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Abstract

Ficolins are collagenous lectins that bind N-acetylated glycans and participate in innate immune responses, including phagocytosis and com-
plement activation. Related collagenous lectins such as mannan binding lectin (MBL) and surfactant proteins A and D possess antiviral activity,
but this activity has not been demonstrated for ficolins. In these studies, we used purified porcine plasma ficolin o and recombinant ficolin o
to assess their ability to bind and neutralize porcine reproductive and respiratory virus (PRRSV) in various assays. Recombinant ficolin o was
designed with a C-terminal 6-histidine tag using a pcDNA3.1 expression vector system in CHO K1 cells. Plasma-purified and recombinant ficolin
o reduced cytopathic effect of PRRSV-infected Marc-145 cells in neutralization assays and inhibited replication of infectious viral particles in a
GlcNAc-dependent manner. /n vitro replication determined by plaque assay was inhibited in the presence of plasma-purified ficolin « and recom-
binant ficolin. Immunoreactive plasma ficolin o and recombinant ficolin a also bound PRRSV-coated wells in a GIcNAc-dependent manner. These

studies indicate that porcine ficolin can bind and neutralize a common arterivirus that is a major pathogen of swine.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ficolins are complement-activating proteins (Taira et al.,
2000; Matsushita et al., 2000) that bind N-acetyl groups in
various saccharides, especially N-acetylglucosamine (GlcNAc)
(Ohashi and Erickson, 1997; Matsushita et al., 1996; Brooks
et al., 2003b, Frederiksen et al., 2005). N-Acetyl groups are

Abbreviations: ANOVA, analysis of variance; CHO K1 cells, Chinese
hamster ovary K1 cell line; CPE, cytopathic effect; ELISA, enzyme-linked
immunosorbent assay; GlcNAc, N-acetyl-D-glucosamine; kDa, kilodaltons;
MBL, mannan binding lectin, MALDI, matrix-assisted laser desorp-
tion/ionization; Marc-145 cells, African monkey kidney cell line; MS/MS,
tandem mass spectrometry; PFU, plaque-forming units; pFCN, plasma ficolin
a; pl, isoelectric point; PLSD, protected least significant difference; PRRSV,
porcine reproductive and respiratory syndrome virus; rFCN, recombinant ficolin;
SDS-PAGE, sodium dilauryl sulfate-polyacrylamide gel electrophoresis
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present on various microbial surface glycans including peptido-
glycan (van Heijenoort, 2001), chitin (Munro and Gow, 2001),
lipopolysaccharide core regions (Rietschel et al., 1994), and
some bacterial capsules (Altman et al., 1992). The classifica-
tion of ficolins as lectins is controversial because ficolins can
also bind to N-acetyl groups on various non-carbohydrate com-
pounds (Frederiksen et al., 2005; Krarup et al., 2004; Brooks et
al., 2003b) so some ficolin interactions with pathogens might be
glycan independent.

Various bacteria-binding functions of human (Endo et al.,
2006), murine (Ohashi and Erickson, 1998) and porcine (Brooks
et al., 2003a) ficolins have been reported, but there are recent
indications that ficolins might have other roles. In humans, three
ficolin proteins, H-ficolin, L-ficolin and M-ficolin, have been
described (Teh et al., 2000; Le et al., 1998; Matsushita et al.,
1996). Human plasma H-ficolin and L-ficolin bind and opsonize
apoptotic cells (Honore et al., 2007; Jensen et al., 2007; Kuraya
et al., 2005) and necrotic cells (Honore et al., 2007; Jensen et al.,
2007) and can interact with DNA (Palaniyar et al., 2004; Jensen
et al., 2007). Serum ficolin is reduced, while L- and H-ficolins
are increased, in the placentas of women with preeclampsia, sug-
gesting that ficolin might mediate a pro-inflammatory cascade
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(Wang et al., 2007). Ficolin-a and ficolin-(3, which were the first
ficolins characterized, were cloned from a porcine uterus cDNA
library (Ichijo et al., 1993). Ficolin « is mainly a plasma pro-
tein produced in substantial amounts by the porcine liver (Ohashi
and Erickson, 1998) but few microbial binding targets have been
identified (Brooks et al., 2003b). Porcine ficolin {3 is expressed
in neutrophils and secreted when neutrophils are activated, but
the binding functions of ficolin 3 are unknown (Brooks et al.,
2003c).

The ability to recognize aberrant host molecules suggests
that ficolins might also bind some viruses that can present host
glycans on their surfaces (Vigerust and Shepherd, 2007). Viral
glycoproteins are often decorated with complex-type oligosac-
charides, which are capped by two terminal GlcNAc residues
(Ansari et al., 2006; Balzarini, 2007). Other related collage-
nous lectins bind surface glycoproteins on influenza A virus
and human immunodeficiency virus (Ezekowitz et al., 1989),
herpes simplex virus (Gadjeva et al., 2004) and non-enveloped
rotavirus (Reading et al., 1998). MBL (Hartshorn et al., 1994;
Kawai et al., 2007), SP-D (Hartshorn et al., 1997; Hawgood
et al., 2004), SP-A (Hawgood et al., 2004; Benne et al., 1995)
and bovine conglutinin (Kawai et al., 2007) inhibit influenza
virus hemagglutination and infectivity, and MBL also promotes
complement-mediated lysis of infected cells (Reading et al.,
1995). In vivo and in vitro studies have shown that strains of
influenza A virus vary with respect to their susceptibility to
collectin-mediated neutralization and/or destruction; this vari-
ation relates to the level of glycosylation of the hemagglutinin
molecule (Hartley et al., 1997).

