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The neurotrophin receptor (p75NTR) serves as a receptor for rabies virus (RV). We expressed and purified
a soluble chimera consisting of the p75SNTR ectodomain fused to the human immunoglobulin G1 (IgG1) Fe
fragment (p75-Fc). Although p75-Fc interacts with RV, the infectivity of RV did not decrease significantly when
it was incubated in the presence of the soluble receptor alone. However, when it was subsequently incubated
with an antihuman IgG directed against the Fc fragment of p75-Fc, the infectivity of RV was significantly
lowered (>90%), whereas incubation with antihuman IgG alone had no effect. We then selected eight inde-
pendent RV mutants that were not neutralized by p75-Fc and antihuman IgG (srr [soluble receptor resistant]
mutants). Each mutant carried a single mutation in the glycoprotein gene leading to one amino acid substi-
tution in the protein. A total of four different substitutions were found. Two of the mutations were located at
position 318 (phenylalanine replaced by a serine or a valine residue), and two were located at position 352
(histidine replaced by a tyrosine or an arginine residue). All of the mutations prevented the interaction with
p75NTR as either a soluble or a membrane-anchored form. Two mutants (F318S) and (H352R) resulted in the
formation of small plaques on BSR cells, probably due to the slower maturation of the glycoprotein. Immu-
noprecipitation, immunofluorescence, and neutralization assays showed that the four mutated glycoproteins
still interacted with representative anti-RV glycoprotein monoclonal antibodies (MAbs), indicating that

p75NTR binds outside of the known RV glycoprotein antigenic sites.

Rabies virus glycoprotein (RVG) is the only surface-exposed
viral coat protein. It is organized in trimers (21) that protrude
from the lipid envelope. RVG has three major functions in the
RV infection process. First, RVG mediates cell binding
through interaction with cellular receptors and is the first de-
terminant of Lyssavirus neurotropism (3). Second, RVG me-
diates fusion between viral and cell membranes through a
pH-dependent process (22, 39). Third, RVG, the main viral
antigen, induces both humoral (neutralizing antibodies) (66)
and cellular immune responses.

RVG is a 505-amino-acid type I membrane glycoprotein (1,
70) with three potential N-glycosylation sites: the first one,
located at amino acid 37, is very inefficiently glycosylated (50);
the second one, at position 204 or 247, is glycosylated in some
strains, but not in others; and the third one, located at amino
acid 319, is always glycosylated (67). RVG folding, intracellular
transport, and oligomerization have been analyzed for Pasteur
virus (PV) and Evelyn Rokitnicki-Abelseth (ERA) virus, and it
has been shown that RVG acquired its trimeric organization in
the endoplasmic reticulum (18, 65). The putative fusion pep-
tide has also been localized between amino acids 102 and 179
17).

RVG has been extensively mapped with specific anti-RVG
monoclonal antibodies (MAbs) by different laboratories. Our
group has selected about 50 RVG mutants from the challenge
virus strain (CVS) that are resistant to neutralization by anti-
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RVG MAbs. Several independent antigenic sites have been
defined, depending on their interaction with neutralizing anti-
RVG MADs and on the effect of mutations (6, 29). Site IT is the
major antigenic site (70% of the MAbs recognize this region).
It contains two stretches of amino acid residues located at
positions 34 to 42 and 184 to 210 (43) joined by a disulfide
bridge between cysteines 35 and 207 (15, 17, 62). Site IIl is a
conformational site (amino acids 330 to 340) and plays a major
role in RV propagation in the nervous system and pathogenic-
ity (12, 16, 49, 59). Two minor sites (site a at amino acids 342
and 343 [6] and a linear site at amino acids 251 to 264 [14, 28,
60]) and several other epitopes have also been described (28).
RVG can adopt at least two conformations (20): N (for neu-
tral) and I (for fusion inactive). In the I state, RVG is no longer
recognized by site II-specific MADbs, but the virus can be neu-
tralized by MADs that do not neutralize the virus when RVG is
in the N conformation (44). This property has been used to
select RAIN (resistant to acid-induced neutralization) mutants
(44). The corresponding mutations are located either at the N
terminus of the RVG sequence (between amino acids 10 and
15) or at amino acid positions 44, 282, 392, and 396, the last
ones controlling the conformational changes (19).

The identification of specific neuronal receptors is important
for our understanding of the RV neurotropism. Although,
wild-type RV strains show a tropism restricted to neurons,
laboratory strains such as CVS or PV have a broader tropism
and are also able to infect nonneuronal cells in vitro (48, 68).
Several proteins have been proposed to mediate virus binding
for RV laboratory and/or wild-type strains. The first one is the
nicotinic acetyl-choline receptor (nAChR) (32). Sequence ho-
mology between RVG (site II) and snake toxins (a-bungaro-
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toxin and D-tubocurarin) suggests that these molecules contain
a common binding domain (34). This specific interaction is
inhibited either by natural ligands or by a MADb directed
against the receptor (33). The neuronal cell adhesion molecule
(NCAM) has been proposed to serve as a receptor for RV
laboratory strains (55). This molecule is expressed by different
types of cells (neurons, lymphocytes, and fibroblasts). We have
shown that the neurotrophin receptor (p75NTR) is a specific
neuronal receptor for RV. A soluble form of RVG was used as
a ligand in an expression cloning strategy with an NG108
cDNA library, which led to the identification of p7SNTR (57).
Fibroblasts expressing p7SNTR can be infected by a wild-type
RV isolate, whereas control cells are not susceptible. We re-
cently showed that the glycoprotein of another member of the
Lyssavirus genus (EBL2) interacts with p75NTR (58). This
receptor is a type I glycoprotein and belongs to the tumor
necrosis factor receptor family, characterized by several cys-
teine-rich domains (CRD) in the ectodomain and a death
domain in the cytoplasmic region (5, 9). A few other viral
receptors, such as HVEM (herpesvirus entry mediator) (40)
and TvB, a receptor for the avian leukosis-sarcoma virus re-
ceptor subgroups B and D (7), also belong to this family.
Deletion mutants of p75SNTR have been engineered to map
the RVG binding site. NGF binds to the second and third
CRDs with low affinity (4, 63, 69), whereas soluble RVG binds
to CRD1 with high affinity (29a).

