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Three monoclonal antibodies (MAbs) generated against rainbow trout gonad cells (RTG-2) have been
selected for their ability to protect cells from the viral hemorrhagic septicemia virus (VHSV) infection, a
salmonid rhabdovirus. Protection from infection was restricted to the salmonid-derived cell lines indicating
species specificity of the blocking MAbs. Surprisingly, the blocking activity of these MAbs was also effective
against other nonantigenically related fish rhabdoviruses. Indirect immunofluorescence and immunoelectron
microscopy observations demonstrated that the three MAbs were all directed against an abundant cell plasma
membrane component, and immunoprecipitation studies indicated that the target consisted of a heterodimeric
complex with molecular masses of 200 and 44 kDa. Biochemical data provided the following evidence that
fibronectin is part of this complex and that it could represent the main receptor for fish rhabdoviruses. (i) An
antiserum generated against the 200-kDa protein reacted against the recombinant rainbow trout fibronectin
expressed in Escherichia coli. (ii) The purified rainbow trout fibronectin was able to bind specifically to VHSV.
To our knowledge, this is the first identification of a cellular component acting as a primary receptor for a virus

replicating in lower vertebrates and, more interestingly, for viruses belonging to the Rhabdoviridae family.

Viral hemorrhagic septicemia virus (VHSV) is a serious
salmonid fish pathogen belonging to the rhabdovirus family
which leads to an acute to chronic viscerotropic disease, mostly
but not exclusively in fingerling to yearling rainbow trouts, and
causes significant mortality. Similar to the structures in mam-
malian rhabdoviruses, the VHSV virion structure is composed
of a 12-kb negative single-stranded RNA tightly associated
with a nucleoprotein N, a polymerase-associated protein P and
an RNA-dependant RNA polymerase L, and a matrix protein
M and a glycoprotein G which induces neutralizing antibodies
and possesses a fusion region (14, 22). VHSV has been
adapted to grow in tissue culture in various fish cell lines,
including those derived from salmonid fish (RTG-2, RTH, and
CHSE-214) and from other fish species, such as cyprinids
(EPC).

Transmission of VHSV occurs mainly by shedding from in-
fected fish, and the disease is probably spread by waterborne
contact. Vertical transmission of the virus has not been dem-
onstrated. It has been postulated that gills could be the prime
portal of entry of VHSV or infectious hematopoietic necrosis
virus (IHNV) in fish, since 2 or 3 days after virus challenge,
virus can be observed through electron microscopy in gill cells
(9). Recent studies on the infection route in rainbow trout for
ITHNV (18) indicate that the esophagus-cardiac stomach region
and, more particularly, the mucus-secreting serous cardiac
glands are the early targets for the virus and so far could be the
possible portals of entry.

The initial step in the replication cycle of a virus is its
attachment to a cell surface receptor, the expression pattern of
which influences host range and tissue tropism. For the mam-
malian rhabdoviruses, many studies, mainly carried out on
vesicular stomatitis virus (VSV) and rabies virus, have at-
tempted to identify the cellular receptors for these viruses. For
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instance, the cellular receptor for the VSV has been identified
as a phospholipid, the phosphatidylserine (31). For rabies vi-
rus, the nature of the target on the cell surface is still elusive,
since several different cell surface components have been
shown to bind rabies virus. Many studies demonstrated that the
nicotinic acetylcholine receptor (nAChR) was probably one of
the cell targets for rabies virus (5, 16, 20, 21); however, rabies
virus can infect neurons which do not express nAChR. Thus, it
has been postulated that other molecules may act as viral
receptors. For instance, phospho- or glycolipids (36, 43), sialic
acid (10), and a fibronectin-like protein complex (6) have been
tentatively postulated to play that role. Recently, the neural
cell adhesion molecule CD56 has been shown to be a receptor
for rabies virus (37). Tuffereau et al. (39, 40), in developing a
sophisticated strategy based on the use of a soluble form of the
rabies virus glycoprotein as a ligand, successfully identified the
low-affinity nerve growth factor as a receptor for rabies virus.

One of the approaches used in the past for several virus
families to identify the cell receptor (2, 17) consisted of gen-
erating monoclonal antibodies (MAbs) against the cell surface
that are able to block the viral entry and thus potentially
directed against the receptor. Using this strategy, we have
generated MADs against rainbow trout cells which exhibit the
expected properties for receptor-directed antibodies. Blocking
activity of MAbs M45, G35, and Q3 was shown for a large
spectrum of fish rhabdoviruses, independently of the fish spe-
cies origin, but was restricted to the salmonid-derived cells.
These MADbs were directed against an abundant cell surface
protein complex for which the heavy chain was identified as the
fibronectin. Moreover, direct interaction between VHSV and
fibronectin was demonstrated by an in vitro binding assay. The
demonstration that fibronectin acts as an initial cell molecule
target for VHSV and other fish rhabdoviruses opens new in-
sights for viral propagation in fish.