To examine the possible ability of ficolins to interact with
viruses, we studied the interactions between porcine ficolin
o and porcine reproductive and respiratory syndrome virus
(PRRSV), an important swine pathogen responsible for substan-
tial economic losses for swine producers worldwide (Neumann
et al., 2005). PRRSV is an enveloped, single-stranded, positive-
sense RNA virus of 40-70 nm diameter, and undergoes a high
rate of mutation underlying variations in antigen expression,
plaque size, pathogenicity, and production of neutralizing anti-
bodies (Rossow, 1998). We used ficolin purified from porcine
plasma (predominantly ficolin o) (Brooks et al., 2003a; Brooks
et al., 2003b) and also GlcNAc-affinity-purified His-tagged
recombinant porcine ficolin o (tFCN) to show that GlcNAc-
dependent PRRSV binding activity of porcine plasma ficolin is
not explained by ficolin 3 or other GlcNAc-binding proteins that
might co-purify with plasma ficolin a.

2. Materials and methods
2.1. Reagents and media

All chemicals utilized were obtained from Fisher Scien-
tific (Ottawa, Ont., Canada) except as noted. 50:50 D-MEM:
F-12 media, 5% fetal bovine serum, 2mM L-glutamine, 100
units/ml penicillin, and 100 pg/ml streptomycin were pur-
chased from Sigma (Oakville, Ont.) and Opti-MEM medium
was purchased from Invitrogen (Burlington, Ont.). Immobiline
Drystrip Gels, IPG buffer and high molecular weight markers

were obtained from Amersham Biosciences Inc. (Baie D’ Urfe
PQ). Whole blood was collected from healthy adult York-
shire cross pigs into 3.8% buffered sodium citrate (pH 7.4,
9:1 blood to citrate ratio by volume). Platelet-poor plasma
was isolated by centrifugation (1000 x g) for 30 min at room
temperature, and stored at —70°C until used. Ficolin was
purified from pig plasma using affinity chromatography with
N-acetylglucosamine (GlcNAc)-conjugated AF Epoxy 650 M
Toyopearl beads (Tosoh Bioscience LLC, Montgomeryville,
PA) as previously described (Brooks et al., 2003b). Rabbit
anti-porcine ficolin antiserum was previously prepared against
affinity-purified 38—42kDa subunit bands of plasma ficolin
(DeLay, 1999; Brooks et al., 2003b). Native anti-porcine ficolin
antiserum was prepared as previously described (Brooks et
al., 2003a). Goat anti-rabbit polyclonal horseradish peroxidase
(HRP) was obtained from the Dako Corporation (Santa Barbara,
CA).

2.2. Virus assays

The possible interactions between porcine ficolin o and
PRRSV were examined using three different assays that exam-
ined the ability of ficolin to reduce cytopathic effect (CPE) in
virus infected cells (neutralization assay), reduce replication
of viral particles (plaque assay) and directly bind virus-coated
wells (ELISA). Marc-145 cells (Kim et al., 1993) were grown
as monolayers in Dulbecco’s modified Eagle’s medium sup-
plemented with 5% fetal bovine serum, 2 mM L-glutamine,
100 units/ml penicillin, and 100 pwg/ml streptomycin (Sigma,
Oakuville, Ont.). The cells were maintained at 37 °C with 5%
CO;. Stocks of PRRSV (North American genotype strain PAS)
(Wootton et al., 2000) were prepared in Marc-145 cells, and
purified on sucrose cushion gradients. Specifically, Marc-145
cells were infected with PAS8 stock at 200 TCIDs( and incubated
at 37°C with 5% CO; for 72h. The infected cell monolayers
were then stored at —70 °C, and released from the cells by three
freeze—thaw cycles. These lysates were then layered on 10-60%
(w/w) sucrose gradients and centrifuged at 90,000 x g at 4°C
for 4h. The purified virus band was collected. Centrifugation
was performed at 90,000 x g for 1 h to pellet the purified virus,
and the pellet was resuspended in 1 ml PBS. Neutralization of
CPE was assayed in Marc-145 cells in 96-well plates infected
with wild-type PRRSV (PAS8) stock diluted in D-MEM to make
200 plaque-forming units (PFU) in a 50 pl volume. The diluted
virus was pre-mixed with 0—100 pwg/ml of purified plasma ficolin
in 50 pl volumes. Mixtures were then incubated for 1 h at 37 °C,
and approximately 2 x 10° Marc-145 cells in 100 w1 were added
to each well. At 3 days post-infection, individual wells were
scored by CPE (Lee and Yoo, 2006).

The effect of ficolin o on the formation of infectious
PRRSV particles via plaque formation was also assessed. In
initial experiments, Marc-145 cells were infected with 10-fold
serial dilutions of purified PA8 for 1h at 37°C. Once the
concentration of infectious viral particles was determined, all
subsequent plaque assays used a 10~ dilution of virus stock
(~5 x 10° PFU/ml). Cells were infected with virus alone, or
pre-incubated for 20 min at room temperature with various con-
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centrations of pFCN or rFCN (0-10 pg/ml). In competition
assays, 100 pl aliquots of pFCN and rFCN were pre-incubated
for 20 min with either 100 pl of 100 mM GIcNAc or 100 pl of
a 1:5000 dilution of native anti-porcine ficolin antibody, before
incubation with the virus, and subsequent infection of the cells.
After the 20 min incubation period, the infected cell monolayers
were washed with PBS once, and overlaid with D-MEM with
5% FBS containing 0.8% SeaPlaque agarose (FMC Bioproducts,
Rockland, ME). After 72 h, the agarose plugs were removed and
the cell monolayer was incubated with staining solution (20%
formaldehyde, 9.0% ethanol, and 0.1% crystal violet) for 30 min
at room temperature. The cells were washed gently with water
to remove excess dye and air dried to examine and count the
plaques.

