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Porcine reproductive and respiratory syndrome virus (PRRSV) shows a very restricted tropism for cells of
the monocyte/macrophage lineage. It enters cells via receptor-mediated endocytosis. A monoclonal antibody
(MAD) that is able to block PRRSYV infection of porcine alveolar macrophages (PAM) and that recognizes a
210-kDa protein (p210) was described previously (MAb41D3) (X. Duan, H. Nauwynck, H. Favoreel, and M.
Pensaert, J. Virol. 72:4520-4523, 1998). In the present study, the p210 protein was purified from PAM by
immunoaffinity using MAb41D3 and was subjected to internal peptide sequencing after tryptic digestion.
Amino acid sequence identities ranging from 56 to 91% with mouse sialoadhesin, a macrophage-restricted
receptor, were obtained with four p210 peptides. Using these peptide data, the full p210 cDNA sequence (5,193
bp) was subsequently determined. It shared 69 and 78% amino acid identity, respectively, with mouse and
human sialoadhesins. Swine (PK-15) cells resistant to viral entry were transfected with the cloned p210 cDNA
and inoculated with European or American PRRSYV strains. Internalized virus particles were detected only in
PK-15 cells expressing the recombinant sialoadhesin, demonstrating that this glycoprotein mediated uptake of
both types of strains. However, nucleocapsid disintegration, like that observed in infected Marc-145 cells as a
result of virus uncoating after fusion of the virus with the endocytic vesicle membrane, was not observed,
suggesting a block in the fusion process. The ability of porcine sialoadhesin to mediate endocytosis was
demonstrated by specific internalization of MAb41D3 into PAM. Altogether, these results show that siaload-

hesin is involved in the entry process of PRRSV in PAM.

Porcine reproductive and respiratory syndrome virus
(PRRSV) induces respiratory problems in pigs and severe re-
productive failure in sows, leading to late-term abortions or the
birth of stillborn and weak pigs. It is a member of the Arteri-
viridae family (order Nidovirales), which so far includes three
other members: Equine arteritis virus, Mouse lactate dehydroge-
nase-elevating virus (LDV), and Simian hemorrhagic fever virus
(6, 35). These enveloped, single-stranded RNA viruses share
morphological and genomic similarities, can establish a persis-
tent infection in their natural host, and have a predilection for
cells of the monocyte/macrophage lineage. Of the porcine cells
tested, only porcine alveolar macrophages (PAM) and some
cultivated peripheral blood monocytes support productive rep-
lication of PRRSV in vitro (19, 60). Additional studies showed
that the virus also infects macrophages in the spleen, tonsils,
lymph nodes, liver, Peyer’s patches, and thymus, whereas peri-
toneal macrophages, freshly isolated blood monocytes, and
progenitor cells in the bone marrow are refractory to infection
(18, 19, 51). A few nonmacrophage cells are also susceptible to
PRRSYV, including porcine testicular germ cells (spermatids
and spermatocytes) (52), the African green monkey kidney cell
line MA-104, and cells derived from MA-104 (Marc-145 and
CL-2621) (28).

Receptor molecules mediating arterivirus entry into target
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cells have not been characterized until now. Several indications
suggest that the restricted tropism of LDV and PRRSV for
macrophages can be attributed to the presence of a macro-
phage-specific surface receptor. (i) Using pseudotype virions
consisting of LDV RNA and the mouse hepatitis virus enve-
lope, a productive LDV infection was obtained in cells that are
refractory to LDV but susceptible to mouse hepatitis virus
(23). (ii) Transfection of nonpermissive cells with genomic
RNA of PRRSV or LDV sufficed to allow virus replication (25,
31, 38). After attachment to cellular receptors, PRRSV enters
cells by a process of receptor-mediated endocytosis through
clathrin-coated pits and vesicles (30, 42). A subsequent drop in
pH in the endosome is required for proper virus replication.
Heparan sulfate glycosaminoglycans were shown to mediate
PRRSV attachment to Marc-145 cells and PAM (15, 26, 57).
Although infection of PAM was reduced by the addition of
heparin, a complete inhibition of infection could not be ob-
tained, indicating the presence of other receptor molecules. A
monoclonal antibody (MAb) (MAb41D3) that is able to abol-
ish PRRSV infection of PAM while only reducing the binding
of the virus was described (20, 21). This antibody colocalized
with biotinylated PRRSV on the membrane of PAM and with
PRRSV antigen-positive cells in experimentally infected pigs.
It immunoprecipitated a 210-kDa protein (p210) from PAM.
Nevertheless, the identity of this protein was not elucidated. In
the present study, we identified the p210 protein and investi-
gated the ability of a recombinant form of the p210 to mediate
PRRSYV infection of nonsusceptible cells. Since PRRSV enters
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into PAM by endocytosis (42), we also investigated the ability
of the p210 to mediate endocytosis in PAM using MAb41D3.

MATERIALS AND METHODS

Cells and viruses. PAM were obtained and cultivated as described by Delputte
et al. (15) in minimum essential medium-Eagle with Earle’s salts (MEM). The
PK-15 cell line free of porcine circovirus was a kind gift of G. M. Allan (De-
partment of Veterinary Science, The Queen’s University of Belfast, Belfast,
United Kingdom) and was maintained in MEM supplemented with 5% fetal
bovine serum, 2 mM L-glutamine, and a mixture of antibiotics in a humidified 5%
CO, atmosphere at 37°C. The Lelystad strain of PRRSV (LV) was kindly pro-
vided by G. Wensvoort (Institute for Animal Science and Health, Lelystad, The
Netherlands). Strains 94V360 (19) and 96V198 are Belgian isolates, and strain
‘VR2332 is the American prototype (7). The European PRRSYV strains were first
passaged on PAM and subsequently cultivated on Marc-145 cells for four or six
(96V198) passages, while for the American strain a fourth passage on Marc-145
cells was used.