MATERIALS AND METHODS

Cells and viruses. The following cell lines were used: rainbow trout gonad
(RTG-2), Chinook salmon embryo (CHSE-214), rainbow trout hepatoma
(RTH), epithelioma papulosum cyprini (EPC), brown bullhead (BB), and
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bluegill fibroblast (BF2) cell lines. All cell lines were maintained in Eagle’s
minimal essential medium supplemented with 10% fetal bovine serum, 0.3%
tryptose phosphate broth, and 2 mM L-glutamine, Tris buffered at 20°C. Viruses
used in this study were propagated in EPC cells as previously described (15).

Membrane preparation. Confluent monolayers of RTG-2 cells were washed
with cold phosphate-buffered saline (PBS), scraped with a rubber policeman, and
pelleted at 2,000 rpm for 10 min. The pellet was resuspended in buffer A {20 mM
K-MES [2-(N-morpholino)ethanesulfonic acid buffered to pH 6.7 with KOH],
250 mM sucrose, 1 mM EDTA}, incubated on ice for 15 min, and disrupted by
Dounce homogenization. Nuclei and cell debris were pelleted at 2,000 rpm for 10
min. The supernatant was mixed with 2.55 M sucrose (final concentration, 1.4
M), loaded onto an 0.8 to 2 M discontinuous sucrose gradient, and centrifuged
for 2 h at 25,000 rpm in a Beckman SW28 rotor at 4°C. The interface between 0.8
and 1.2 M sucrose fractions was collected and diluted fivefold in distilled water,
and the membranes were pelleted at 100,000 rpm for 15 min. The membrane
pellet was resuspended at 2 mg/ml in distilled water and stored at —70°C.

Production and selection of protective MAbs. BALB/c mice were immunized
three times every 2 weeks by intraperitoneal injection of 5 X 107 intact cells in
PBS without adjuvant. Mice were bled, and aliquots of sera were tested for their
protective effect (see below) against VHSV infection of RTG-2 cells. One of the
positive mice was boosted with 200 wg of purified RTG-2 cell membranes. Three
days following the last boost, immunized mice spleen lymphocytes were fused
with SP,O myeloma cells and hybridomas were selected in hypoxanthine-ami-
nopterin-thymidine medium.

For the selection of protective MAbs, RTG-2 cells were plated in 96-well tissue
culture plates (8 X 10%well), incubated for 1 h at room temperature with 100 pl
of hybridoma supernatants, and then washed; a dose of VHSV was added that
yielded a total cytopathic effect in 3 days at 14°C (about 500 PFU/well). Wells
were stained with crystal violet to visualize VHSV-induced cytopathic effect,
measured by spectrophotometer at 495 nm, and scored positive when protected
from infection. Hybridomas scoring positive were subcloned and rescreened (see
above) with a dilution of hybridoma supernatants. Positive hybridomas were
injected into mice to produce ascitic fluids.

Plaque reduction assay. RTG-2 cells grown in 24-well plates were incubated
with MAbs (dilution, 1/1,000) for 1 h at room temperature. The medium was
then removed, and cells were infected with VHSV or THNV. After 1 h of
adsorption, cells were overlaid with 0.3% agarose. Plaques were counted 3 days
later, after fixation with 10% Formol and crystal violet staining. The control
consisted of cells preincubated with irrelevant MAbs.

Indirect immunofluorescence and immunoelectron microscopy. RTG-2 cells
grown in six-well plates were rinsed with PBS and covered with mouse ascitic
fluids diluted (1:1,000) in PBS containing 3% bovine serum albumin (PBSA).
After incubation for 1 h at room temperature, cells were extensively washed with
PBS and incubated for 1 h with a fluorescein-conjugated anti-mouse immuno-
globulin (BIOSYS) diluted (1:800) in PBSA. After washing, cells were examined
for staining with a UV-light microscope (Leizt Westlar, Leika, Rueil Malmaison,
France). Immunomarking was performed directly on RTG-2 cell monolayers
according to a preembedding technique. Briefly, live RTG-2 cells were incubated
for 45 min at room temperature with MADbs (dilution, 1/1,000), washed with PBS,
and labeled with a 10-nm gold-labeled goat anti-mouse immunoglobulin G (IgG)
antibody (Biocell Research Laboratories). After washing, cells were fixed in
1.25% glutaraldehyde, postfixed in 1% OsO,, embedded in Epon by using con-
ventional techniques, and processed for electron microscopy.