To determine if ficolin a could directly bind to PRRS viri-
ons, 96-well, at-bottom polystyrene tissue culture plates (Costar,
Fisher-Scientific, Mississauga, Ont.) that do not bind ficolin
were coated with 100 pl of ~5 x 10° PFU/ml PA8 PRRSV or
5% BSA diluted in PBS. After overnight incubation at 4 °C,
wells were blocked with 5% BSA for 60 min at room tem-
perature, washed with PBS a minimum of 3 times, and then
incubated for 2 +8h with 100 pl of various dilutions of pig
plasma (PP), ficolin-depleted plasma (FDP), pFCN or rFCN.
After three washes with PBS, the presence of immunoreactive
bound ficolin was detected by incubating with 100 .l of 1:5000
dilution of native polyclonal anti-ficolin antibody for 1 h, fol-
lowed by 100 pl of a 1:5000 dilution of peroxidase-conjugated
anti-rabbit immunoglobulin (Dako, Santa Barbara, CA). After
further washing with PBS, bound anti-ficolin antibody was mea-
sured colorimetrically after incubation with SureBlue TMB
substrate and Stop solution (Mandel, Guelph, Ont.). In some
experiments, the 100 pl aliquots of various test protein prepa-
rations were pre-incubated with 100 ul of 100mM GIcNAc
(Sigma, Oakville, Ont.) or 100 pl of a 10~ dilution of native
anti-ficolin antibody, before incubating with the PRRSV-coated
plates.

2.3. Recombinant porcine ficolin o

Plasmid Constructs: Blunt-end PCR products of the com-
plete coding region of porcine ficolin o were generated by PCR
with Advantage® cDNA PCR kit (Clontech, Mountain View,
CA) and corresponding 5'- and 3’-primers (Forward primer:
5-CACCATGGACACACGCGGAGTG-3', Reverse primer: 5'-
GCCCTGAAAATAAAGATTCTCCGTGGCCCGAAACTTC-
AT-3'). The PCR-generated DNA fragments containing a CACC
sequence in front of the start codon, a Kozak sequence but
no stop codon, were subcloned into a mammalian expression
vector pcDNA™ 3 1D/V5-His TOPO using a TA directional
cloning kit (Invitrogen, Burlington, Ont.). The expression
construct contained cDNA encoding porcine ficolin o with
a C-terminal fused segment encoding a V5 epitope of 14
amino acids followed by six histidines (6 x His) and a TEV
protease recognition site (ENLYFQG, encoded from the
reverse primer sequence: GCCCTGAAAATAAAGATTCTC),
in order to cleave the tags if necessary. The tags and spacer
regions add approximately 5kDa to the ficolin a polypep-

tide. The PCR-amplified product was TOPO-cloned into the
pcDNA3.1D/V5-His-TOPO vector (Invitrogen, Burlington,
Ont.), yielding the pcDNA3.1D/V5-His-ficolin o expression
construct. The construct was transformed and propagated in
chemically competent E. coli (One Shot TOP10 E. coli, Invitro-
gen, Burlington, Ont.). Large-scale purification of plasmids was
carried out using a Maxi-Prep kit (Qiagen, Mississauga, Ont.)
according to the manufacturer’s instructions. The presence
of the correct cDNA ficolin sequence was verified by DNA
sequencing (Guelph Molecular Supercentre, Guelph, Ont.)
using the following primers: T7 extended forward primer
5-TAA TAC GAC TCA CTA TAG GGA GAC-3’, BGH
extended reverse primer 5-TAG AAG GCA CAG TCG AGG
ATG-3'.

Chinese hamster ovary cells (CHOKI1) cells were cultured
in 50:50 D-MEM: F-12 media (Sigma, Oakville, Ont.), sup-
plemented with 5% fetal bovine serum, 2mM L-glutamine,
100 units/ml penicillin, and 100 wg/ml streptomycin (Sigma,
Oakville, Ont.). The expression plasmid was transfected into
CHO K1 cells using a cationic lipid-based transfection reagent
(Lipofectamine 2000, Invitrogen, Burlington, Ont.) according
to the manufacturer’s recommendations. For each transfec-
tion reaction, a 3:1 ratio of vector to transfection reagent
was utilized, with each being mixed with 2ml of serum-free
Opti-MEM (Invitrogen, Burlington, Ont.). After a 20 min incu-
bation, the DNA-lipofectamine complexes were then added to
75-cm? flasks (Corning, Fisher-Scientific, Mississauga Ont.)
of CHO K1 cells that were 75-85% confluent (approxi-
mately 1 x 10° cells/ml). Cells were incubated for up to 48h
at 37°C, 5% CO,. CHO K1 cells, treated only with empty
liposomes, were cultured in parallel and provided negative
control supernatant and cells. Transfection efficiency was mea-
sured by utilizing the manufacturer-supplied Lac Z expression
vector (Invitrogen, Burlington, Ont.). Supernatants were col-
lected and recombinant ficolin a (rfFCN) was purified with
affinity chromatography on Nickel-charged Probond columns
(Invitrogen, Burlington, Ont.), followed by purification on
GlcNAc-conjugated Toyopearl beads (Brooks et al., 2003b) and
proteins were dialyzed (Novagen, Madison WI) overnight in 10
volumes of PBS at4 °C. Protein concentrations were determined
using the Bradford protein assay (BioRad, Mississauga, Ont.).

