oligomeric
L-ficolin, or a control with no detectable L-ficolin diluted equiva-
lently, were incubated with either HCVpp (strain H77) or target
Huh?7 cells. Following washing, cells were infected with HCVpp.
Neutralization >50% was only observed when L-ficolin was prein-
cubated with virus particles. A significant difference was observed
between virus and cells treated with L-ficolin compared to cells
treated alone (* p < 0.05, one-way analysis of variance). No sig-
nificant differences in HCV entry were observed when cells were
treated with L-ficolin or a negative control.

Inibition of HCV Entry by L-Ficolin Ligands

To further assess the binding specificity to the ob-
served neutralization, inhibition experiments with
GlcNAc and CysNAc were performed. At the concentra-
tions demonstrated to inhibit interaction of E2 with L-
ficolin, both GIcNAc (data not shown) and CysNAc (on-
line suppl. fig. 1) were also found to inhibit entry in the
absence of L-ficolin. As such, any blocking effect of L-fi-
colin neutralization was not resolvable. This unexpected
result could be evidence that cellular receptors involved
in HCV entry recognize acetyl-containing molecular en-
tities similar to the ficolin, so that acetyl-containing in-
hibitors (GIcNAc and CysNAc) also competitively inhib-
it these interactions. To investigate this further, CysNAc
was incubated with either HCV, VSV or HIV-1 pseudo-
viruses, or target cells, prior to infection (online suppl.
tig. 1B). Treatment of both HCVpp and VSVpp with Cys-
NAc resulted in a reduction in infectivity, but no effect on
HIV-1 entry was observed. It is possible that VSV and
HCV share interactions with receptors that interact with

J Innate Immun 2014;6:676-684 681
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Fig. 5. Inhibition of HCV entry is calcium dependent. a Infection
assays were prepared with cell culture-grown HCV. Neutralization
was performed with approximately 50% neutralizing concentra-
tions of oligomeric L-ficolin in the presence of 2 mM CaCl, (black
bars) or 7 mM CaCl, (gray bars). Neutralization was compared to
a positive uninhibited control and a sample treated with an equiv-
alent L-ficolin-negative fraction from purification. Greater neu-
tralization of HCVcc was observed with L-ficolin fractions in the
presence of 7 mM CaCl, (** p < 0.01, *** p < 0.001, one-way anal-
ysis of variance). * p < 0.05. b Ficolin was incubated in PBS + 7 mM
CaCl, before analysis by SDS-PAGE/Western blotting with mAb
GNB5. No difference in oligomerization was observed in the pres-
ence of CaCl,.

this ligand. Unexpectedly, treatment of target cells with
CysNAc resulted in a significant increase in entry of HIV-
1pp but not HCVpp or VSVpp. This finding is worthy of
further investigation and may be linked to the plasma-
membrane fusion event of HIV-1 compared to the endo-
somal fusion of VSV and HCV. The lack of inhibition of
pseudovirus entry with CysNAc-pretreated cells suggests
that this blocking effect is mediated on the virus, rather
than the cells, and is not attributable to cell cytotoxicity.
Visual inspection of Huh7 cells treated with CysNAc (on-
line suppl. fig. 1C) confirmed that no cell death occurred
in treated cells but revealed a visible change in cell mor-
phology and size, which may be linked to altered receptor
expression and resistance to HCV entry.

L-Ficolin Neutralizes HCV Entry at Physiologically

Relevant Levels

As many proteins can inhibit viruses at high concen-
trations, we next determined if the concentration of L-
ficolin that resulted in in vitro neutralization was physi-
ologically relevant in both healthy donors and a cohort of
HCV-infected patients. Serum L-ficolin was quantified
by ELISA in sera taken from healthy donors and patients
with chronic HCV infection (online suppl. fig. 2). There
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was no significant difference between the median L-fico-
lin concentrations in healthy donors (4.6 ug/ml, SD £1.5)
and patients with chronic HCV infection (4.2 pg/ml,
SD £1.9; p =0.29, Mann-Whitney U test). This confirmed
that the concentration of L-ficolin that neutralizes HCV
entry in vitro is biologically relevant and that individuals
with chronic HCV infection do not have impaired capac-
ity to produce L-ficolin.

Discussion

The soluble innate immune effector L-ficolin has been
implicated in the control of a range of infectious diseases,
acting as an opsonin and activating complement upon
binding to glycosylated targets [33]. Here, we demon-
strated that a recombinant, oligomeric L-ficolin mediates
direct neutralization of HCV entry.

A key advance was the expression of correctly folded
oligomeric recombinant L-ficolin in human cells, in con-
trast to previous studies using bacterially expressed pro-
tein that yielded only monomers [22]. The monomeric
form of L-ficolin was described to activate the comple-
ment cascade and facilitate complement-mediated lysis
of HCV-infected cells but not to inhibit HCV entry. The
N-terminal FLAG tag used for purification had no sig-
nificant effect on the oligomerization of the recombinant
L-ficolin polypeptides, and this oligomer possessed bind-
ing equivalent to that of serum-purified protein. This
construct provides a useful tool for further investigations
of the direct antiviral properties of L-ficolin.