Purification of p210. PAM were seeded in RPMI 1640 medium (Invitrogen)
supplemented with 10% fetal bovine serum and a mixture of antibiotics at a
density of 50 X 10° cells/175 cm?. Twenty-four hours after seeding, fresh medium
supplemented with recombinant porcine alpha interferon (50 U/ml) (33) was
added, and PAM were maintained in culture for an additional 48 to 72 h. This
treatment increases surface expression of the p210 (H. J. Nauwynck, unpublished
data). Cells were pooled, washed with phosphate-buffered saline (PBS) and
collected by centrifugation (700 X g, 4°C, 7 min). The cell pellet was resuspended
in Tris buffer (10 mM Tris-HCI, pH 7.4, supplemented with a cocktail of protease
inhibitors [Complete; Boehringer Mannheim|) and lysed using a Dounce ho-
mogenizer. Cell nuclei were pelleted by centrifugation (800 X g, 4°C, 10 min) and
supernatant was further centrifuged (100,000 X g, 4°C, 1 h) to pellet the mem-
brane fraction that was further resuspended in 70% saccharose in Tris buffer and
subjected to a 60%-30%-0% saccharose step gradient (100,000 X g, 4°C, 1 h).
The fraction at the 60%-30% interface was collected, diluted three times in Tris
buffer, and pelleted by centrifugation (100,000 X g, 4°C, 1 h). The purified
membrane fraction corresponding to 1.5 X 10 PAM was resuspended in 1 ml of
Tris buffer and kept at —70°C. After the addition of Triton X-100 (0.1% final)
and Tris-HCI (pH 7.4) (25 mM final), incubation for 1 h at 37°C, and centrifu-
gation (13,000 X g, 4°C, 30 min), the supernatant containing the solubilized
membrane fraction was incubated 16 h at 4°C with protein-G Sepharose (Phar-
macia) that had been preincubated first with rabbit anti-mouse polyclonal serum
(Dako A/S) and subsequently with MAb41D3.

Immunoprecipitates were washed four times with PBS-0.1% Tween 20 and
once with water. A modified Laemmli buffer (15.5 mM Tris-HCI [pH 6.8], 1%
sodium dodecyl sulfate [SDS], 1.25% 2-mercaptoethanol) was added to the
immunoprecipitates before boiling. After a short spin, the supernatant was con-
centrated eightfold using a vacuum centrifuge (Jouan), 10% glycerol was added,
and proteins were separated using SDS-7% polyacrylamide gel electrophoresis
(PAGE) under reducing conditions. The 210-kDa band was excised from the gel.
Three preparations of the p210 purified from 4 X 10® PAM in total were pooled
and subjected to protein sequence analysis.

Protein sequence analysis. An overnight in-gel tryptic digestion was performed
on the 210-kDa protein band in 0.1 M Tris-HCI (pH 8.2) buffer containing 2 M
urea. The resulting peptides were extracted once in 5 pl of 10% formic acid in
water and four times in 5 wl of 0.1% formic acid and loaded on a C,g reversed-
phase column (1 mm [inner diameter] by 100 mm [catalog no. 218TP5105];
Vydac). Peptides were eluted with a linear acetonitrile gradient (from 5% ace-
tonitrile in 0.1% trifluoroacetic acid [TFA] to 90% acetonitrile in 0.1% TFA over
50 min) at a flow rate of 50 pl/min. Eluting peptides were collected automatically
in 18 fractions of 50 wl each. Aliquots of 0.5 pl of each fraction were removed,
mixed with 0.5 pl of matrix solution (3.2 mg of alpha-cyano-4-hydroxycinnamic
acid and 0.8 mg of 2,5-hydroxy benzoic acid dissolved in 50% acetonitrile on
0.1% TFA), and analyzed by mass spectrometry (MS) (matrix-assisted laser
desorption ionization-time of flight [TOF] MS) using a Bruker Reflex IIT mass
spectrometer. Fractions containing peptides were pooled in three groups, lyoph-
ilized, and redissolved. Each of these peptide pools was loaded onto a capillary
reversed-phase column (0.3 mm [inner diameter] by 250 mm; PepMap Cig;
LC-Packings) and eluted with an acetonitrile gradient in 0.05% (vol/vol) formic
acid in water at a flow rate of 3 pl/min. The eluting peptides were detected at a
wavelength of 214 nm and manually collected in fractions of 2 to 5 pl.