2.4. Characterization of rFCN

Purity, higher-order oligomerization and function of rFCN
were evaluated by electrophoresis. Eluted proteins were sup-
plemented with a cocktail of protease inhibitors (Complete;
Roche Molecular Biochemicals, Mississauga, Ont.) and run
on 1-dimensional, 2-dimensional, and non-denaturing 4—12%
gradient polyacrylamide gels. Briefly, eluates were first char-
acterized by 12% one-dimensional SDS-PAGE (with a 4%
stacking region) in reducing conditions (Laemmli, 1970) using
the Bio-Rad modular Mini-Protean II system (BioRad, Mis-
sissauga, Ont.). Pre-stained broad range markers (BioRad,
Mississauga, Ont.) were used to identify apparent molecular
weights of isolated proteins. Electrophoresis was carried out at
4°C for 1.5h at 150 V. The resulting protein band at approx-
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imately 44 kDa was silver-stained and excised, then stored in
2% acetic acid before protein identification via MALDI-MS/MS
peptide mass fingerprinting (Mass Spectrometry Facility, Hos-
pital for Sick Children, Toronto, Ont.). Non-denaturing PAGE
(4-12% acrylamide gradient) was performed as described (Van
Leuven et al., 1981).

For Western blots, proteins separated by 1D-PAGE were
electroblotted onto nitrocellulose membranes. Membranes were
blocked in PBS-T (PBS pH 7.4 containing 1% BSA, and 0.1%
Tween-20) and exposed to rabbit anti-ficolin polyclonal anti-
body (DeLay, 1999) or anti-V5 antibody conjugated with HRP
(Invitrogen Burlington, Ont.), diluted 1:5000 in PBS-T. Mem-
branes were washed in a minimum of five changes of PBS-T.
If anti-ficolin antibody was the primary antiserum, the blot was
then exposed to goat anti-rabbit immunoglobulins conjugated
to HRP (Dako, Santa Barbara, CA) (1:5000 dilution in PBS-T).
Western blots were then developed by chemiluminescence.

For 2D-PAGE, eluates were denatured in rehydration buffer
(8 M urea, 2% CHAPS, 5% IPG buffer, 0.2% dithiothreitol
and bromophenol blue) at room temperature for 1h, then
applied to Immobiline DryStrip gels (pH 3-11 nonlinear).
Strips were rehydrated overnight (~12 h) before first dimension
isoelectric focusing was performed according to manufacturer-
recommended protocols on an IPGphor Isoelectric Focusing
System (GE Healthcare, Oakville, Ont.). Proteins were resolved
on 12% SDS polyacrylamide gels (2nd-dimension) according to
manufacturer’s recommended protocols for the IPGphor system.

2.5. Bacterial binding assays

To determine if rFCN purified by affinity chromatography
was functional, as compared to the previously characterized
bacterial binding functions of GlcNAc-affinity-purified porcine
plasma ficolin, binding assays were performed using two bac-
terial species previously shown to bind plasma-purified ficolin
o (Actinobacillus pleuropneumoniae 5b and Salmonella enteri-
tidis) (Nahid and Sugii, 2006; Brooks et al., 2003a). Pig plasma
(500 1) or 100 g of either affinity-purified pFCN or rtFCN were
incubated with 10% colony-forming units (CFU) of bacteria in
1.5 ml overnight at 4 °C. Bacteria were pelleted and resuspended
in PBS 4 times, and bound proteins were eluted from the bacte-
rial surface with 300 mM GIcNAc. All eluants were separated by
1D-SDS-PAGE, and were electrotransferred to a nitrocellulose
membrane (Trans-Blot, BioRad, Mississauga, Ont.) in a 25 mM
Tris—HCl buffer, containing 100 mM glycine and 20% methanol,
at 4°C for 1h at 100V, and incubated overnight in PBS con-
taining 5% BSA, to block non-specific binding. Bound ficolin
was detected by immunoblots with polyclonal anti-ficolin anti-
body (pFCN and rFCN) or anti-V5 antibody (rFCN only). After
incubation with primary antiserum for 1h, immunoblots were
washed twice for 15 min in PBS containing 0.01% Tween-20
(PBS/Tween) and incubated for 45 min in a 1:5000 diluted sec-
ondary antibody, peroxidase-labelled goat polyclonal anti-rabbit
IgG, H + L (Biomeda Corp, Foster City, CA). All antibodies were
diluted in PBS, 0.01% Tween-20 and 1% BSA. After wash-
ing 4 times for 15 min in PBS/Tween, the signal was revealed
using a chemiluminescence substrate (ECL, Amersham Bio-

sciences Inc., Baie d’Urfe, QC) following the manufacturer’s
recommendations.