A reciprocal strategy cannot be used to map the p75 binding
site, because most of the deletions in the RVG ectodomain
would affect its folding, intracellular processing, and oligo-
meric structure. Alternative approaches have been developed
to map receptor binding sites in viral glycoprotein. Competi-
tion experiments between soluble receptors and antiviral gly-
coprotein MADbs have been the most frequently used strategy.
The HVEM-binding region on HSV1 glycoprotein D (gD) was
located by this approach (42, 64), but the interacting chains
were only identified after determination of the three-dimen-
sional structure of the HVEM-gD complex (8). The most pow-
erful approach for the localization of the receptor binding site
is to select mutants that escape neutralization by a soluble form
of a viral receptor: they are named “srr (soluble receptor re-
sistant) mutants.” Although neutralizing activity of soluble re-
ceptors has been reported for many viruses, such as poliovirus
(11, 26), rhinovirus (23, 36), coronavirus (71, 72), human im-
munodeficiency virus (13, 24, 30, 52, 56), measles virus (10),
and hepatitis A viruses (51), characterization of srr mutants has
only been described in the cases of poliovirus (11, 26) and
coronavirus (37, 38, 45, 46).

We selected srr mutants to map the precise p75 binding site
on the RVG protein and to determine how s7 mutations alter
the antigenic structure of RVG. We hypothesize that srr mu-
tants could be different from antigenic mutants, and they could
subsequently be used to investigate the role of p75 in RV
infection. We created a dimeric molecule containing the
ectodomain of p75 fused to an Fc fragment of human immu-
noglobulin G1 (IgG1), which allows purification of the recom-
binant protein on a protein A-Sepharose column. In this chi-
mera, the IgG hinge that separates and confers flexibility
between the Fc fragment and the p75 ectodomain was con-
served. Furthermore, the presence of the Fc fragment, induc-
ing dimerization of the molecule, could increase the avidity of
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the receptor for the virus. First, we showed that p75-Fc and
RVG interact directly, indicating that the binding of RV does
not require any cellular cofactors. The RV infectivity only
decreased significantly when incubation with an anti-Fc anti-
body was added. Eight independent s/ mutants were selected
from the RV CVS and characterized. Only four different mu-
tations were found in the glycoprotein. We then studied the
interaction between the mutant glycoproteins and specific anti-
RVG MABDs.

MATERIALS AND METHODS

Cells, viruses, and antibodies. BSR cells, a clone of the BHK-21 (baby hamster
kidney) line (47), were grown at 37°C in Glasgow’s modified minimal essential
medium (MEM) (Gibco-BRL) supplemented with 10% calf serum in a humid-
ified incubator in a 5% CO, atmosphere. COS-7 cells were obtained from Brian
Seed (Massachusetts General Hospital, Boston, Mass.). They were grown at 37°C
in Dulbecco’s modified MEM (DMEM; Gibco-BRL) supplemented with 10%
fetal bovine serum (FBS) in a 5% CO, humidified incubator. Sf21 cells from
Spodoptera frugiperda (Invitrogen) were grown at 28°C in TC100 medium
(Gibco-BRL) supplemented with 10% FBS.

The RV CVS strain was amplified and titrated by plaque assay as previously
described (44) onto BSR cells. Stocks from individual CVS plaques (10 clones)
were amplified and used in this selection process. These stocks have been used
previously for selecting mutants that escaped neutralization at acidic pH (44).

A recombinant baculovirus expressing the human p75SNTR protein was con-
structed (58) and used to infect Sf21 cells. A rabbit polyclonal anti-p7SNTR
antibody (Rex) was obtained from Louis Reichardt (University of California, San
Francisco), and a hybridoma producing the anti-p7SNTR MAb ME-204 was
obtained from the American Type Culture Collection. Polyclonal antihuman IgG
was obtained from Jackson Laboratories.

Five neutralizing antiglycoprotein MAbs were used: 30AAS and 40DC2 bind
to RVG antigenic site IT (43); S0AD1 and 41BC2 bind to site III (59); 9B4 binds
to minor site a (6); and two nonneutralizing MAbs,17D2 and 21HS, respectively,
bind to the linear epitope (28) and recognize all glycoprotein conformations (35).
These antibodies were prepared and characterized in our laboratory.