Aliquots of UV-absorbing fractions were loaded into metal nanospray probe
tips (Micromass) and subjected to static nanospray electospray-TOF MS) (Q-
TOF mass spectrometer running with Masslynx software package [version 3.2;
Micromass]). From MS surveys, doubly or triply charged ions were selected and

J. VIROL.

fragmentation was obtained by collision-induced decomposition, optimized by
tuning the collision energy. The fragmentation spectra containing multiple ions
were converted into spectra containing only singly charged ions by using Max-
Ent3 (Micromass). The latter fragmentation spectra (nine) were subjected to
SEQUEST-based analysis (version B22 [J. Eng and J. Yates]) using NRDB and
EST databases. Three SEQUEST searches resulted in significant hits: one ker-
atin and two immunoglobulins, which are common contaminations. Of the six
remaining spectra, amino acid sequences were deduced manually and by aid of
Pepseq (Micromass), making no distinction between isobaric amino acids leucine
and isoleucine or lysine and glutamine. The deduced amino acids sequences were
subjected to BLAST homology searches using the NRDB database.

Cloning and sequencing of the p210 cDNA. DNA was prepared from pig whole
blood (27) and served as the initial target for PCR experiments using nonde-
generate primers based on the nucleotide sequence corresponding to the p210
peptides in mouse or in human sialoadhesins (EMBL accession numbers, Z36293
and AL109804, respectively). Two primers derived from the mouse sialoadhesin
sequence and p210 peptides (forward, 5'-TCCTCAACTGCAGCCTCTGT-3';
reverse, 5'-AGTGAGGCAGCCGTTCCCTC-3") amplified a 340-nucleotide
fragment in porcine genomic DNA corresponding to the end of exon 14, an
intron, and exon 15 in the mouse sialoadhesin gene. Specific porcine sialoadhesin
primers were derived from this first sequence and used to screen a swine bacte-
rial artificial chromosome (BAC) library (49) by PCR. One positive clone
(BAC634C10) was used for further analysis. A major part of the sequence of the
p210 gene (exons 4 to 9 and exons 11 to 15) was obtained from PCR products
amplified using purified (Qiagen) genomic BAC DNA, primers chosen in con-
served regions between the mouse and human gene homologs, and a Mastercy-
cler Gradient PCR apparatus (Eppendorf) to allow a gradient of annealing
temperatures. In addition, a 4-kb EcoRI/Kpnl fragment of the BAC clone span-
ning exons 8 to 11 was identified by PCR, cloned and sequenced. The genomic
sequence spanning exons 14 to 18 was also directly sequenced from the BAC
clone. In parallel, reverse transcription (RT)-PCR was performed on total RNA
extracted (Qiagen) from alveolar macrophages, and products covering exons 4 to
18 were sequenced. 5" and 3’ rapid amplification of cDNA ends (RACE) was
performed using the same RNA according to the manufacturer’s instructions
(Gibco BRL [RACE protocols for GC-rich cDNA]) to allow the determination
of the sequence of the cDNA ends. For the 5’ RACE, the first-strand cDNA was
synthesized using a reverse primer derived from exon 4 (EX4B4: 5'-TCTGGT
CTTTGAGCTTCGTC-3") and TdT tailed with dCTP. Second-strand synthesis
was performed using supplied 5" RACE abridged anchor primer and a nested
primer derived from exon 4 (EX4B3: 5'-ACCTGAGGGTTGCTGCTATT-3").
A seminested PCR was performed using supplied abridged universal amplifica-
tion primer and a nested primer also derived from exon 4 (EX4B1RACE:
5'-CACCTGGCAGCTGAGGGTGACCAGATC-3"). For the 3' RACE, we
used the supplied adapter primer for making the first-strand cDNA and a for-
ward primer derived from exon 18 (EX18F1: 5'-GACGCCCACCATGACTGT
TTTTG-3") together with the supplied abridged universal amplification primer
for the seminested PCR. Amplification products of 0.9 kb spanning a 5" untrans-
lated region of approximately 130 bp and of 2 kb spanning a 3’ untranslated
region of approximately 1.45 kb were obtained, respectively, by 5’ and 3' RACE.
The complete coding sequence of porcine sialoadhesin, including 29 nucleotides
of the 3" untranslated region next to the stop codon, was amplified by RT-PCR
starting from random primed cDNA and total alveolar macrophage RNA. For
this RT-PCR, the ThermalAce polymerase (Invitrogen) was used in combination
with forward primer 5'-CACCATGGACTTCCTGCTCCTGCTCCTC-3' and
reverse primer 5'-CTTGGGGTTTGAAGCTAGGTCATAA-3'. The amplified
PCR product was cloned into the pcDNA3.1D/V5-HisTOPO (Invitrogen) to
yield plasmid pcDNAp210, in which the recombinant sialoadhesin cDNA was
expressed as a nonfusion protein under the control of the constitutive human
cytomegalovirus promoter. The sequence of the cloned cDNA was verified by
sequencing.

Cell transfections and infections. PK-15 cells were transfected with
pcDNAp210 using the CellPhect transfection kit (Amersham Pharmacia Bio-
tech) and selected for Geneticin resistance (1 mg/ml). Three weeks after trans-
fection, a population of Geneticin-resistant cells (rPK) was generated, and stocks
of this population were used in this study. Cells were infected at a multiplicity of
infection of 1 to 10 50% tissue culture infective doses/cell. Twenty hours post-
inoculation with the different PRRSV strains, cells were washed with PBS, fixed
with methanol, incubated with a 1:20 dilution of antinucleocapsid MAb P3/27
(62) in PBS containing 10% heat-inactivated goat serum (PBS-G) for 1 h at 37°C,
and washed with PBS before incubation with a 1:100 dilution of fluorescein
isothiocyanate (FITC)-conjugated goat polyclonal anti-mouse immunoglobulins
(Molecular Probes) in PBS-G for 1 h at 37°C. After washing with PBS, cells were
incubated with a 1:30 dilution of biotinylated antisialoadhesin MAb41D3 fol-
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TABLE 1. Peptide masses and partial sequences deduced from the porcine p210 protein compared with the cDNA sequence from mouse

sialoadhesin”
Observed/calculated . Homology with Corresponding region in
Peptide monoisotopic mass Se?uemi\e/[gi el\r/;\éed mouse porcine cDNA-derived
of the peptides rom sialoadhesin amino acid sequence