2.6. Data analysis

Data are presented as means (Z£standard deviations) from
either duplicate or triplicate experiments with 2—4 replicates per
experiment. Parametric data were analyzed by one-way analysis
of variance (ANOVA). Multigroup comparisons were analyzed
using the Fisher protected least significant difference (PLSD)
test. ED5q values were calculated using Probit analysis. Statis-
tical analyses were performed using Statview software (Cary,
NC) with an « of 0.05.

3. Results

Purified porcine plasma ficolin « (pFCN) at concentrations of
0.1-100 pg/ml significantly (p <0.0001) reduced the numbers
of cytopathic foci induced by 200 PFU of PRRSV in Marc-
145 cells (Fig. 1), consistent with methods previously described
(Lee and Yoo, 2006). Similarly, pFCN (0.001-10 pg/ml) had
a significant (p <0.0001) dose-dependent inhibitory effect on
the numbers of PRRSV lytic plaques induced in Marc-145 cells
(Fig. 2). The mean viral titer of 10.4 x 10°/ml, as assayed by
plaque counts in the presence of 0 pg/ml pFCN, was reduced
to 8.25 x 10°/ml in the presence of only 0.001 p.g/ml of pFCN
(p<0.01). The greatest reduction in the formation of infectious
viral particles detected in the plaque assay was observed in the
presence of 10 pg/ml of pFCN, where the infectious mean viral
titer was reduced to 1.45 x 103/ml (p <0.0001). This inhibitory
effect of purified plasma ficolin was substantially diminished
when 10 pg/ml pFCN was pre-incubated with 100 mM of Glc-
NAc (p<0.01) (Fig. 2b). To determine whether pFCN could
bind to PRRSYV, the amounts of immunoreactive pFCN bound
to PRRSV-coated wells was measured by ELISA (Fig. 3).

140

CPE foci / well

20 -

0 0.1 1 10 100
Ficolin concentration (ug/ml)

Fig. 1. Neutralizing effect of GlcNAc-affinity-purified porcine plasma ficolin
(pFCN) on numbers of cytopathic foci observed by light microscopy of mono-
layers of Marc-145 cells at 72 h after being infected with PRRSV. Values are
means (£S.D.) of four replicates per treatment in one experiment, repeated twice.
The reduction in CPE was significant at all concentrations of ficolin (p <0.0001).
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Fig. 2. Neutralizing effect of GlcNAc-affinity-purified porcine plasma ficolin
(pFCN) on numbers of lytic plaques observed in stained monolayers of Marc-
145 cells 72h after being infected with ~5 x 103 PFU of PRRSV. Numbers
of PRRSV-induced plaques were significantly reduced at all concentrations of
pFCN preparations between 0.001 and 10 wg/ml (Panel A), with an EDsq of
0.055 pg/ml (p=0.0016). The differences between virus alone and the two low-
est concentrations of ficolin (0.001, 0.01 pg/ml) was significant with a p <0.01,
while the remaining differences were more highly significant with a p <0.0001.
The effect of pFCN (10 pg/ml) on PRRSV-induced plaques (solid bars) was
substantially reduced in the presence of 100 mM GlcNAc (open bars) (p <0.01)
but GIcNAc had no effect on PRRSV alone (Panel B).

Immunoreactive pFCN bound PRRSV in a dose-dependent man-
ner (p <0.0001), but binding above background levels was only
obtained at higher concentrations (10 and 100 pg/ml of pFCN).
When pFCN was pre-incubated with either 100 mM GIcNAc
or 10~* anti-ficolin antibody, the amounts of immunoreactive
ficolin bound to PRRS V-coated wells was reduced at ficolin con-
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Fig. 3. Binding of various concentrations of pFCN to PRRSV-coated wells,
detected by ELISA with polyclonal antibody to ficolin. At pFCN concentrations
of 10 or 100 pg/ml, binding of pFCN to PRRSV-coated wells was significantly
(p<0.0001) reduced by pre-incubation with 100 mM GlcNAc or anti-ficolin
antibody. Points are means (£S.D.) from three separate experiments, each per-
formed in triplicate.

centrations of 10 pg/ml (» <0.001) and 100 pg/ml (p <0.0001)
(Fig. 3).

Affinity-purified preparations of porcine plasma ficolins con-
tain additional minor bands at ~85 and ~25 kDa consistent with
heavy and light chains of IgM as described previously (Brooks et
al., 2003b). These do not react in Western blots with anti-ficolin
antibodies that were raised against the major ficolin subunit
extracted from PAGE lanes (DeLay, 1999). However, we were
concerned that some of the PRRSV neutralizing effects of puri-
fied pFCN might result from contaminants that co-purified from
plasma (e.g. ficolin B, IgM, mannan-binding lectins, etc.), so
we prepared recombinant porcine ficolin a (fFCN) and puri-
fied it by nickel- and GlcNAc-affinity chromatography. The
recombinant porcine ficolin o was cloned into a mammalian
expression vector and produced in CHO K1 cells in order to
enhance protein glycosylation and folding, similar to that of
the native protein. Recombinant ficolin o (rFCN) purified by
affinity chromatography from culture supernatants of transfected
CHO K1 cells contained an approximately 44 kDa reduced band
(Fig. 4A, lane 2) that was consistent with porcine ficolin o by
MALDI-TOF trypsin fragment mass fingerprint (5 peptides at
894.3856, 1045.474, 1123.5258, 1618.7651, 3069.4492) with
over 95% confidence. The ~44 kDa immunoreactive band that
migrated just above pFCN was detected on immunoblot with
anti-ficolin antibody (Fig. 4B, lane 2). As expected, only rTFCN
was detected by anti-V5 antibody that recognized the C-terminal
tag of the recombinant protein (Fig. 4B, lane 4). The addition
of the TEV protease recognition site (ENLYFQG), V5 epitope
(GKPIPNPLLGLDST) and 6 histidine residues on the recombi-
nant protein likely accounts for the apparent molecular weight
difference between pFCN and rFCN. Affinity-purified prepa-
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Fig. 4. Comparison of immunoreactive ficolin subunits of GlcNAc-affinity-purified pFCN and rFCN under 12% SDS-PAGE (reducing) conditions. Preparations of
porcine ficolin a purified from plasma (pFCN) contain a major ~40kDa band in a 38-42kDa triplet (A, lane 1) that is immunoreactive with antibodies to ficolin
(B, Lane 1) consistent with previous studies (Brooks et al., 2003a; Brooks et al., 2003b). By comparison, GlcNAc-affinity-purified rTFCN migrated mainly around
44kDa (A, lane 2), and was recognized by polyclonal anti-ficolin antibody (B, lane 2) or anti-V5 antibody which detects the C-terminal tag of rFCN (B, lane 4).