Expression of a soluble form of receptor, p75-Fc. The ectodomain of the
human p75NTR receptor (amino acids 1 to 222) was cloned in fusion with the
c¢DNA from the human IgG1 heavy chain Fc domain (2, 30). A plasmid (CD4-Fc)
was obtained from Brian Seed (Massachusetts General Hospital); the CD4
coding sequence was excised with Xhol and BamHI restriction enzymes and
replaced by the human p75NTR coding sequence (kindly provided by Barbara
Hempstead, Cornell University, Ithaca, N.Y.). The p7SNTR cDNA sequence
was amplified by PCR with Tfu polymerase (Promega). The forward primer was
complementary to the 5’ signal peptide sequence and contained an X#ol restric-
tion site (underlined) (5'"CGCGGGCTCGAGATGGACGGGCCGCGC3'), and
the reverse primer corresponded to the 3’ end of the O-glycosylated stalk of
p75NTR and contained a BamHI site (underlined) (5'GCGGGATCCCATCG
GCCAGGGATC3'). The resulting fragment was digested with BamHI and Xhol
and inserted into the linearized plasmid containing the human IgGl cDNA
sequence in frame. The insert was confirmed by sequencing.

COS-7 cells were transiently transfected with the p75-Fc constructs by the
DEAE-dextran method (57). The cell supernatants were collected 72 h after
transfection, clarified by low-speed centrifugation, and applied to a protein
A-Sepharose column (Sigma). The p75-Fc protein was eluted with 0.1 M glycine
[pH 3] and neutralized with 1/20 volume of 1 M Tris-HCI (pH 8). The protein
was then desalted over FastDialyzer Interbiotech (Interchim) in phosphate-
buffered saline (PBS) (10 mM phosphate buffer [pH 7.0], 137 mM NaCl, 2.6 mM
KClI) and stored at —80°C. The protein concentration was determined by the
Bradford method (Pierce). The protein was also analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE [12% polyacrylamide])
followed by Coomassie blue staining or Western blotting.

Purified recombinant HVEM-Fc, produced in mammalian cells, was pur-
chased from R&D Systems. It contains the HVEM ectodomain fused to the
human IgG1 Fc domain (40).

ELISA. For the enzyme-linked immunosorbent assay (ELISA), purified RV
(CVS) was diluted with TD buffer (137 mM NaCl, 5 mM KCI, 0.7 mM Na,HPO,,
25 mM Tris-HCI [pH 7.5]), dispensed into a 96-well plate (200 ng in 50 pl per
well), and dried overnight at room temperature. The plate was saturated with
10% skim milk in PBS. Serial dilutions of purified p75-Fc or human IgG (Jack-
son) were added (50 pl per well) and incubated for 2 h at 37°C in a humidified
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incubator. The plate was washed three times with PBS containing 1% skim milk.
Alkaline phosphatase-conjugated antihuman IgG (Sigma) diluted 1:1,000 in PBS
containing 1% skim milk was added (50 wl per well), and the plate was incubated
at 37°C for 1 h. Wells were washed three times with PBS. Finally, we added 200
wl of 1.33 mM p-nitrophenyl phosphate (Sigma) in 1 M Tris-HCI (pH 8) to each
well. The 4495 was measured with a spectrophotometer (Mini Reader; Dynatech
Laboratories, Santa Monica, Calif.).

Neutralization by anti-RVG MAb or p75-Fc. The virus inoculum (10° or 10?
PFU) was incubated with ascitic fluids (diluted 100-fold) or with different
amounts of p75-Fc, HVEM-Fc, or human IgG for 1 h at 37°C. When specified,
10 pg of antihuman IgG (Pierce) was added for 1 h at 37°C. The neutralization
efficiency was estimated by means of a plaque assay with BSR cells as described
previously (44).

Selection of srr mutants and sequencing. Ten independent stocks of CVS (10°
PFU each) were incubated with 5 pg of p75-Fc for 1 h at 37°C and then with 10
wg of anti-human IgG for 1 h at 37°C. Nonneutralized virus was plated onto BSR
cell monolayers in 24-well plates. After 3 days at 37°C, the cell supernatants were
collected and resubmitted to another cycle of neutralization and amplification.
Each viral population was amplified three or four times in the presence of p75-Fc
and antihuman IgG, and plaques were assayed on BSR cells to select for mu-
tants. Plaques were picked, amplified in BSR cells, and submitted to a neutral-
ization test with p75-Fc plus antihuman IgG. Only mutants in which more than
90% escaped neutralization by p75-Fc were further amplified and characterized.
Total RNA was extracted from infected BSR cells with the RNAgents total RNA
isolation kit (Promega). The RVG gene cDNA was generated by reverse tran-
scription-PCR (RT-PCR)—first with avian myeloblastosis virus (AMV) reverse
transcriptase (Promega) and second with Tag polymerase (Promega)—by using
RVG-specific primers. The cDNA fragment was then purified and sequenced
with a T7 sequencing kit (Amersham).

RVG immunoprecipitation by anti-RVG MAbs or p75-Fc with virus-extracted
RVG. Viral particles (50 pg) from CVS were solubilized in 1 ml of TD buffer plus
1% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate)
(Sigma) for 30 min at 4°C and then spun for 5 min at 10,000 X g. Viral extract
(200 pl) was incubated for 2 h at 4°C with 3 pg of either p75-Fc, HVEM-Fc, or
human IgG preadsorbed onto protein A-Sepharose. Immune complexes were
analyzed by SDS-PAGE (10% polyacrylamide), and RVG was detected by West-
ern blotting with anti-RVG MAb 17D2.