Immunoprecipitation. Confluent RTG-2 monolayer cells were washed in PBS
and scraped in 50 mM Tris-HCI-40 mM EDTA (pH 8) (24). Cells were lysed for
2 h at 4°C in the same buffer, containing 0.5% Nonidet P-40, 0.5% deoxycholate,
and protease inhibitors. After clarification at 10,000 X g, lysates were immuno-
precipitated with MADs diluted to 1:100. Immune complexes were recovered by
adding protein A-Sepharose (Pharmacia) and separated by electrophoresis on a
sodium dodecyl sulfate (SDS)-7.5% polyacrylamide gel. The same procedure
was employed when starting from rainbow trout organs. Aliquots (roughly 0.2 g
per immunoprecipitation) of frozen tissues were first homogenized in 50 mM
Tris-HCl-40 mM EDTA with a potter and then lysed as they were for RTG-2
cells.

Mouse antiserum production against the 200-kDa protein. Large-scale prep-
aration of the 200-kDa protein was performed by immunoprecipitation of rain-
bow trout muscle following separation on preparative acrylamide gel electro-
phoresis. The protein band of interest was cut and electroeluted in 40 mM
Tris-HCI (pH 8)-2 mM EDTA-20 mM sodium acetate-0.1% SDS and then was
extensively dialyzed against PBS. Purified protein was injected into mice in
complete Freund adjuvant. Mice were bled 1 month later, and serum was tested
by Western blot analysis.

Reactivity of the mouse anti-200K antiserum. Gelatin-purified fibronectin (see
below) and immunoprecipitation of rainbow trout muscle were separated on an
SDS-7.5% polyacrylamide gel and electrotransferred onto a ProBlott membrane
(Applied Biosystems) in CAPS buffer (3-[cyclohexylamino]-1-propanesulfonic
acid) containing 10% methanol. The membrane was blocked overnight in PBSA
(3% bovine serum albumin in PBS) and then incubated with anti-200K antiserum
diluted to 1:100 in PBSA containing 0.05% Tween 20. The membrane was
washed and incubated with an alkaline phosphatase-conjugated anti-mouse im-
munoglobulin (BIOSYS). Detection of bound antibodies was accomplished with
the Gibco-BRL NBT/BCIP detection kit.
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FIG. 1. Cell protection assays with selected anti-RTG-2 MAbs. RTG-2 cells
grown in 96-well plates were incubated for 1 h with indicated MAD dilutions, and
cells were washed and infected. The cytopathic effect was evaluated 3 days
postinfection, following fixation with crystal violet, and measured with a spec-
trophotometer at 495 nm. The absorbance for uninfected cells was set at 100%,
and the absorbance for infected cells was set at 0%. Results are expressed as the
means of three experiments. K2 is an irrelevant MAb.

Fibronectin purification and in vitro virus binding assay. The ability of fi-
bronectin to bind gelatin was used to purify it from rainbow trout muscle.
Homogenized tissue was lysed in immunoprecipitation buffer and incubated
overnight with gelatin-cellufine (Touzard et Matignon, Les Ullis, France). Fol-
lowing washes, either the beads were resuspended in Laemmli’s buffer, boiled,
and loaded on an SDS-polyacrylamide gel or the absorbed proteins were eluted
from the beads in 1 M NaCl-6 M urea and dialyzed overnight against PBS. For
virus binding assays, purified fibronectin and viruses were mixed in 200 pl of
Tris-buffered Eagle’s medium and incubated for 1 h at room temperature. Mix-
tures were layered on top of a cushion of 400 ul of 10% glycerol in culture
medium and centrifuged for 30 min at 100,000 X g in a Beckman TL100.2 rotor.
Pellets were resuspended in Laemmli’s buffer, boiled, and separated on an
SDS-polyacrylamide gel.

Expression of recombinant rainbow trout fibronectin. From an RTG-2 A\ ZAP
c¢DNA library (unpublished results), a 1.2-kb-long DNA fragment was amplified
by PCR with a pair of primers derived from the Danio rerio (zebra fish) fibronec-
tin sequence (accession no. AF081128): for nucleotide position 5967, 5'CATAT
GACAATTGCTGGTCTGGAG3', and for nucleotide position 7117, 5'CATAT
GTGGCACCATTTGGATGAA3' (additional Ndel restriction site is italized).
The PCR product was gel purified, digested with Ndel restriction enzyme, and
subcloned into the Ndel-digested pET-14b procaryotic expression vector (Nova-
gen) leading to the pFIB1 plasmid. Correct in-frame insertion of the rainbow
trout fibronectin DNA insert into the pET-14b vector was verified by partial
nucleotide sequencing of pFIB1 with the universal T7 primer. pFIB1 was trans-
ferred into Escherichia coli BL21 (DE;), and expression of the recombinant
protein was induced by the addition of isopropyl-B-p-thiogalactopyranoside
(IPTG) into log-phase growing cultures.