Plasma-purified ficolin was not detected with anti-V5 antibody (B, lane 3).

rations of porcine plasma ficolins contain additional bands at
29 and 81kDa (Fig. 4A, lane 1) consistent with heavy and
light chains of IgM, as described previously (Brooks et al.,
2003b). An additional band of ~65kDa is noted in the rFCN
preparations and cross-reacts with both anti-ficolin and anti-
V5 antibodies (Fig. 4B, lanes 2 and 4). When separated by
non-denaturing (native) PAGE, both pFCN and rFCN prepara-
tions contained high molecular weight bands consistent with
formation of higher-order oligomers (Fig. 5) (Brooks et al.,

kDa

669

232

Fig. 5. Comparison of high molecular weight forms of bands (~800kDa) in
lanes of GlcNAc-affinity-purified pFCN (Lane 3) and rFCN (Lane 5) in silver-
stained non-denaturing PAGE (4-12%). Lane 1 is MW markers; Lane 2 is
Ferritin (440 kDa); Lane 4 is GlcNAc-eluted proteins from recombinant LacZ
without rFCN.

2003b). pFCN preparations (lane 3) contain a band at approxi-
mately 800kDa as well as an additional band at approximately
1000 kDa, while rFCN preparations (lane 5) reveal multiple
bands from approximately 750-850kDa (Fig. 5). Lanes 1 and
2 are molecular weight markers specifically for non-denaturing
gels (Amersham Biosciences), while lane 4 contains GlcNAc-
affinity-purified recombinant Lac Z CHO K1 supernatant, which
was loaded as a negative control, as it was not expected to bind
GlcNAc.

Isoelectric points of pFCN and rFCN were similar on silver-
stained gels although pFCN had five spots (~40kDa, p/ 5.2-6.0)
compared with only three visible forms of rFCN (~44kDa,
pl 5.5-5.7) (Fig. 6). Vertical streaking, a characteristic ele-
crophoretic property of plasma ficolins (Brooks et al., 2003b)
was observed with pFCN, but was less apparent with rFCN.

Bacterial binding properties of rTFCN were similar to those of
pFCN. Ficolins that were affinity column-purified from either
pig plasma (pFCN) or CHO K1 supernatants (rfFCN) were
similarly eluted with 300 mM GlcNAc from intact Actinobacil-
lus pleuropneumoniae serotype 5b (APP 5b) and Salmonella
enteritidis (Fig. 7). Immunoreactive ficolin was detected at
approximately 40—42 kDa for pFCN and 44 kDa for rFCN. Addi-
tional higher molecular weight immunoreactive bands were seen
in both preparations.

In plaque assays, pFCN and rFCN both reduced formation of
infectious PRRSV in Marc-145 cell monolayers (Fig. 8A). Pre-
incubation with 10 g of pFCN reduced plaques by 93% from
21.2 x 10* to 2.0 x 10* (»p=0.002), whereas the same amount
of rFCN reduced plaques by 70% to 5.8 x 10*/ml (p =0.009)
(Fig. 8B). The inhibitory effects of both pFCN and rFCN were
almost completely negated by co-incubation of ficolin with
100 mM GlcNAc or anti-ficolin antibody (p < 0.01) (Fig. 8A and
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Fig. 6. Comparison of the forms of GlcNAc-affinity-purified pFCN (A) and
rFCN (B) in silver-stained two-dimensional SDS-PAGE (15%) gels. For pFCN,
five spots with typical vertical streaking were visible at ~40-42kDa between
pI 5.2 and 6.0. For rFCN, three less abundant spots at ~44 kDa in the p/ range
of 5.5-5.7 were detected.

B). The numbers of plaques formed in the presence of virus with
100 mM GlcNAc or virus with anti-ficolin antibody did not dif-
fer significantly (p>0.05) from those that also included pFCN
or rFCN (Fig. 8).