RVG immunoprecipitation by anti-RVG MAbs or p75-Fc with cell-extracted
RVG. BSR cells (10°ells in 35-mm-diameter dishes) were infected with each
virus at a multiplicity of infection (MOI) of 2. Twenty-four hours postinfection,
cells were radiolabeled for 1 h at 37°C with 50 wCi of [**S]methionine and
[3*S]cysteine (Promix; Amersham) in methionine- and cysteine-free MEM
(Gibco-BRL). Cell extracts were obtained from TD buffer plus 1% CHAPS and
a protease inhibitor cocktail (2 ug each of chymostatin, leupeptin, antipain, and
pepstatin per ml and 16 wg of aprotinin per ml). After incubation for 30 min on
ice, cellular debris was removed by centrifugation at 12,000 X g for 15 min. Cell
extracts were incubated for 1 h at 4°C with the different anti-RVG MADs (2 pl
of ascitic fluids) or p75-Fc (4 ng) preadsorbed onto protein A-Sepharose. Im-
mune complexes were then analyzed by SDS-PAGE (12% polyacrylamide).
Immunoprecipitated RVG was detected by autoradiography with Biomax Kodak
films.

Pulse-chase experiments. Pules-chase experiments were performed as de-
scribed by Gaudin (18). BSR cell monolayers were infected with CVS or s
mutants at an MOI of 5. After 24 h, the cells were preincubated in methionine-
and cysteine-free medium for 30 min. The cells were then labeled with 100 w.Ci
of [**S]methionine and [**S]cysteine (Promix; Amersham) for 3 min. Prewarmed
DMEM containing 5 mM methionine and cysteine was then added for the
indicated chase periods. Cells were lysed, and RVG was immunoprecipitated
with MAb 17D2 as described above.

SDS-PAGE and immunoblot analysis. Protein samples were boiled for 5 min
in Laemmli buffer (27). Electrophoresis was carried out in a discontinuous
SDS-PAGE gel. Proteins were either stained with Coomassie blue or transferred
onto nitrocellulose membranes (BAS85; Schleicher & Schuell). Membranes were
saturated with 5% skim milk in Tris-buffered saline(TBS) (50 mM Tris-HCI [pH
8], 150 mM NacCl) containing 0.05% Tween 20 for 30 min and then incubated
overnight with the appropriate antibodies. Membranes were washed twice in
TBS-Tween and incubated for 1 h with a peroxidase-conjugated secondary an-
tibody (Sigma). The immune complex was detected after extensive washing in
TBS-Tween by enhanced chemiluminescence (ECL Western blotting detection
reagent; Amersham).

Binding of p75-expressing Sf21 cells to RV-infected BSR cells. Binding assays
were carried out between BSR cells infected with the different mutants and
insect cells (Sf21) infected by a recombinant baculovirus and expressing p7SNTR
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at their surface (p75-Sf21) as previously described (58). Briefly, a suspension of
radiolabeled p75-Sf21 cells was added to BSR cell monolayers infected with the
different mutants (MOI of 2) for 30 h and incubated for 30 min at room
temperature. Unbound p75-Sf21 cells were removed by being washed three times
with PBS, and specific binding was measured by counting the radioactivity asso-
ciated with the infected BSR cells.

In parallel experiments, the expression of RVG at the surface of RV-infected
BSR cells was monitored by surface immunoprecipitation with anti-RVG MAbs
(30AAS and 21H8) as described previously (58).

RESULTS

Expression of a soluble form of the receptor (p75-Fc). We
expressed a soluble form of human p75NTR (p75-Fc) consist-
ing of the whole ectodomain (amino acids 1 to 222, containing
the four cysteine-rich domains and the O-glycosylated stalk)
fused to the Fc portion of the human IgG1 heavy chain (Fig.
1A). The secreted chimeric receptor was produced in the su-
pernatant of transiently transfected COS-7 cells. An aliquot of
the supernatant was run on a denaturing gel under reducing
conditions and analyzed by Western blotting. Two bands were
detected with a polyclonal anti-p75 antibody: the major band
corresponded to the p75-Fc monomer and migrated according
to its predicted molecular weight, and the smaller band (indi-
cated by an asterisk in Fig. 1B) likely corresponded to the calf
IgG heavy chain from the serum detected by cross-reaction or
to a degradation product of p75-Fc. The chimeric molecule
(p75-Fc) was also detected by a conformational anti-p75 MAb
(ME20.4, binding to CRDs 3 and 4) as well as by a polyclonal
anti-human IgG (data not shown). The p75-Fc protein (about
5 pg/ml in the supernatant) was purified on a protein A-
Sepharose column. The purity of the soluble receptor was
estimated to be =90% (Fig. 1C); in some preparations, a small
amount of calf IgG from the cell medium was also copurified
on the protein A column. Under nonreducing conditions,
p75-Fc migrated as a dimer due to the formation of interchain
disulfide bridges (Fig. 1C), confirming that the Fc fragment
induces dimerization of the recombinant protein. In the sub-
sequent experiments, we used the soluble chimeric recombi-
nant receptor (p75-Fc), which kept its antigenicity.