Aliquots of induced E. coli cell lysates expressing the recombinant rainbow
trout fibronectin and the immunoprecipitated 200-kDa protein were separated
on an SDS-7.5% polyacrylamide gel and visualized after Coomassie blue stain-
ing. Western blot analyses were performed as described above.

RESULTS

Isolation of MAbs which protect cells from VHSYV infection.
A number of cell receptors for a variety of viruses have been
successfully identified by using receptor-directed MAbs that
are able to block the viral infection. We used this strategy to
identify the cell receptor for VHSV infection. Three MAbs
were isolated, M45, G35, and Q3, that inhibited virus infection
of RTG-2 cells. At a 1:100 dilution, 90% of the RTG-2 cells
were protected from VHSV infection. All three MADbs be-
longed to the IgG1 subclass. Blocking activity of the M45, G35,
and Q3 MADbs was evaluated as shown in Fig. 1; all three were
found to have similar titers. When MAbs were applied to the
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TABLE 1. Cell species specificity of the blocking MAbs*
Cell line

Protection

“ Various cell lines were incubated with MAbs diluted to 1:1,000 and then
washed and infected with VHSV. The cytopathic effect was evaluated 3 days
later. Protection was estimated positive (+) when more than 90% of the cell
monolayer was unaffected. Salmonid-derived cell lines: RTG-2, rainbow trout
gonads; CHSE-214, Chinook salmon embryo; RTH, rainbow trout hepatoma cell
lines. Non-salmonid-derived cell lines: EPC, epithelioma papulosum cyprini;
BF2, bluegill fibroblast; BB, brown bullhead cell lines.

cells in dilutions ranging from 1:100 to 1:64,000, the cells were
95% and 50 to 70%, respectively, protected from viral infec-
tion, whereas incubation of cells with irrelevant MAb K2 did
not affect the VHSV replication process. But even when a
mixture of the three MAbs was used, the cells were never
totally protected, probably indicating an alternative way for
viral entry (not shown).

It has been shown that rhabdovirus particles contain several
cell-derived membrane components, either phospholipids (25)
or proteins, such as ezrin-radixin-moesin family proteins (29).
Thus, to ascertain that MAbs were not directed against a cell-
derived viral component and did not act as viral neutralizing
antibodies, two kinds of experiment were conducted. In a first
assay, VHSV was incubated for 1 h with MAb M45 (dilution,
1:1,000) and then the mixture was added to the cells. Three
days later, the cytopathic effect was comparable to that of cells
incubated with virus alone (data not shown). This result indi-
cated that MAb M45 was not directed against a viral compo-
nent. When the MAb protection experiments were performed
with non-salmonid-derived cell lines (Table 1), MAbs exhib-
ited no protecting activity against virus infection. Altogether,
these results suggest that the three selected MAbs were di-
rected against a cellular component and were specific for the
salmonid-derived cell species.

Protective MAbs recognize a cell membrane component. To
verify the membrane localization of the molecule recognized
by the blocking MAbs, live or acetone-fixed RTG-2 cells were
incubated with MAb M45 and stained with a fluorescein-con-
jugated anti-mouse immunoglobulin. As shown in Fig. 2, im-
munofluorescence staining is visible on the RTG-2 cell surface
when the cells are not fixed (panel A), whereas there is a total
absence of fluorescence on fixed RTG-2 cells (panel B). Con-
trol experiments with live RTG-2 cells incubated with a pri-
mary irrelevant MAD did not present any reactivity (data not
shown). The molecule recognized by the MAbs was thought to
be quantitatively represented on the cell surface, since MADb
M45 at dilution 1:64,000 still produced visible immunofluores-
cence staining on RTG-2 cells that were not fixed (data not
shown). Immunoelectron microscopy with gold-labeled MAbs
produced electron micrographs of cells with gold particles
evenly distributed along the cell surface (Fig. 3). At that point,
we thought it highly probable that the three MAbs were di-
rected against a cell plasma membrane component essential
during the first step of the cell-virus interaction.