Pre-incubation with 100 mM GlcNAc reduced the amounts of
immunoreactive ficolin detected in PRRSV-coated wells incu-
bated with pig plasma (PP), affinity-purified ficolin (pFCN)
and rFCN (Fig. 9) (p<0.0001). By comparison, there was no
GlcNAc-competible binding of immunoreactive ficolin in virus-

A. pleuropreumoniae 5b

pFCN rFCN

coated wells incubated with ficolin-depleted plasma (FDP), nor
in wells which were coated with mock-infected Marc-145 cell
lysates (mock virus) or GlcNAc affinity fraction from the recom-
binant LacZ transfected CHO K1 cell control (mock lysate)
(Fig. 9).

4. Discussion

These studies provide initial evidence that porcine plasma
ficolin can bind PRRSV in a GlcNAc-dependent manner, and
that this binding can reduce infection of Marc-145 cells. This
suggests that ficolin may have the ability to neutralize PRRSV
and reduce its replication but the biological significance of
such ficolin binding is still unknown. Ficolin binding and neu-
tralization of PRRSV in these in vitro studies occurred in
concentration ranges (1-100 pwg/ml) that correspond to concen-
trations of 10-80 pwg/ml that have been reported for plasma
ficolins in pigs (Ohashi and Erickson, 1998; Seebaransingh,
1999). The cytopathic effect, lytic plaque effect and direct bind-
ing to PRRSV were all reduced substantially in the presence
of purified plasma ficolin and recombinant ficolin «, and these
effects were counteracted by GlcNAc. This indicates that the
inhibitory activity of ficolin is dependent on its N-acetyl-binding
functions (Krarup et al., 2004; Brooks et al., 2003a).

While the PRRSV inhibitory effect of ficolin purified from
pig plasma was inhibited by GlcNAc and by an antibody that
binds pig ficolin a and B (Brooks et al., 2003a; Brooks et al.,
2003b), we were concerned that the effect could be explained by
other plasma proteins such as ficolin 3, mannan-binding lectin
(MBL) or immunoglobulin that bind GIcNAc and co-purify with
ficolin o (Brooks et al., 2003a). However, we produced recombi-
nant porcine ficolin o, and showed that it had similar inhibitory

S. enteritidis.

pFCN rFCN

Fig. 7. Comparison of the bacterial-binding activity of GlcNAc-affinity-purified pFCN and rFCN in suspension cultures of intact bacteria (Actinobacillus pleurop-
neumoniae serotype Sb and Salmonella enteritidis) that are known to bind porcine ficolin a.. Bound proteins were eluted with GIcNAc (300 mM) after prior washing to
remove non-specifically bound proteins, and eluted proteins were separated by12% SDS-PAGE (reducing) and detected by immunoblots with polyclonal anti-ficolin
antibody. Lanes 1, 4, 7 and 10 are unbound fractions, lanes 2, 5, 8 and 11 are the final wash fractions, and lanes 3, 6, 9 and 12 are the GlcNAc-eluted proteins.
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Fig. 8. Inhibition of PRRSV replicative efficiency by pFCN or rFCN in plaque
assays. Panel A shows plaques in monolayer cultures of Marc-145 cells in 60 mm
dishes fixed and stained with crystal violet. Panel B shows numbers of plaques
per dish expressed as a percent (£S.D.) of numbers of plaques in cultures with
PRRSYV alone. Cultures were incubated for 72 h after infection with PRRSV
alone, or with PRRSV pre-incubated with either 100 mM GlcNAc or anti-ficolin
antibody. The number of visible plaques were significantly reduced in the pres-
ence of either 10 wg/ml of pFCN (p=0. 002) or tFCN (p=0.009), and their
effects were similarly blocked by pre-incubation of PRRSV with either 100 mM
GlcNac or anti-ficolin antibody. Each bar is the mean (£S.D.) from three separate
experiments, each culture in duplicate.

and binding effects as we observed with pig plasma ficolins, and
these were similarly inhibited by GlcNAc and ficolin-specific
antiserum. The preparation of recombinant ficolin o (rtFCN)
was functionally similar to plasma-purified ficolin a (pFCN)
because it was purified from culture supernatants by GIcNAc
affinity chromatography, and it was similarly eluted with Glc-
NAc from A. pleuropneumoniae serotype 5b (APP 5b) and S.
enteritidis.

There were several structural differences between the plasma
and recombinant forms but both resolved as higher-order
oligomers in native PAGE gels, and had similar p/ range on
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B PRRSV
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QD405
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Fig. 9. Binding (means £ S.D.) of immunoreactive ficolin to PRRSV-coated
wells, detected by ELISA with polyclonal antibody to ficolin. Significant
(p<0.0001) GlcNAc-competible binding above wells containing 100 mM
GlcNAc pre-incubation (open bars) was observed for pig plasma (PP), GlcNAc-
affinity-purified plasma ficolin (pFCN), and recombinant porcine ficolin o
(rFCN). There was insignificant GIcNAc-competible binding of immunoreac-
tive ficolin observed in ficolin-depleted plasma (FDP), in lysate from Marc-145
cells without PRRSV (control 1) and in lysates from Lac Z-transfected CHO K1
cells without FCN (Control 2). Bars are from three separate experiments, each
performed in triplicate.