Interaction between p75-Fc and RVG. First, we checked if
the chimeric receptor was able to interact with RVG. Copre-
cipitation of trimeric RVG extracted from CVS virus particles
was carried out (Fig. 2A). Preadsorbed p75-Fc efficiently
pulled down RVG, but not an irrelevant Fc chimeric molecule
(HVEM-Fc) or human IgG. Similar results were obtained
when the RVG was solubilized under a monomeric conforma-
tion obtained by using Triton X-100 extraction (data not
shown). We then used an ELISA to investigate the binding of
the soluble receptor p75-Fc to RVG at the surface of the virus.
A plate was coated with purified RV (CVS strain) and incu-
bated with different amounts of purified p75-Fc or human IgG.
A representative experiment is shown in Fig. 2B. p75-Fc bound
to the virus in a concentration-dependent manner, with an
estimated K, of 400 nM. Human IgG did not bind to RV under
the same conditions. We then investigated the ability of p75-Fc
to neutralize RV infectivity. In a first series of experiments, 10°
PFU of CVS was incubated with various amounts of p75-Fc,
and virus titers were determined by plaque assay on BSR cell
monolayers. Titers did not decrease in the presence of up to 20
pg of p75-Fc and were roughly halved in the presence of higher
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FIG. 1. Expression and purification of recombinant p75-Fc protein
in COS-7 cells. (A) Structural organization of the p75-Fc chimeric
receptor, containing the four cysteine-rich domains and the O-glyco-
sylated stalk from p75NTR fused to the Fc fragment of human IgG1.
The chimera receptor was produced in the supernatant of transiently
transfected COS-7 cells and analyzed by Western blotting with a rabbit
polyclonal anti-p75NTR antibody (B). After purification on a protein
A-Sepharose column, the proteins were analyzed under reducing
(R) and nonreducing conditions (NR) by SDS-PAGE and Coomassie
blue staining of the gel (C).

concentrations of the molecule. Therefore, although p75-Fc
interacts with RVG either in a soluble form or at the surface of
the virus, as shown by ELISA, it did not efficiently neutralize
RV infectivity (Fig. 2C).

Selection of mutants resistant to neutralization by a soluble
form of the receptor (srr mutants). Our goal was to map the
RVG domain involved in p75NTR binding by selecting inde-
pendent srr mutants that escaped neutralization by a soluble
form of the receptor. We hypothesized that the binding of
p75-Fc to the virus was insufficient to prevent RV from inter-
acting with cells and therefore infecting them. Thus, we tried to
increase the neutralization efficiency of the p75-Fc molecule by
adding an incubation step with an antihuman IgG specific to
the Fc part of the chimera, expecting that it would increase the
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FIG. 2. p75-Fc interacts with RVG. (A) Coprecipitation. RVG,
solubilized from CVS particles with 1% CHAPS, was incubated with
preadsorbed p75-Fc (lane 2), HVEM-Fc (lane 3), human IgG (lane 4),
or protein A-Sepharose (lane 5). The immune complexes were ana-
lyzed by SDS-PAGE, and the presence of RVG was detected by West-
ern blotting with anti-RVG 17 D2. In lane 1, solubilized RVG was
loaded. (B) ELISA. Various amounts of purified p75-Fc (open circles)
or human IgG1 (solid circles) were applied to a 96-well plate that had
been coated with 200 ng of purified virus per well. Bound recombinant
proteins were detected with an antihuman IgG alkaline phosphatase-
conjugated antibody, with p-nitrophenyl phosphate as a substrate. 4,5
was measured. The data are the means from duplicate wells. (C) Neu-
tralization. CVS (10° PFU) was incubated with different amounts of
purified p75-Fc. A plaque assay was then performed with BSR cell
monolayers. The residual infectivity was calculated as the ratio of virus
titers obtained in the presence and absence of p75-Fc.
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FIG. 3. Neutralization of CVS by p75-Fc and antihuman IgG. The CVS inoculum (about 100 PFU) was incubated with different amounts (1
to 10 pg) of p75-Fc, HVEM-Fc, and human IgG for 1 h at 37°C alone (open bars) or with 10 pg of antihuman IgG (solid bars) for 1 additional
h at 37°C. Virus was then titrated onto BSR cells by plaque assay. The data are the means of two neutralizations.

avidity of the p75-Fc-anti-Fc complex for RV or would in-
crease the steric hindrance. This antibody should not interfere
with the interaction between p75-Fc and RVG, which occurs at
the N-terminal part of p7SNTR (29a).

Efficient neutralization with p75-Fc was achieved when an
additional incubation with an antihuman IgG antibody was
performed (Fig. 3). No neutralization was observed when
HVEM-Fc or human IgG was used alone or in combination
with an antihuman IgG antibody (Fig. 3). When we increased
the viral inoculum up to 10° PFU, the neutralization rate was
only about 90% when both p75-Fc and anti-Fc antibody were
used (data not shown) and never reached the efficiency ob-
served with an anti-RVG specific neutralizing MAb
(>99.99%), conditions required for selection of mutants in a
single step. To increase the proportion of sr7 mutants in the
viral populations, three consecutive passages in the presence of
5 pg of p75-Fc and 10 pg of antihuman IgG antibody were
performed with 10 independent stocks of CVS. At each step,
the survivors were amplified on BSR cell monolayers, which do
not express the p75SNTR receptor, but do express alternative
receptors (53, 55, 68), allowing cell infection and amplification
of srr mutants.