Cell MAD protection from viral infection is not restricted to
VHSV. A number of fish rhabdoviruses have been isolated and
adapted to tissue culture (for a review, see reference 42). Two
of them, IHNV and VHSV, have been studied intensively
because of their impact on aquacultured fish. IHNV and

FIBRONECTIN MEDIATES FISH RHABDOVIRUS CELL ENTRY 7705

FIG. 2. Indirect immunofluorescence assays with blocking MAbs. Live (A) or
methanol-acetone-fixed (B) RTG-2 cell monolayers were incubated with MAb
M45 (1 pg/ml) for 1 h at room temperature, washed, and stained with fluorescein
isothiocyanate-labeled anti-mouse immunoglobulins.

VHSYV are structurally similar but do not cross-react antigeni-
cally. It was of interest to study the ability of the MAbs to
protect RTG-2 cells from IHNV infection as well. Cell protec-
tion assays were conducted by using a plaque formation assay
with two different infectious virus doses (Fig. 4). Cells were
protected from infection with VHSV and IHNV, even when
high infectious viral doses were used. This result prompted us
to broaden the study to include a panel of various fish rhab-
doviruses and other fish viruses. The titers of all the viruses
used were calibrated in order to have a total cytopathic effect
in 3 days, as for VHSV. The results presented in Table 2
indicate that the MAbs are able to protect cells from infection
by all the rhabdoviruses tested but not from infection by en-
veloped or nonenveloped viruses belonging to other viral fam-
ilies. This result ruled out the possibility of cell protection by a
nonspecific masking of the cell surface. Thus, contrary to the
case for mammalian rhabdoviruses, these results suggest that
the fish rhabdoviruses use a common target to bind to the cells.

Biochemical characterization of the VHSYV cell receptor. To
investigate the nature of the VHSV cell receptor, a dot blot
assay was carried out to test MAD reactivity to total purified
RTG-2 cell membranes and to total membrane lipids from the
same membrane preparation (8). Positive signals appeared
only when the total membrane fraction was spotted, suggesting
that MAbs were not directed against a lipid component (data
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FIG. 3. Immunogold staining of RTG-2 cells. Immunomarking was per-
formed directly on RTG-2 cell monolayers according to a preembedding tech-
nique. Live cells were incubated for 45 min at room temperature with MAb M45
(dilution, 1/1,000), rinsed with PBS, and labeled with a 10-nm colloidal gold-
conjugated goat anti-mouse IgG antibody. After washing, cells were fixed in
1.25% glutaraldehyde, postfixed in 1% OsO,, and embedded in Epon by using
conventional techniques. Bar, 0.15 mm; Original magnification, X45,000.

not shown). Western blot analysis of total RTG-2 cell lysates or
purified cell membranes did not reveal any reacting protein,
even with high MAb concentrations. This lack of reactivity for
all three MAbs suggested that the MAbs were directed against
conformational epitopes and thus that the protein of interest
could be identified only in its native form. RTG-2 cells were
radiolabeled, and lysates were subjected to immunoprecipita-
tion. A broad spectrum of lysis buffers and immunoprecipita-
tion conditions was tested, including various mixtures of de-
tergents, pH ranges, and salt concentrations. Finally, the lysis
buffer composition described by Opstelten et al. (24) was used
successfully to selectively immunoprecipitate a heterodimeric
protein complex of roughly 200 and 47 kDa (Fig. 5, lane 1).
Due to the apparent abundance observed by immunofluores-
cence of the reactive cell surface protein, we immunoprecipi-
tated an RTG-2 cell lysate followed by a direct visualization on
a Coomassie blue-stained gel. A similar protein complex was
immunoprecipitated when any of the three MAbs (M45, G35,
or Q3) was used (data not shown). To evaluate the relative
abundance of this protein complex on various rainbow trout
organs, immunoprecipitations of organ homogenates were per-
formed with MAb M45 (Table 3). The immunorecognized
protein appeared to be very abundant in the muscle tissue.
This tissue was chosen as the source of material to purify the
VHSV cell receptor for the generation of an antireceptor
mouse polyclonal antiserum (see Materials and Methods).
Dithiothreitol (DTT) treatment. To analyze in more detail
the nature of the VHSV binding factor, we attempted to char-
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FIG. 4. Plaque inhibition formation for two rainbow trout rhabdoviruses.
RTG-2 cells grown in 24-well plates were incubated with MAb M45 (dilution,
1/1,000) for 1 h at room temperature, the medium was removed, and cells were
infected with IHNV or VHSV. After 1 h of adsorption, cells were overlaid with
0.3% agarose. Plaques were counted 3 days later. The control, set at 100%
absorbance, was cells preincubated with irrelevant MAb.