2D-electrophoresis. However, electrophoretic mobility under
reducing conditions differed between pFCN and rFCN, likely
due to the C-terminal tag on rFCN that was designed for addi-
tional antibody detection, specific for the recombinant form.
On 2D-PAGE, rFCN was observed as ~44kDa (3 spots in
pl 5.5-5.7) compared with ~40kDa for pFCN (5 spots in p/
5.2-6.0) (Brooks et al., 2003a; Brooks et al., 2003b). The nar-
rower apparent migration of rFCN on the second dimension
is suggestive of a difference in the glycosylation, since treat-
ment of pFCN with N-glycosidase reduces the number and
shape of ficolin spots on 2D gels but does not interfere with
its GlcNAc-dependent binding (Brooks et al., 2003b). Inade-
quate glycosylation of recombinant proteins can impair protein
folding and function (Bhatia and Mukhopadhyay, 1999), there-
fore an additional comparison between pFCN and rFCN was
conducted to determine if the recombinant form had similar
functions to native plasma-purified ficolin. pFCN selectively
binds Actinobacillus pleuropneumoniae serotype 5b (APP 5b)
and Salmonella enteriditis (S. enteriditis) (Brooks et al., 2003a;
Nahid and Sugii, 2006), and is elutable with GlcNAc; rFCN
could also bind these bacterial species in a GIcNAc-dependent
manner.

The biological relevance of this interaction between ficolin
and PRRSV is unknown. While ficolin bound to PRRS virions
and inhibited replication in Marc-145 cells using concentrations
similar to that found in pig plasma, the mechanism of infection
for the permissive Marc-145 cells is not identical to porcine
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macrophages, which are the main target cell for PRRSV in
vivo (Nauwynck et al., 1999; Duan et al., 1997). Binding of
ficolin to PRRSV was neutralizing in these in vitro assays but
it is possible that ficolins might provide a route of infection of
macrophages via the Clq receptor that can bind and internalize
ficolins (Kuraya et al., 2005).

The PRRSV genome encodes six structural proteins which
include membrane glycoproteins GP2, GP3, GP4, and GPS.
The functions of GP 2 through 5 are still largely unresolved,
although GP5 has been shown to be necessary for proper viral
assembly (Wissink et al., 2004). Both GP2 and 5 contain two pre-
dicted N-glycosylation sites that are highly conserved between
North American and European strains of PRRSV. GP5 con-
tains high-mannose type sugars and complex-type sugars with
terminal GlcNAc residues while the remaining envelope gly-
coproteins contain complex N-glycans at various asparagine
residues (Ansari et al., 2006). GP3 is the most glycosylated
protein with seven N-linked glycosylation sites that are highly
conserved (Wissink et al., 2004). Ficolin o may bind one or
more of the terminal GlcNAc residues that decorate the PRRSV
envelope glycoproteins, inhibiting viral entry into alveolar
macrophages and thereby reducing infection. Other collagenous
lectins have been reported to have antiviral effects related to
direct binding and virus neutralization (Hartshorn et al., 1997;
Readingetal., 1997; Ezekowitz et al., 1989; Reading et al., 1998;
Kawai et al., 2007; Haurum et al., 1993b; Haurum et al., 1993a),
including SP-A and SP-D, which can bind to the G-protein of
respiratory syncytial virus (RSV) in a carbohydrate-dependent
manner (Ghildyal et al., 1999; Hickling et al., 2000; Hickling
et al., 1999). In vivo relevance is suggested as SP-A-deficient
mice suffered more severe RSV infections with severe pneumo-
nia and impaired superoxide and hydrogen peroxide production
by alveolar macrophages (LeVine et al., 1999). If these mice
were supplemented with exogenous SP-A together with RSV
inoculation, the infection was less severe, comparable to that
seen in controls (LeVine et al., 1999). Alternatively, ficolins
could bind PRRSV and enhance presentation of the virus to
macrophages, thereby enhancing viral infection, and likely exac-
erbating the disease pathogenesis. MBL binding to HIV was
shown to enhance inflammation and HIV replication in periph-
eral blood mononuclear cells (Heggelund et al., 2005; Ji et al.,
2005).

Some lectins derived from various species are currently being
considered as anti-viral drugs. Lectins with anti-HIV activ-
ity have been of particular interest, and have been isolated
from cyanobacteria (Bokesch et al., 2003; Lagenaur and Berger,
2005), sea coral (Kljajic et al., 1987), algae (Mori et al., 2005),
and a number of plants (Balzarini et al., 2004; Balzarini et al.,
2005). The carbohydrate specificity is predominantly to high-
mannose and GlcNAc residues (Keyaerts et al., 2007; Balzarini,
2006). Plant lectins that recognize mannan or GIcNAc termi-
nal residues have been reported to have antiviral effects against
coronaviruses such as SARScoV and feline infectious peritoni-
tis virus (FIPV) (Keyaerts et al., 2007). The antiviral effects
appeared to target either initial viral attachment to host cells, or
viral release following a replicative phase (Keyaerts et al., 2007).
Recently, the commensal Lactobacillus jensenii was engineered

to express an HIV-binding cyanobacterial lectin (cyanovirin) at
high levels, in order to deliver and maintain an active antiviral
protein in the vaginal mucosa, preventing HIV transmission (Liu
et al., 2006; Lagenaur and Berger, 2005).

The finding in this study is the first evidence of antivi-
ral activity by ficolins in any species. While the mechanism
is still unknown, the results in this study suggest that ficolin
can bind to N-acetylated glycans on the viral surface and
inhibit infection. This suggests that ficolins might have antivi-
ral roles similar to those that have recently been proposed
for MBL (Kawai et al., 2007; Ji et al., 2005) which is struc-
turally similar but can bind mannose in viral glycoproteins.
A better understanding of the mechanisms by which ficolins
influence viral infection and disease might lead to new antiviral
interventions.
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