After three or four passages under neutralization conditions,
each viral population was titrated by plaque assay in the pres-
ence of p75-Fc and anti-Fc antibody, and individual plaques
were picked, amplified, and confronted again with p75-Fc plus
anti-Fc antibody. We did not isolate mutants from two viral
stock populations (CVS-1 and CVS-3). In total, eight indepen-
dent mutants from the other eight CVS stocks were isolated
and fully characterized. All of them except one, 4-1, showed a
plating efficiency in presence of p75-Fc =1 (Table 1). The

entire gene of the glycoprotein was sequenced for four of
them, and partial sequences were obtained for the others (Ta-
ble 2). Only four different substitutions were identified among
the eight independent mutants. Two were located at position
318 of the viral glycoprotein (F318V and F318S) next to the
N-glycosylation site, and two were located at position 352
(H352R and H352Y). The F318S and H352R mutants resulted
in the formation of small plaques on BSR cells. The other two
mutants gave bigger plaques than CVS (Table 2).
Characterization of the srr mutants. (i) Interaction with
anti-RVG MAbs. Until now, no mutations had been described
at positions 318 and 352. In order to determine if these muta-
tions alter the antigenicity of the glycoprotein, we studied the
interaction between the mutants and anti-RVG MAbs directed

TABLE 1. Selection of mutants resistant to the neutralization by

p75-Fc
Titer
Name of Parent virus P Plating
mutant B R p75-Fc + efficiency”
anti-Fe Ab 4 ntiFe Ab Y
2-4 CVS-2 5% 107 5% 107 1
4-1 CVS-4 7.5 X 107 5% 107 0.7
5-4 CVS-5 1 x 107 1 x 107 1
6-5 CVS-6 5.5 X 107 7 % 107 1.3
7-5 CVS-7 4.7 x 107 8.3 X 107 1.8
8-2 CVS-8 5% 107 6.5 X 107 1.3
9-1 CVS-9 2.3 x 107 4 x 107 1.7
10-5 CVS-10 1.5 X 107 1.5 x 107 1

“The plating efficiency of the mutants was determined by dividing the titer
obtained in presence of p75-Fc by the titer obtained in its absence.
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TABLE 2. Characterization of eight independent mutants resistant
to neutralization by p75-Fc”

Mutation in glycoprotein gene

Name of Plaque
mutant phenotype Amino acid Natl_lre pf Change in codon
no. substitution

2-4 small 352 HtoR CAT to CGT
4-1 small 352 HtoR CAT to CGT
5-4 large 318 FtoV TTC to GTC
6-5:% small 318 FtoS TTC to TCC
7-5% large 352 HtoY CAT to TAT
8-2 large 318 FtoV TTC to GTC
9-1x small 352 HtoR CAT to CGT
10-5 small 318 FtoS TTC to TCC

“ One mutant per CVS stock was amplified and analyzed for the plaque
phenotype on BSR cells. The entire gene of the glycoprotein was sequenced for
the mutants noted by an asterisk, and partial sequence (amino acids 254 to 429)
was obtained for the others.

against site II (30AA5 and 40DC2), site III (50AD1 and
41BC2), site a (9B4), the linear epitope (17D2), and the acid-
specific site (21HS). Five of these MAbs are neutralizing to-
wards CVS, and all neutralized the srr mutants (Table 3). RVG
from the different s7r mutants was immunoprecipitated by all of
the antibodies tested, but not by p75-Fc, whereas the CVS
glycoprotein was immunoprecipitated by all of the MAbs and
by p75-Fc (Fig. 4A). Because S0AD1 (site III specific) is an
IgM and cannot be monitored by immunoprecipitation, we
used immunofluorescence to investigate its binding to RV mu-
tants, which was found to be normal (Fig. 4B). These results
suggest that mutations at positions 318 and 352, located out-
side the previously characterized antigenic sites, do not alter
the RVG antigenic structure (Table 3).

(ii) Interaction with membrane-anchored p75NTR. We an-
alyzed the binding of s7r mutant glycoproteins to a membrane-
anchored form of p75NTR. Although poliovirus receptor srr
mutants were selected for their resistance to a soluble form of
the receptor, they were still able to bind to this receptor when
expressed at the cell surface (11). We developed a specific
binding assay between RV-infected BSR cells and radiolabeled
Sf21 cells infected by a recombinant virus and expressing
p75NTR at the surface (p75-Sf21) (58). The expression of
srr-mutated RVG was monitored by cell surface immunopre-
cipitation with two anti-RVG MADs (Fig. 5A). Cells infected
by mutants F318V and H352Y expressed twice as much glyco-
protein as CVS-infected cells, whereas cells infected by mu-
tants F318S and H352R expressed the same amount of glyco-
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protein as CVS-infected cells. No radiolabeled p75-Sf21 cells
bound to cell monolayers that have been infected with any of
the srr mutants, even though they contained normal amounts
of glycoprotein at their surface. Conversely, considerable
amounts of p75-Sf21 cells bound when the BSR monolayer was
infected with CVS (Fig. 5B). Both substitutions at amino acid
318 or 352 in RVG completely abolished the interaction with
p75NTR as either a soluble or membrane-anchored receptor.

Folding of srr mutant RVG. The migration profiles of gly-
coprotein were modified for two mutants (F318S and H352R)
(Fig. 4A and 5A), but for the other two (F318V and H352Y),
RVG migrated as a doublet in CVS (two of three of the
molecules bearing two sugar chains and one of three of the
molecules bearing a single sugar chain), whereas the srr glyco-
proteins (F318S and H352R) migrated as a triplet. This differ-
ence correlated with the plaque phenotype: F318S and H352R
resulted in smaller plaques than CVS. This suggests that the
transport or folding of the glycoprotein could be affected in
these two mutants.