1 1,587.87/1,587.84 sesiPPAQLQLLHR Yes 626-639

2 1,499.83/1,499.83 xxASSTAASVPxxxR Yes 1211-1225

3 1,790.96/1,790.89 WLQEGSAASLSFsrpr Yes 1300-1315

4 1,281.61/1,281.60 daVLSSFWDsR Yes 1348-1358

5 1,125.60/1,125.65 ALLLGQVegR No 87-96

6 1,462.78/1,462.74 QATLTTLMDsqlgR No 985-998

¢ Porcine sialoadhesin was purified by immunoaffinity from alveolar macrophages and subjected to internal peptide sequencing. Amino acids in capital letters are
assigned with a high degree of confidence. Lowercase letters refer to tentative amino acid sequences.

lowed, after washing, by a 1:100 dilution in PBS of Texas Red-labeled strepta-
vidin (Molecular Probes) and mounted in a glycerin-PBS solution (0.9/0.1, vol/
vol) with 2.5% 1,4-diazabicyclo(2.2.2)octane (DABCO; Janssen Chimica).
Samples were observed with a DM IRBE inverted fluorescent microscope
(Leica) using FITC filter L5 and Texas Red filter TX2. For the kinetics exper-
iment, the rPK or Marc-145 cells were inoculated for 1 h with the PRRSV LV
strain, washed with PBS, and further incubated at 37°C for different times before
being fixed with methanol and stained for detecting the nucleocapsid as de-
scribed above. Samples were examined with a TCS SP2 laser scanning spectral
confocal system linked to a DM IRBE inverted microscope (Leica). An argon
laser was used to excite FITC (488 nm) fluorochrome. Analysis of the images was
performed with Leica confocal software.

Internalization assay. PAM were incubated for 1 h at 37°C in the presence or
absence of 100 wM amantadine (Sigma-Aldrich) with antisialoadhesin
MADb41D3 or the irrelevant, isotype-matched MAb 13D12 (directed against
glycoprotein gD of pseudorabies virus [41]) or macrophage-specific anti-CD14
MAb MIL-2 (53). The amantadine concentration was chosen based on previous
studies (58). Cells were fixed in a 3% solution of paraformaldehyde in PBS for
10 min, washed with PBS, and permeabilized in a 0.1% saponin solution in PBS.
As a control, cells were also fixed before the 1 h incubation with the MAbs and
subsequently washed and permeabilized. Cells were incubated with FITC-con-
jugated goat polyclonal anti-mouse immunoglobulins (Molecular Probes) for 1 h
at 37°C in the presence of 0.1% saponin. Cells were washed with PBS containing
0.1% saponin, once with PBS, mounted and analyzed by confocal microscopy.
The number of cells showing internalized MAb was evaluated by examining
z-sections through at least 100 cells for each condition.

Flow cytometric analysis of 41D3 endocytosis. PAM were preincubated on ice
for 30 min, then medium supplemented with purified MAb41D3 (20 pg/ml) was
added and cells were further incubated for 1 h on ice. After washing, prewarmed
medium was added and cells were further incubated at 37°C with 5% CO,. At
different time points (0, 30, 60, 90, and 180 min) post-temperature shift, cells
were washed with warm medium and the endocytosis process was stopped by
adding ice-cold PBS and incubating the cells on ice. Cells were detached after
addition of 50 mM EDTA and were centrifuged (460 X g, 6 min, 4°C), washed
with ice-cold PBS, centrifuged, resuspended in a 1:100 dilution of FITC-labeled
goat anti-mouse antibodies (Molecular Probes) in PBS, incubated for 1.5 h on
ice, washed with ice-cold PBS, resuspended in 0.4 ml ice-cold PBS, and analyzed
by flow cytometry (FACScalibur; Becton Dickinson). Forward-scattered light
versus side-scattered light signals were used to identify macrophages, and FITC
fluorescence intensity was determined for 5,000 cells per sample.

Double immunofluorescence staining of sialoadhesin and clathrin in macro-
phages. PAM were incubated for 10 min at 37°C in medium with 20 pg/ml
purified MAb41D3 prior to being washed and subsequently fixed in 3% para-
formaldehyde in PBS. After washing, cells were permeabilized in methanol
before being washed extensively with Tris-buffered saline supplemented with
sucrose and goat serum (TBS-SG) (58) and incubated with a mixture of 1:100
FITC-labeled immunoglobulin G1 (IgG1)-specific rat anti-mouse antibodies (Se-
rotec Ltd.) and 1:10 mouse anticlathrin heavy chain IgM antibodies (ICN Bio-
medicals Inc.) in PBS with 0.3% gelatin for 1 h at 37°C. Afterwards, cells were
washed with TBS-SG and incubated with a 1:100 dilution of rat anti-mouse
IgM-biotin (Serotec Ltd.) in PBS with 0.3% gelatin for 1 h at 37°C, washed with
TBS-SG, and further incubated with a 1:50 dilution of Texas Red-X-labeled
streptavidin (Molecular Probes) for 1 h at 37°C. Finally, cells were washed with
TBS-SG, mounted, and analyzed by confocal microscopy.