acterize the 200-kDa heavy chain of the complex. A migration
on SDS-polyacrylamide gels in nonreducing conditions allowed
us to show that the 200-kDa heavy chain is a dimer of two
similar disulfide-linked chains (data not shown). The mono-
meric 200-kDa protein was shown to be glycosylated with an
Immun-Blot kit for glycoprotein detection (Bio-Rad). Mostly
based on the apparent molecular mass observed in SDS-poly-
acrylamide gel electrophoresis under reducing and nonreduc-
ing conditions, we postulated that the 200-kDa protein could
be the fibronectin. To investigate this hypothesis, we carried
out several experiments. Taking into account knowledge of the
disulfide bond-linked fibronectin chains and the extreme sen-
sitivity to conformational changes of the receptor recognized
by the blocking MAbs, we reasoned that if we could reduce
the fibronectin complex on the cell surface, cell entry of
VHSYV and recognition by the blocking MAbs should be abol-
ished.

TABLE 2. Blocking activity of the MADbs of various fish viruses”

Viruses and cell line Inhibition

Fish rhabdoviruses
PFR
SvC
C30
Perch rhabdovirus
VHSV
IHNV

o+

Otbher fish viruses
IPNV -
EHNV -
oMV -

“ All viruses were grown in RTG-2 cells, and titers were calibrated in order to
induce a total cytopathic effect 3 days postinfection. The inhibition was scored
positive (+) when the cell monolayer was protected by MAbs from virus infec-
tion and negative (—) when cells were not protected. PFR, pike fry rhabdovirus;
SVC, spring viremia of carp; C30, eel rhabdovirus; IPNV, infectious pancreatic
necrosis virus (birnavirus); EHNV, epizootic hematopoietic necrosis virus (iri-
dovirus); OMYV, oncorhyncus masou virus (herpesvirus). All four serotypes of
VHSV were used.
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FIG. 5. Immunoprecipitation of VHSV receptor from radiolabeled RTG-2
cells. RTG-2 cells were labeled with [**S]methionine for 3 days, lysed, and
immunoprecipitated with MAb M45 (lane 1) or irrelevant MAb K2 (lane 2).
Products were separated on an SDS-7.5% polyacrylamide gel and subjected to
autoradiography. Protein molecular mass standards are indicated on the left.

RTG-2 cell monolayers were briefly treated with DTT and
then carefully washed and infected with VHSV. The cells were
90 to 95% protected from viral infection, demonstrating that
DTT treatment possibly affected the entry of VHSV into the
cells. To ascertain that DTT treatment acted on the virus cell
binding and not on the subsequent steps of the viral replica-
tion, a similar experiment was performed and cells were exam-
ined by immunofluorescence staining for the presence of neo-
synthetized viral antigens. One day postinfection, no VHSV
antigens could be detected in VHSV-infected DTT-treated
cells. Moreover, reactivity of mock-infected DTT-treated cells
with blocking MAbs was also totally abolished. Altogether,
these data support the hypothesis that the fibronectin may
represent the VHSV receptor recognized by the blocking
MADs.

Direct evidence of fibronectin as the main receptor for fish
rhabdovirus. It is well documented (26) that fibronectin has
several functional domains, one of those being a collagen-
gelatin binding domain. This property to bind gelatin is rou-
tinely used to purify fibronectin from plasma. Starting from
rainbow trout muscle homogenized and lysed in the immuno-
precipitation lysis buffer, we have in parallel proceeded to
immunoprecipitation and gelatin affinity purification. Analysis
on an SDS-polyacrylamide gel (Fig. 6A) showed the exact
comigration of material eluted from both procedures of affinity
purification (protein A-Sepharose and gelatin-cellufine). To

TABLE 3. Relative abundance of VHSV cell target in various
rainbow trout organs

Organ(s)* Immunoprecipitation”

MUSCIE ..ot ++
Heart........
Front kidney ... -
Rear kidney -

BIrain oot +

“ A 0.2-g aliquot of each organ was washed, sliced, and lysed overnight in
immunoprecipitation lysis buffer. Lysates were clarified, and the supernatants
were subjected to immunoprecipitation.