Acetylated sugars are defined ligands for L-ficolin [14].
Itislikely that the high-mannose oligosaccharides present
on the surface of E1/E2 possessing a GIcNAc, stem are
binding targets for L-ficolin [34, 35]. There is evidence
that two of the N-linked glycosylation sites might possess
complex glycans containing terminal GIcNAc residues at
residues 423 and 430 [7]. These asparagines have been im-
plicated in the entry of HCVpp [8] and HCVcc [9], respec-
tively. The neutralization of entry of HCVcc and HCVpp
representing HCV genotypes 1, 2, 3 and 4 is consistent
with arole for conserved E1/E2 glycans in HCV entry. The
genotype 3a clone used in this study has previously been
described to be resistant to neutralization by broadly neu-
tralizing antibodies [27, 36]. L-ficolin effectively neutral-
ized this isolate, indicating a possible therapeutic applica-
tion for inhibiting entry of antibody neutralization-resis-
tant HCV strains. Consistent with previous reports
demonstrating interaction of L-ficolin with GIcNAc [17]
and CysNAc [32], both ligands inhibited interaction of
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recombinant L-ficolin with glycoprotein E2, suggesting
interaction of the fibrinogen-like domain and N-linked
glycans. Four discrete binding sites in the L-ficolin fibrin-
ogen-like domain have been identified (S1-4), which pos-
sess different binding specificities [37]. This may account
for the difference observed in competition assays with the
ligands GIcNAc and CysNAg; although they both bind to
the S2 site, GIcNAc also binds around the S1 site, while
CysNAc is able to bind to site S3 and, at high concentra-
tions, to other sites with little structural interaction [37].
The unexpected discovery that both GIcNAc and CysNac
inhibited HCV entry in vitro also raises new questions
about the nature of virus-cell interactions. It is possible
that these ligands alter the expression of host receptors,
and this is worthy of further investigation.

The calcium-dependent nature of the neutralizing ac-
tivity suggested that the accessibility of the binding site on
L-ficolin is modulated by the presence of a Ca®" ion, as
previously described [16]. As the fibrinogen-like domain
possesses multiple binding sites with differential speci-
ficities, the exact interactions between the HCV glycopro-
teins and the binding surface of L-ficolin remain to be
determined. We also eliminated the possibility that L-fi-
colin interactions with target cells make them refractory
to virus entry, demonstrating a virion-specific effect. The
exact molecular interaction between L-ficolin and E1/E2
is currently under investigation.

Recombinant oligomeric L-ficolin inhibited entry of
both HCV and VSV pseudoviruses. It is still not under-
stood what common factor determines this sensitivity to
L-ficolin neutralization, but this molecule has potential
for application as an entry inhibitor for other enveloped
viruses. It is plausible that neutralization specificity is as-
sociated with specific modifications to carbohydrates on
the glycoprotein surface. This neutralizing activity is con-
sistent with the ability of porcine ficolin-a to bind and
neutralize PRRSV. Ficolin-a reduced the cytopathic ef-
fect of PRRSV and inhibited replication of infectious viral
particles [20]. However, soluble lectins have also been
demonstrated to inhibit antibody neutralization of HIV-
1 [38], suggesting that complex interactions might take
place at the surface of the virion.

It remains to be demonstrated if binding of this oligo-
meric L-ficolin construct to HCV might result in second-
ary antiviral properties that are therapeutically useful. L-
ficolin might contribute to viral clearance through activa-
tion of serine proteasesactivating the complement cascade.
Complement is an essential component of the antiviral
immunity to other flaviviruses [39] and is likely to con-
tribute to protection against HCV infection [22]. Indirect

L-Ficolin Neutralizes HCV Entry

evidence supports an antiviral role for the complement
cascade, as both HCV NS5A and core proteins inhibit
complement component C4 transcription. Protectin
(CD59) is also incorporated into HCV virions [40], sug-
gesting that HCV has evolved multiple strategies to evade
complement-dependent lysis. It is possible that L-ficolin-
mediated complement activation might contribute to in
vivo elimination of HCV particles as well as infected cells.

We assayed the concentration of L-ficolin expressed in
the serum of healthy individuals and people chronically
infected with HCV, finding that the range is consistent
with that previously reported in healthy cohorts [41].
While we appreciate that the localized concentration of L-
ficolin might be higher at the site of synthesis in the liver,
this provides evidence that neutralizing concentrations of
L-ficolin are circulating in human sera. The proportion of
HCV virions that circulate as complexes with L-ficolin re-
mains to be determined. It was also noted that any liver
damage caused by chronic HCV infection did not result
in reduced L-ficolin expression in these individuals.

This study highlights the potential for an oligomeric
recombinant L-ficolin as a novel therapeutic entry inhib-
itor for HCV infection. The broad, potent antiviral activ-
ity might also be applied to inhibition of entry of other
enveloped viruses possessing acetylated glycoproteins.
We have also identified a previously unreported antiviral
activity of the L-ficolin ligand CysNAc.
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