Characterization of the porcine sialoadhesin protein. Surface proteins of 7 X
10° PAM cells were biotinylated (Amersham). The cell pellet was lysed in 25 mM

Tris (pH 7.4)-0.1% Triton X-100 and protease inhibitor cocktail (Complete;
Boehringer Mannheim) for 1 h at 37°C. After centrifugation (13,000 X g, 4°C, 30
min), supernatant was added to protein G-Sepharose preincubated with
MAD41D3 and incubated for 2 h at 20°C. Immunoprecipitates were washed four
times with PBS-0.1% Tween 20 and once with water. Treatment (16 h at 37°C)
with N-glycosidase F (Boehringer Mannheim) in PBS without predenaturation
using 4 U of enzyme was subsequently performed. Western blotting was carried
out as recommended (Amersham) except that the detection step was performed
using 3,3’diaminobenzidine (Sigma).

Computer analysis. Nucleotide and amino acid comparisons were performed
using Blast (version 2; National Center for Biotechnology Information, National
Institutes of Health, Bethesda, Md.) (2). Protein motif searches were carried out
using the Genetics Computer Group (GCG) motifs software (16) that uses the
Prosite Dictionary of Protein Sites and Patterns (A. Bairoch, University of
Geneva, Geneva, Switzerland) and the HmmerPfam software run under GCG
that uses the Pfam database (4, 22). The alignment of the amino acid sequences
of the three sialoadhesins was obtained using the GCG PILEUP and PRETTY
programs.

Nucleotide sequence accession number. The cDNA sequence of porcine sia-
loadhesin has been submitted to the GenBank database under accession number
AF509585.

RESULTS

Identification of p210. The p210 protein was purified from
PAM by immunoaffinity using MAb41D3 and SDS-PAGE.
The amino acid sequence of six peptides obtained after tryptic
digestion of the p210 protein was obtained using mass spec-
trometry (Table 1) and used to search protein databanks for
similarities. Sequence identities ranging from 56 to 91% with
mouse sialoadhesin (11) were found with peptides 1 to 4 (Ta-
ble 1), indicating that the p210 is the porcine homolog of
mouse sialoadhesin. No significant homology with any known
proteins was observed for peptides 5 and 6.

Sequencing of the porcine sialoadhesin cDNA and charac-
terization of the protein. PCR amplification of parts of the
porcine sialoadhesin gene was performed using porcine
genomic DNA and primers that were based on the deduced
nucleic acid sequence of the peptides and mouse sialoadhesin
cDNA. Specific primers were subsequently derived from the
obtained amplification products. These specific primers were
then used for a PCR-based screening of a porcine bacterial
artificial chromosome library representing a fivefold coverage
of the swine haploid genome (49). Purified DNA from one
positive BAC clone was used for direct cloning and sequencing
and as target for PCR amplification of additional portions of
the gene. In parallel, RT-PCR and 5’ and 3’ RACE were
performed on PAM RNA, and amplification products were
sequenced to determine the cDNA sequence of the complete
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sialoadhesin open reading frame. Unidentified peptides 5 and
6 (Table 1) were found in the translated 5,193-bp cDNA (Fig.
1), confirming the identity of the p210.

Comparison of the porcine sialoadhesin coding sequence
with its mouse and human counterparts revealed 69 and 78%
amino acid identities, respectively. It also showed characteris-
tics of a type I transmembrane glycoprotein with a predicted
N-terminal signal peptide of 16 amino acids, a large extracel-
lular domain of 1,626 amino acids with 15 potential N-linked
glycosylation sites, a transmembrane region (24 residues), and
a cytoplasmic tail of 64 amino acids. The extracellular region of
porcine sialoadhesin consisted of 17 immunoglobulin-like do-
mains, as determined using the HmmerPfam software, like its
mouse and human counterparts (11, 24). The structural basis
for sialic acid binding by mouse sialoadhesin was resolved by
X-ray crystallography (34) in conjunction with site-directed
mutagenesis (59) and nuclear magnetic resonance analysis
(12). A highly conserved arginine residue at position 116 forms
a salt bridge with the carboxylate group of sialic acid, and two
tryptophan residues at positions 21 and 125 make hydrophobic
interactions with its N-acetyl and glycerol moieties. These
three invariant residues important for sialic acid binding as
well as the pattern of cysteine residues characteristic of the
Siglec family were conserved in porcine sialoadhesin (Fig. 1).
The cytoplasmic tail was poorly conserved and was 20 or 32
residues longer than its human or mouse counterparts, respec-
tively. It contained five potential phosphorylation sites, one for
cyclic AMP-dependent protein kinase at position 1686, two for
casein kinase-2 at positions 1685 and 1694, and two for protein
kinase C at positions 1685 and 1725.