® The relative abundance of the immunoprecipitated product was visually
estimated on Coomassie blue-stained SDS-polyacrylamide gels. ++, very abun-
dant; +, fairly abundant; =, hardly visible; —, not detectable.
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FIG. 6. VHSV cell target is related to rainbow trout fibronectin. Rainbow
trout muscle (0.2 g/assay) was subjected to Dounce homogenization, clarified at
low-speed centrifugation, and lysed in immunoprecipitation buffer. Lysate was
either immunoprecipitated with MAb M45 or incubated with gelatin-cellufine
(see Materials and Methods). Samples were boiled in Laemmli’s buffer and
separated on an SDS-7.5% polyacrylamide gel. The gel was then stained with
Coomassie blue (A) or transferred onto PVDF membranes (B) for Western blot
analysis. The immunoblot was reacted with mouse anti-200K antiserum. Lanes 1,
purified human plasma fibronectin; lanes 2, immunoprecipitation of rainbow
trout muscle lysate; lanes 3, gelatin affinity-purified fibronectin from rainbow
trout muscle. Protein molecular mass standards are indicated on the left. H,
immunoglobulin heavy chain.

further confirm the relationship between both purified prod-
ucts, the gel was transferred onto a polyvinylidene difluoride
(PVDF) membrane and subjected to reaction with the mouse
anti-200K polyclonal antiserum (Fig. 6B). The cross-reaction
observed demonstrates that fibronectin was the protein recog-
nized by the blocking MADs.

Definitive confirmation that the 200-kDa protein is the fi-
bronectin came with the expression in E. coli of part of rainbow
trout fibronectin. Western blot analysis of the expected 43-kDa
recombinant fibronectin expressed by using the pET-14b ex-
pression vector shows the reactivity of the anti-200K antiserum
(Fig. 7). Interestingly, a multialignment of pFIB1 and some of
the fibronectin amino acid sequences available in data banks
showed that rainbow trout fibronectin is distantly related to
other vertebrates’ fibronectin, since sequence identity ranged
from 50 to 67%, respectively, for human and D. rerio fibronec-
tin (data not shown).

A direct association between VHSV and fibronectin was
demonstrated in mixing gelatin affinity-purified fibronectin and
VHSV, and the mixtures were pelleted through a glycerol
cushion. The analysis of the resulting pellets on SDS-polyacryl-
amide gels evidenced the specific binding of VHSV to fi-
bronectin (Fig. 8, lane 4).

DISCUSSION

In this study, we describe the generation of three MAbs
which exhibit the expected properties for antibodies directed
against a viral cell receptor. These MAbs were shown to pre-
vent cells from VHSV infection, even when very small amounts
of antibody (less than 2 ng/9 X 10 cells) were used. These
MADs were shown to be fish cell species-specific since they
protect the cells from viral infection exclusively on salmonid-
derived cell lines (Table 1). The finding that MAbs M45, G35,
and Q3 were able to block cell infection for a large panel of
antigenically unrelated fish rhabdoviruses (Table 2) was unex-
pected and emphasized the unsatisfactory taxonomic classifi-
cation adopted for fish rhabdoviruses. Indeed, like for their
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FIG. 7. Western blot analysis of E. coli expressed rainbow trout fibronectin.
The partial rainbow trout fibronectin produced in E. coli and immunoprecipi-
tated fibronectin were separated on an SDS-10% polyacrylamide gel. The gel
was stained with Coomassie blue (A), transferred onto a PVDF membrane (B),
and incubated with mouse anti-200K antiserum (dilution, 1:100). Lanes 1 and 3,
recombinant E. coli fibronectin; lanes 2 and 4, rainbow trout fibronectin. Mo-
lecular mass markers (M) (in kilodaltons) are indicated on the left.

mammalian counterparts, the rhabdoviruses infecting lower
vertebrates have been divided into two genera, Vesiculovirus
(prototype, VSV) and Lyssavirus (prototype, rabiesvirus), and
thus were supposed to interact with different cell surface mol-
ecules in the first step of infection. Morzunov et al. (23) and

1 2 3 45 6
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FIG. 8. In vitro binding of rainbow trout fibronectin and VHSV. Rainbow
trout fibronectin (rt fibro) was purified from muscle by the gelatin affinity pro-
cedure, eluted, and extensively dialyzed. Purified fibronectin was mixed with
VHSV (lane 4) or bovine rotavirus (lane 2) and pelleted through a glycerol
cushion. Pellets were resuspended in Laemmli’s buffer, boiled, and analyzed on
a Coomassie blue-stained SDS-10% polyacrylamide gel. Viral polypeptides are
indicated on the left (rotavirus) and on the right (VHSV).
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FAP ....MDQVEATSTRRKGLWTTLAITTVSGASAVVIALPETSHADPEVPTP
GSHV LHRVTYRVTCSASFFGGKTIEKTILEAKLSRQEATNEASKDHEYPFFPEP