We used pulse-chase experiments (18) to compare the levels
of maturation of RVG in the s/ mutants (F318S and H352R)
and in CVS. Immediately after the pulse, newly synthesized
CVS-RVG, immunoprecipitated by MAb 17D2, migrated as a
doublet, with one band corresponding to the addition of one
high-mannose sugar chain and one corresponding to the addi-
tion of two sugar chains (Fig. 6). The addition of complex
sugars in the Golgi apparatus increased the molecular weight,
resulting in the presence of additional bands of high molecular
weight and a decrease or disappearance of the smaller bands.
No major differences were observed between CVS and the
mutants in the first 20 min of chase. The larger band appears
more slowly in the mutants than in CVS. The immature gly-
coprotein (the smallest band) was still present after 120 min of
chase for the srr mutants (F318S and H352R). Immunofluo-
rescence with an anti-RVG MAD showed an increased accu-
mulation of the glycoprotein in the Golgi apparatus when BSR
cells were infected by these mutants (data not shown). These data
are in agreement with a slower transport of the glycoprotein
correlated with a lower viral production and smaller plaques.

DISCUSSION

We report the selection and characterization of eight inde-
pendent RV mutants (CVS) resistant to neutralization by a
soluble form of p75NTR (srr mutants). We have shown that

TABLE 3. Interaction of sr» mutants with anti-RVG MAbs®

Characterization of*:

Site IIT
Virus : Site a, 9B4 . .
21H8 Site I, 30AA5-40DC2 41BC2 50AD1 (IP and Linear site, P75-Fc (IP
(IP) (IP, IF, and NT) (P (IF and NT) 17D2 (IP) and NT)
and
NT) NT)
Cvs + + + + + + +
F318V + + + + + + -
F318S + + + + + + -
H352Y + + + + + + -
H352R + + + + + + -

“ Mutants were characterized for their interaction with anti-RVG MAbs by immunoprecipitation (IP), immunofluorescence (IF), or neutralization (NT).



10762 LANGEVIN AND TUFFEREAU
A
i N N
0 O a O A
53088 5% &
QReETFRE s

Q
<
%
L[]
L]
n
Ll
il

F318Vv ..-s--

F3185 Mpes == o= == ==
H352Y "o = on = ==

msorR WEEEs =

F318V

F318S

J. VIROL.

H352Y

H352R

FIG. 4. Interaction between the s/ mutant glycoprotein and p75-Fc or anti-RVG MAbs. BSR cells were infected with the different s7» mutants at
MOIs of 2 to 5. (A) After 24 h, the cells were radiolabeled for 1 h and then solubilized in TD buffer containing 1% CHAPS. Cell extracts were
immunoprecipitated with anti-RVG MAbs or with p75-Fc preadsorbed onto protein A-Sepharose (protA) and analyzed by SDS-PAGE before
autoradiography. (B) The interaction was also analyzed by immunofluorescence of RV-infected cells 18 h postinfection. Cells were incubated with MAb
50AD1, fixed with paraformaldehyde, and then incubated with a fluorescein isothiocyanate-conjugated antimouse antibody. Magnification, X50.

two substitutions, (phenylalanine 318 substituted for by a
serine or a valine and histidine 352 substituted for by a tyrosine
or an arginine) prevent RVG from interacting with p7SNTR
(soluble or membrane-anchored form) and confer resistance to
neutralization by p75-Fc plus antihuman IgG.

Our selection protocol, run on 10 independent CVS stocks,

m F318S
0 omsy
“i H352R

H352Y F318V F3185 H352R

Vs M

FIG. 5. Binding of srr mutant glycoproteins to a membrane-an-
chored form of p7SNTR. (A) RVG cell surface expression. BSR cells
were infected with CVS or sir mutants, radiolabeled for 24 h, and
incubated with MAbs 30AAS5 and 21HS at 4°C for 2 h. Cells were lysed,
and immune complexes were immunoprecipitated on protein-A
Sepharose before SDS-PAGE analysis. (B) Binding of radiolabeled
p75-Sf21 cells to BSR cell monolayers infected with CVS or srr mu-
tants. After washing, BSR cell-associated radioactivity was counted.
Experiments were carried out in triplicate. MI, mock infected.

led to the selection of independent sr» mutants in 8 of them.
The mutants were selected on fibroblasts (BSR) that do not
express p7SNTR. This selection process relies on the capability
of the RV CVS laboratory strain to use alternative receptors
on the surface of BSR cells, such as NCAM (55) or ganglio-
sides (53, 54). Only four different substitutions, located in
codons 318 and 352 of the viral glycoprotein gene, were found.
Phenylalanine 318 was replaced by a valine (two mutants) or a
serine (two mutants), and histidine 352 was replaced by a
tyrosine (one mutant) or an arginine (three mutants) (Table
2). Mutants with the same substitution were selected in inde-
pendent CVS stocks, suggesting that our selection protocol was
fairly exhaustive and that most of the substitutions that were

17D2
0 5 20 40 60 120 (min)
CVS @ === gun San B
H352R e s & 85
et T L

FIG. 6. Maturation of the s7 mutant glycoproteins. BSR cells were
infected with CVS or srr mutants (F318S and H352R) at an MOI of 5
for 20 h and then pulse-labeled for 3 min and chased for the indicated
times. Cells were solubilized with TD buffer containing 1% CHAPS,
and glycoproteins were immunoprecipitated with anti RVG MADb
17D2 before SDS-PAGE analysis and autoradiography.
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FIG. 7. Localization of the sr» mutations (indicated by asterisks) in the RVG antigenic structure. The abscissa shows the number of different

amino acid substitutions found at each amino acid position. Most of the mutations have already been described previously (6, 28, 43, 44, 49, 59),
with the exception of the mutations at positions 203, 210 in site II, 331 in site III, and 342 and 354 in minor site a (F. Lafay and C. Tuffereau,

unpublished results).

abrogating interaction with p7SNTR and compatible with viral
viability have been selected. Furthermore, a nucleotide trans-
version (T—G), believed to be less frequent than transition
events, was independently found twice. The number (4) of srr
mutations was similar to the number of mutants selected for
their resistance to the neutralization by a single MAD (6, 28, 43,
49) (Fig. 7).