Further, we characterized the sialoadhesin protein present
on the surface of PAM. These cells were surface labeled with
biotin, and porcine sialoadhesin was immunoprecipitated using
MADb41D3. After SDS-PAGE in reducing conditions, a band
of approximately 210 kDa was observed (Fig. 2, lane 1) while
under nonreducing conditions, a major diffuse band of approx-
imately 180 kDa was detected (Fig. 2, lane 4). The difference in
apparent molecular mass observed between the reduced and
the nonreduced protein is consistent with the presence of mul-
tiple intramolecular disulfide bonds, as observed with rodent
and human sialoadhesins (10, 24, 55). Treatment of the immu-
noprecipitated, nondenatured, porcine sialoadhesin with N-
glycosidase F partially increased the mobility of the protein
(Fig. 2, lanes 2 and 3), indicating that the p210 is modified with
N-linked glycans, as expected from the amino acid sequence
data. Complete digestion with N-glycosidase F was obtained
when the immunoprecipitated protein was denatured before
treatment (data not shown), indicating that local protein struc-
ture may protect some N-glycosidic linkages from the enzyme.

Porcine sialoadhesin mediates internalization of PRRSV
into transfected cells. The full cDNA sequence of the porcine
sialoadhesin coding sequence was amplified by RT-PCR using
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FIG. 2. Porcine sialoadhesin immunoprecipitated from alveolar
macrophages is modified with N-linked glycans. Alveolar macrophages
were surface-labeled with biotin, and lysates were subjected to immu-
noprecipitation with MAb41D3. Immunoprecipitates were either
treated with N-glycosidase F (lanes 2 and 3) or untreated (lanes 1 and
4) and run under reducing (lanes 1 and 2) or nonreducing (lanes 3 and
4) conditions on SDS-7% polyacrylamide gels. After transfer to poly-
vinylidene difluoride membrane, proteins on Western blots were de-
tected with streptavidin-horseradish peroxidase, and this was followed
by staining with 3,3’-diaminobenzidine as the substrate. M, apparent
molecular mass markers (kilodaltons).

PAM RNA and cloned into an eukaryotic expression vector to
yield plasmid pcDNAp210. Porcine (PK-15) cells, resistant to
viral entry (31, 54), were transfected with the pcDNAp210
plasmid and selected for Geneticin resistance. Generation of a
cell line originating from a single positive cell was not achieved,
but instead, we used a noncloned, Geneticin-resistant cell pop-
ulation (designated rPK) in which about 6% of the cells ex-
pressed the recombinant p210 on the plasma membrane and in
the cytoplasm, as determined by an indirect immunofluores-
cence assay using MAb41D3. The rPK and parental PK-15
cells were exposed to PRRSV (LV strain), and 20 h postin-
oculation, their permissivity to infection was assessed using
double immunofluorescence staining. The PRRSV nucleocap-
sid protein was detected exclusively in rPK cells that also ex-
pressed the recombinant porcine sialoadhesin (Fig. 3). No
staining was observed in the parental PK-15 cells. The rPK
cells were inoculated with different strains of PRRSV, includ-
ing the two Belgian isolates 94V360 and 96V198 and the
American prototype strain VR2332, and colocalization of viral
nucleocapsid antigen and porcine sialoadhesin in rPK cells was
also observed with these strains (data not shown).

A time kinetic of infection of the rPK cells, followed by
immunostaining and confocal microscopy, was performed. Un-
expectedly, the cytoplasmic nucleocapsid staining observed
20 h postinoculation in the experiments described above was
already detected 1 h postinoculation (Fig. 4A), suggesting it
was not the result of transcription and translation of the viral
nucleocapsid gene, which is only detectable starting at 6 h

FIG. 1. Alignment of the amino acid sequence of porcine sialoadhesin with its homologous sequences in human and mouse (SWISS-PROT
accession numbers, QIBZZ2 and Q62230, respectively). The predicted hydrophobic leader peptides and transmembrane regions are underlined.
The conserved cysteine residues characteristic of Siglecs are shaded. Residues that interact with sialic acid in mouse sialoadhesin are boxed in white
in the consensus sequence. The six sequenced peptides are also boxed. Residues that are identical between the three proteins are indicated by stars
and are given below in the consensus sequence. Gaps are indicated by a dot.
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FIG. 3. Colocalization of PRRSV nucleocapsid protein and recom-
binant porcine sialoadhesin in rPK cells. rPK cells were infected with
PRRSV (LV strain), and 20 h postinoculation, cells were fixed and a
double immunofluorescence staining was performed to detect the nu-
cleocapsid protein (A) and the recombinant porcine sialoadhesin (B).
(C) Overlay of panels A and B. Bar: 75 pm.

postinoculation in Marc-145 cells (63). The same nucleocapsid
staining performed 1 h postinoculation in Marc-145 cells
showed that it labeled viral particles, before and after inter-
nalization (Fig. 4D). The observed cytoplasmic staining in the
rPK cells indicated that viral particles were internalized. At 3 h
postinoculation, no nucleocapsid staining could be detected in
Marc-145 cells (Fig. 4E), indicating that nucleocapsid disas-
sembly, as a result of virus uncoating, had taken place. At 12 h
postinoculation, an intense and diffuse cytoplasmic staining
was observed in Marc-145 cells (Fig. 4F), indicating that the
nucleocapsid protein was synthesized, as a result of transcrip-
tion and translation of the viral genome. In contrast with Marc-
145 cells, the staining patterns in the rPK cells 1, 3, and 12 h
postinoculation showed no major differences (Fig. 4A to C).
These results suggest that nucleocapsid dissasembly, as a result
of virus uncoating, was not achieved after virus internalization
in the rPK cells. Furthermore, after virus titration on Marc-145
cells, no significant increase in intracellular or extracellular
virus titers was detected in the rPK 12 or 24 h postinoculation.