FAP VPPSTATTPHP...RRRRIPGQPADNAQAGAPAPAPNGQQRPPRRRRMIP
GSHV SCIWMKNNVEKDITHYYKTPKTVSVDLYSRKFLNPDFIEGVCTTSPCQTH

FAP TRAPPPAGAPPNGAPPAAPNGAPPPPVDPNAPPPPPADPNAGRIPNSYVL
GSHV WQGVYWVGATPTAHCPTSETLEGHLFTRTHDHRVVKAIV.AGHHPWGLTM

FAP PAGWVESDASHLDYGSALLSKVTGPPPMPDOPPPVANDTRIVM.GRVDQK
GSHV ACTVTFCGTDWIKTDLGOLIKVTGPGGTRILTPRKCVNADIQOMRGATDDF
FAP LYAS......... AEANNAKAAVGLGSDMGEFFMP. . . .. YPGTRINQDS
GSHV SYLNHLITNMAQRTECLDAHSDITASGKISPFLLSKFRPSHPGPGKAHYL

FAP TPLNGANGSTGSASYYEVKFSDAS.KPNGQIWTGVIGSANAGNRQRWEFVV
GSHV LDGQIMRGDCDYEAVVSINYNSAQYKTVNNTWKSWKRVDNNTDGYDGMIF

FAP WLGTSNDPVDKVAAKALAESIQAWTPPPAPPAAPGGPGAPAPGAPGAPAP
GSHV GDKLIIPDIEKYQSVYDSGMLVQRNLVEVPHLSIVFVSNTSDLSTNHIHT

FAP GAPAAPGVTAPAAPAPAAPGAPAAPGAPAPEPGQAPAVEVSPTPT.PTPQ
GSHV NLIPSDW.SFNWSLWPSLSGMGVVGGALLLLVLCCCCKASPPIPNYGTPM

FAP QTLSA....
GSHV QQFSRSQTV

FIG. 9. Alignment of FAP and VHSV glycoprotein amino acid sequences.
FAP from Mycobacterium avium (30) is 381 amino acids long, and GVHS is the
VHSV (French strain 07-7) (3) glycoprotein amino acid sequence. GVHS starts
at amino acid 105 and ends at amino acid 507. Alignment was done using
Multalin software (11). Identical or conservative amino acids are in bold.

Bjorklund et al. (4) previously raised that point when they
showed, by gene sequencing of various fish rhabdovirus iso-
lates, that most of them were more closely related to each
other than to mammalian vesiculovirus or lyssavirus. They pro-
posed to adopt a new genus for fish rhabdovirus termed Pisci-
virus or Aquarhabdovirus, the latter being reminiscent of
Aquareovirus, which was proposed by Samal et al. (30) for the
fish reovirus. Recently, the classification for fish rhabdovirus
has been modified and the genus of Novirhabdovirus has been
adopted.

We provide several lines of evidence that fibronectin, an
abundant glycoprotein of the extracellular matrix, is the major
cell component allowing fish rhabdovirus to bind to the cells. It
has to be pointed out that in one previous report (6) a fi-
bronectin-like complex has been shown to interact with rabies
virus. Other reports (5, 16, 20, 21) have identified the nAChR
as the initial rabies virus cell target. Interestingly, extracellular
matrix molecules, including fibronectin, codistribute with
nAChR clusters (12, 13). Thus, fibronectin should be consid-
ered as part and parcel of the VHSV and other fish rhabdovi-
rus cell receptor complexes, playing a role in the initial binding
step, which is probably followed by a secondary binding, allow-
ing the virus to enter into the cell by fusion or by endocytosis
(19). Various pathogens have previously been shown to bind to
fibronectin (for a review, see reference 26), including viruses
such as cytomegalovirus (1), hepatitis B virus (7), hepatitis A
virus (34), human immunodeficiency virus (38), and Rous sar-
coma virus (35). Numerous other pathogenic microorganisms
have been shown to interact with fibronectin (41) in a first step
of binding to the cell. For instance, the ability to bind fibronec-
tin is a property conserved among many, if not all, species of
mycobacteria (27). Several mycobacterial fibronectin binding
proteins have been identified (19, 28, 32, 33). These homolo-
gous proteins have been termed fibronectin attachment pro-
teins (FAP). Interestingly, alignment of amino acid sequences
of mycobacterial FAP and VHSYV viral attachment protein G
exhibits significant similarities between both protein families
(Fig. 9). A motif L-X-KVTGP-X,-P appeared to be well con-
served between G and FAP, but the biological meaning of that
needs to be clarified.
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The finding that fibronectin specifically interacts with fish
rhabdovirus and the demonstrated very high abundance of
fibronectin in the rainbow trout muscle allowed us to hypothe-
tize that rhabdoviruses infect fish following a two-step outline:
(i) passive entry of rhabdovirus into fish across the skin mucus
and (ii) direct interaction to fibronectin of the superficial mus-
cle, which is in close contact with the skin.
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