The soluble p75-Fc receptor efficiently bound to RVG either
in a soluble form or at the surface of the virus, confirming that
no cellular coreceptors are required for this interaction, as
previously demonstrated (58). p75-Fc alone did not signifi-
cantly neutralize RV infectivity. This cannot be attributed to
the dimeric nature of p75-Fc, because another soluble form
(monomeric and containing only the CRD region) was also
unable to neutralize RV infectivity, although it efficiently
bound the virus (M. Mousli, unpublished results). The most
likely explanation for this poor neutralization is that the inter-
action between p75-Fc and the virus was too weak. Indeed, the
apparent K, between the virus and p75-Fc was much higher
(about 2 logs) than that between isolated RVG trimers and
p75NTR (29a; M. Mousli and P. England, unpublished obser-
vations). This could suggest that the conformation of the gly-
coprotein at the surface of the virus is different than in soluble
RVG and/or that the accessibility of the p7SNTR binding site
is restricted. Further experiments are required to distinguish
between these two hypotheses. However, soluble viral recep-
tors often bind without neutralizing. For instance, immunoad-
hesin (HVEM-Fc) binds to herpes simplex virus type 1 (HSV-
1), but poorly neutralizes virus infectivity (40), and no mutants
have yet been selected. Under our conditions, the addition of
an antibody directed against a domain distinct from the bind-
ing domain led to neutralization. The antihuman antibody in-
creased either the steric hindrance due to receptor binding or
the avidity of the complex for RVG, thus preventing cell in-
teraction and subsequent infection. Alternative methods to
increase the neutralization have been proposed; for example,
although monomeric soluble CD46 does not neutralize mea-
sles virus infectivity, octamerization of the soluble receptor
increases the neutralization by up to 99% (10). Both the ad-

dition of an antibody and multimerization of the soluble re-
ceptor could improve viral neutralization.

Regardless of the method used (immunoprecipitation, im-
munofluorescence, or neutralization), no difference was ob-
served between CVS and the sr» mutants in their interactions
with representative anti-RVG MADs. In agreement with this
result, none of the previously identified antigenic mutations
were located at amino acid positions 318 and 352. This suggests
that sr7 mutations map outside of the known antigenic sites of
the RV glycoprotein (Fig. 4 and Table 3). These mutations are
probably located in an external domain of the glycoprotein,
which has not yet been identified by other methods. However,
the protocols used to select antigenic mutants with neutralizing
MADs were more straightforward, and with the exception of
the RAIN mutants (44), the neutralization efficiency was suf-
ficient (>99.99%) to allow mutants to be selected in one step.
It could be worth investigating whether any of the nonneutral-
izing anti-RVG MAbs (28) can be rendered neutralizing by the
addition of a secondary antibody (antimouse IgG) and deter-
mining where the selected mutations map.

Two substitutions, one (F318S) located next to an N-glyco-
sylation site and the other 34 amino acids downstream
(H352R), appeared to alter some of the viral growth charac-
teristics. These mutants resulted in smaller plaques than the
parental CVS or the other mutants (Table 2), the viral titers
were usually 1 log lower (data not shown), and RVG matura-
tion seemed to be delayed (Fig. 6).

The srr mutations were located on both sides of RVG anti-
genic site III and minor site a (between amino acids 330 and
343) (Fig. 7). However, as mentioned above, regardless of the
method used (immunoprecipitation, immunofluorescence, or
neutralization), no differences between CVS and the sr mu-
tants for interaction with site III- and site a-specific MAbs were
observed. This suggests that mutations in the p7SNTR-binding
domain did not drastically modify the conformation of the
antigenic site III or of the minor site a. Conversely, the double
mutation (K330N+R333M)), in site III reduced the interaction
between the glycoprotein and a membrane-anchored form of
p75 (57) and conferred partial resistance to neutralization by
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p75-Fc plus anti-IgG (C. Langevin, unpublished observations).
It is noteworthy that the K330N+R333M mutant, resulting
from two independent mutational events (12), could not have
been selected on CVS stocks in this selection process.

The role of p75NTR in RV infection is still unknown, and
some previous reports need to be reevaluated in the light of
recent data. It has been reported that the p75~/~ mice gener-
ated by Lee and coworkers (31) are equally as susceptible to
RV infection as control mice (25). However, it has recently
been shown (61) that these mice express a smaller membrane-
anchored form of p75NTR (sp75) containing CRD1. We have
shown that this domain is sufficient for RVG binding (29a).
The srr mutants will be very useful for further studies on the
role of p75NTR in RV infection. Dechant and coworkers re-
cently generated true knockout (KO) mice. These mice have a
more severe phenotypic alteration, resulting in a perinatal
death rate of about 50% (41, 61). In future studies, we will
compare the characteristics of CVS infection in p75~/~ mice
with those of sr» mutants in normal mice (with the same genetic
background), hoping that symptoms, lethality, and viral prop-
agation in the central nervous system will be the same.
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