Porcine sialoadhesin mediates endocytosis of specific anti-
bodies into PAM. PRRSV enters into PAM through clathrin-
dependent, receptor-mediated endocytosis (42). With the

J. VIROL.

FIG. 4. Detection of the viral nucleocapsid at different time points
after inoculation of rPK (A, B, and C) and Marc-145 (D, E, and F)
cells with PRRSV. (A and D) 1 h, (B and E) 3 h, and (C and F), 12 h
postinoculation. After the selected time points, cells were fixed, stained
for the nucleocapsid, and analyzed by confocal microscopy. Bar: 16
pm.

knowledge that porcine sialoadhesin mediated virus uptake,
we investigated its involvement in the endocytosis process us-
ing monoclonal antibodies. PAM were incubated for 1 h at
37°C with MADb41D3 (recognizing porcine sialoadhesin) or
with control MAbs 13D12 (isotype-matched, irrelevant MAb)
or MIL-2 (anti-CD14, a macrophage-specific marker). After
cell fixation, washes, and permeabilization, MAbs were de-
tected using a FITC-conjugated polyclonal serum. PAM incu-
bated with MAb41D3 showed membrane staining as well as
bright fluorescent vesicles inside the cell, as determined by
confocal microscopy (Fig. SA). PAM incubated with MAb
13D12 displayed no staining (data not shown), while cells in-
cubated with MAb MIL-2 showed membrane staining only
(Fig. 5B). When PAM were fixed before the addition of
MAD41D3, and subsequently washed and permeabilized, only
membrane staining was detected (Fig. 5C). Addition of aman-
tadine, a drug that inhibits clathrin-coated pit invagination at
the plasma membrane (45, 46), reduced the percentage of
PAM with internalized MAb41D3-labeled vesicles from 80.4 to
15.1%.
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FIG. 5. Porcine sialoadhesin mediates endocytosis of MAb41D3.
Alveolar macrophages were incubated for 1 h at 37°C with MAb41D3
(A) or with control MAb MIL-2 anti-CD14 (B). After fixation, wash-
ings, and permeabilization, cells were incubated with FITC-conjugated
goat polyclonal anti-mouse immunoglobulins and analyzed by confocal
microscopy. (C) As a control, cells were fixed, incubated for 1 h at 37°C
with MAb41D3, washed, permeabilized, and incubated with the same
conjugated polyclonal antiserum as above. (D) Macrophages were
incubated at 4°C with MAb41D3 before being shifted to 37°C to allow
endocytosis. At different time points (0, 30, 60, 90, and 180 min), cells
were shifted back to 4°C, stained with FITC-labeled goat anti-mouse
antibodies, and analyzed by flow cytometry. Each value reflects the
means *+ standard deviation (error bars) of three experiments. (E to
G) Macrophages were incubated with MAb41D3 and incubated at
37°C for 10 min before fixation and permeabilization. Cells were an-
alyzed by confocal microscopy after performing a double immunofiu-
orescence staining to detect porcine sialoadhesin (E) and clathrin (F).
(G) Overlay of panels E and F. Symbols: Arrowheads, colocalization;
arrows, no colocalization. Bar: 10 pm.

In a separate experiment, PAM were incubated at 4°C in the
presence of MAb41D3, then transferred at 37°C to allow en-
docytosis of the antibodies, and again shifted to 4°C to block
the process after different time periods. Unfixed cells were
subsequently stained with FITC-labeled goat anti-mouse anti-
bodies, and FITC fluorescence intensity was analyzed by flow
cytometry. A reduction of 40% in the fluorescence intensity
was observed 1 h after the 37°C shift (Fig. SD), whereas no
reduction could be observed when cells were paraformalde-
hyde fixed and permeabilized with 0.1% Triton prior to incu-
bation with FITC-labeled goat anti-mouse antibodies (data not
shown). Further, MAb41D3 patches at the plasma membrane
were often associated with accumulation of clathrin (arrow-
heads, Fig. 5SE). In internalized, MAb41D3-positive vesicles,
clathrin was uncoated (arrows, Fig. 5SF and G).
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Together, these results demonstrate the involvement of por-
cine sialoadhesin in clathrin-mediated endocytosis.

DISCUSSION

Sialoadhesin (Siglec-1), the prototypic member of the Siglec
family of sialic acid binding immunoglobulin-like lectins (P. R.
Crocker et al., Letter, Glycobiology 8:v, 1998), is a macro-
phage-restricted receptor (8). In mice and humans, sialoadhe-
sin is only expressed on discrete subsets of tissue macrophages
that are found mostly in spleen, lymph node, bone marrow,
liver, colon, and lung (9, 24). It is also expressed by inflamma-
tory macrophages, such as those found in rheumatoid arthritis,
and by tumor-infiltrating macrophages in breast cancer (24,
40). Although sialoadhesin is involved in cell-to-cell interac-
tions as it binds to granulocytes, monocytes, natural killer cells,
lymphocytes, and also breast cancer cells, its exact biological
functions are poorly understood (10, 40). The experimental
results presented here, together with previous data, demon-
strate that porcine sialoadhesin is involved in the entry process
of the PRRS arterivirus into porcine macrophages. This con-
clusion is based on the following observations. First, MAb41D3
that was shown here to be directed against porcine sialoadhe-
sin, is able to abolish PRRSV infection of PAM (20, 21).
Second, accumulation of viral particles in the cytoplasm of
PK-15 cells was only observed in cells that also expressed
recombinant porcine sialoadhesin. Both American and Euro-
pean strains of PRRSV, despite their extensive genetical di-
vergence (1), were internalized in cells expressing recombinant
sialoadhesin. Third, all PRRSV-infected cells observed in
lungs, thymus, tonsils, spleen, and lymph nodes from pigs ex-
perimentally infected with PRRSV also expressed sialoadhe-
sin, as they were recognized by MAb41D3 (20). PRRSV-non-
permissive peripheral blood mononuclear cells and peritoneal
macrophages did not express sialoadhesin on their membranes,
as shown by flow cytometry and fluorescence microscopy using
MAb41D3 (20). Furthermore, we observed that porcine sia-
loadhesin may be involved in endocytosis since MAb41D3,
upon binding with sialoadhesin, was specifically internalized
into PAM. This process was inhibited by amantadine, a drug
that blocks clathrin-coated pit invagination at the plasma mem-
brane. In addition, clathrin accumulated with MAb41D3
patches at the plasma membrane during the internalization
process. Altogether, these data show that porcine sialoadhesin
is able to function as an endocytic receptor mediating clathrin
dependent endocytosis. This receptor is thus likely to be used
by PRRSYV to enter into PAM, because PRRSV was shown to
enter into cells by a process of receptor mediated endocytosis
through clathrin-coated pits and vesicles (42). Interestingly,
the ultrastructural localization of sialoadhesin in intracellular
vesicles of rat spleens that were distinct from Golgi, lysosomes,
or phagolysosomes led Schadee-Eestermans et al. (50) to pro-
pose its involvement in a receptor-mediated uptake process.
This new function attributed to sialoadhesin is not in conflict
with previous data describing sialoadhesin as a nonphagocytic
receptor (8). Although both endocytosis and phagocytosis
make use of several common protein components, these two
cellular functions are clearly distinct and have different re-
quirements (5, 14, 46). Further, porcine sialoadhesin shares
high amino acid identity with its mouse (69%) and human
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(78%) counterparts but also exhibits unique features that
could be crucial for mediating viral uptake. One such feature is
a potential internalization signal, namely Phe!®”!-Tyr-Lys-Leu
(32, 61) in its cytoplasmic tail, close to the transmembrane
domain. Such peptides are recognized by the endocytic adapter
complex AP-2 that is associated with clathrin, as a first step in
the formation of clathrin-coated vesicles (reviewed in refer-
ence 29). The cytoplasmic tail of sialoadhesin is encoded by
two short exons (39), exon 20 (24 residues) that shows 37 or
58% amino acid identity between pig and, respectively, mouse
or human, and exon 21 that is not conserved, in size or se-
quence, in the three species. This lack of conservation might be
resulting from alternative splicing events already described for
the extracellular domain of mouse sialoadhesin (11). Although
porcine sialoadhesin mediated virus internalization, other fac-
tors, absent in the PK-15 cell line, seem necessary to allow
subsequent steps in the viral infection process.

Mouse and human sialoadhesins specifically recognize the
terminal oligosaccharide sequence NeuAca2-3Gal in N- and
O-glycans and in glycolipids (10, 24). The sialomucin CD43 on
T lymphocytes and mucin MUCI on breast cancer cells have
been identified as sialoadhesin-binding glycoproteins (40, 56).
An interesting issue is now to determine how PRRSV binds to
porcine sialoadhesin and if putative viral sialic acids are in-
volved in this interaction or not. Although involvement of sialic
acids is likely, one member of the Siglec family, Siglec 6, is
known to bind a nonglycosylated protein ligand, i.e., leptin in
addition to binding sialic acids (43). Four structural PRRSV
proteins, namely, GP,, GP;, GP,, and GP,, are glycosylated
(36, 37) and could possibly carry sialic acids.

Despite its sialic acid binding function, sialoadhesin in ro-
dents and human has never been shown to mediate cellular
entry of microorganisms with exposed sialic acids (13).
Whether sialoadhesin is also involved in the entry process of
other arteriviruses remains to be determined. Macrophages
appear to be the primary target cell for all arteriviruses (47),
with equine arteritis virus also targeting endothelial cells (17).
Some indications suggest that sialoadhesin could also be in-
volved in LDV entry. First, LDV-infected cells are observed in
those mouse tissues that also possess the subsets of sialoadhe-
sin-expressing macrophages. In the spleen and lymph nodes of
mice, two tissues that are productively infected with LDV,
infected cells are localized in a well-defined region (the mar-
ginal zone of both tissues and the paracortex of the lymph
nodes) that also contains the sialoadhesin-expressing macro-
phages (3, 9, 44, 55). Further, both structural and molecular
similarities suggest that the recently emerged PRRSV has
evolved from LDV and further diverged independently on the
European and American continents (48). In this case, it is
likely that the entry mechanism used by PRRSV is derived
from its ancestor virus.

The discovery of the involvement of porcine sialoadhesin in
pathogenic (virus entry) and physiological (endocytosis) pro-
cesses opens the way to new research, including the study of
the possible endocytosis function of the sialoadhesin homologs
in other mammals, the physiological role of sialoadhesin, and
the potential role of this protein as an endocytic receptor for
other microorganisms.
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