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Octamerization Enables Soluble CD46 Receptor To Neutralize
Measles Virus In Vitro and In Vivo
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A chimeric fusion protein encompassing the CD46 ectodomain linked to the C-terminal part of the C4b
binding protein (C4bp) « chain (sCD46-C4bpa) was produced in eukaryotic cells. This protein, secreted as a
disulfide-linked homo-octamer, was recognized by a panel of anti-CD46 antibodies with varying avidities.
Unlike monomeric sCD46, the octameric sCD46-C4bpa protein was devoid of complement regulatory activity.
However, sCD46-C4bpa was able to bind to the measles virus hemagglutinin protein expressed on murine cells
with a higher avidity than soluble monomeric sCD46. Moreover, the octameric sCD46-C4bpa protein was
significantly more efficient than monomeric sCD46 in inhibiting virus binding to CD46, in blocking virus
induced cell-cell fusion, and in neutralizing measles virus in vitro. In addition, the octameric sCD46-C4bpa
protein, but not the monomeric sCD46, fully protected CD46 transgenic mice against a lethal intracranial

measles virus challenge.

Control of virus infection is currently a major challenge. The
identification of cellular receptors used by viruses to enter their
host cells has allowed several groups to investigate the poten-
tial antivirus properties of recombinant soluble receptors.
Whereas recombinant soluble CD4 and Tva exhibited high
neutralizing properties, at least in vitro, against human immu-
nodeficiency virus (13, 19, 27, 46) and subgroup A avian sar-
coma and leukosis viruses (5, 11), respectively, the anti-measles
virus (anti-MV) activity of recombinant soluble monomeric
CD46 (sCD46) against MV was very poor (16, 45). Since MV
virus binding and fusion to cells likely involves several CD46
receptor molecules (7), we hypothesized that a multimeric
form of soluble CD46 could have more potent antivirus activity.

Measles virus, a member of the order Mononegavirales, is
responsible for an acute human pulmonary disease with high
morbidity and mortality, killing over 1 million young children
every year, mainly in developing countries. Infection is associ-
ated with a profound but transient cellular immunodepression.
In rare cases, MV can induce lethal neuropathological dis-
eases, acute encephalopathy, measles inclusion bodies enceph-
alitis, or subacute sclerosis panencephalitis. MV attenuated by
growth in chicken embryonic fibroblasts is currently used as an
effective but limited vaccine because of its inefficiency in chil-
dren less than 9 months old.

Human CD46 (or membrane cofactor protein), which is
expressed on all cells except erythrocytes, is used as a cellular
receptor by at least a subgroup of laboratory and wild-type MV
strains (17, 38; see reference 22 for a review) through the
interaction of its ectodomain with that of the MV envelope
glycoprotein hemagglutinin (H) (16). This MV H-CD46 inter-
action induces a multimolecular scaffold in which the MV
fusion glycoprotein (F) initiates the fusion between the MV
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envelope and the plasma cell membrane at a neutral pH (7).
These properties explain the occurrence of cell-cell fusion ob-
served after MV infection. CD46 is a transmembrane glycop-
rotein that belongs to the regulators of complement activation
gene family. The dominant structural units of CD46 are the
four short consensus repeat (SCR) domains of 60 to 64 amino
acids that are responsible for complement binding and regu-
latory functions. Structurally, the N-terminal four SCRs of
CD46 precede a heavily glycosylated serine-threonine-proline
(STP)-rich domain, a transmembrane domain, and one of two
alternative cytoplasmic tails. CD46 protects all cells but eryth-
rocytes from complement activation by acting as a cofactor for
the factor I serine protease, which cleaves C3b (see reference
30 for a review), and also prevents the alternative pathway
amplification loop of C3b deposition on the cell surface (15).
SCRs I1, II1, and IV are required for this cofactor activity, with
SCRs III and IV being mainly involved in the binding to C3b
(D).
The H binding site on CD46 has been mapped to the first
two N-terminal SCR domains (7, 28, 34, 40). Modeling of
CD46 SCR domains I and II (37), which was recently proved to
be largely correct following X-ray diffraction analysis of CD46
SCR I and II crystals (8), together with H, MV, and antibody
binding studies on site-directed mutated CD46 protein (6, 26,
32), indicated that the H protein interacts on one face extend-
ing from the top of SCR I to the bottom of SCR II. Although
dispensable for MV binding, the underlying SCR III and IV
domains optimize this interaction (14), with SCR IV playing a
major role (9). The STP regions are not directly involved in
CD46-mediated MV entry (21, 33).

The poor antivirus activity of a recombinant soluble form of
CD46 (16, 45) led to the design of an oligomeric form of the
receptor. This was based on C4b binding protein (C4bp), an-
other complement regulatory molecule. This molecule is a
multimer associating seven « chains, each consisting of eight
SCR domains linked to a C-terminal oligomerization peptide,
and one B chain composed of three SCR domains linked to an
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oligomerization peptide. When adsorbed to thin carbon films
and examined under electron microscopy, C4bp has a spider-
like structure (12, 47). A fusion protein between the four CD46
SCR domains, STP B region, and the oligomerization site of
the C4bp a chain was generated and tested for its MV-neu-
tralizing properties.

MATERIALS AND METHODS

Cloning procedure and isolation of cell lines producing sCD46-C4bpa fusion
protein. A cDNA coding for the signal peptide and the first 269 amino acids of
CD46, which encompasses the four SCR domains and the STP B region, was
fused to a cDNA encoding the amino-acid 57-C-terminal sequence of the C4bp
o chain, which encompasses the C4bp multimerization domain. The cDNA
encoding the CD46-C4bpa chimeric protein was subcloned under the simian
virus 40 promoter in the pKC3 eukaryotic vector (29). After cotransfection with
the pMAMNeo plasmid (coding for neomycin resistance) into CHO cells, stable
clones secreting the CD46-C4bpa protein were isolated and amplified as pub-
lished (29). The cDNA encoding the sCD46-C4bpa protein was also subcloned
under the cytomegalovirus promoter into the APEX3 vector (10), which was
used to derive human 293EBNA cells expressing the chimeric protein. The
secretion of the chimeric protein was determined using a dot blot assay with
MCI20.6 anti-CD46 antibody and anti-mouse immunoglobulin (Ig)-alkaline
phosphatase conjugate as previously detailed (20). Throughout all the analyses,
an immunopurified recombinant monomeric sCD46 previously described (10)
was used for comparative studies.

Purification and biochemical characterization of sCD46-C4bpa chimeric pro-
tein. The recombinant sCD46-C4bpa protein was immunopurified from cell
supernatant using the anti-CD46 monoclonal antibody (MAb) E4.3 immobilized
on activated Sepharose 4B (Pharmacia) according to the manufacturer instruc-
tions and was eluted with 0.1 M HCl-glycine buffer (pH 2.8). Alternatively, the
sCD46-C4bpa protein was produced in serum-free medium supplemented with
the plant-derived growth factor Prolifix (Biomedia), concentrated on 100-kDa
exclusion membrane, and purified by exclusion chromatography on Sephacryl
200 (Pharmacia). Metabolic labeling with Tran®*S-label (NEN) for 30 min fol-
lowed by a chase of 2 h and immunoprecipitation of cell extract and cell super-
natant using J4-48 antibodies and protein G-Sepharose beads were performed
according to published procedures (20, 38).

Matrix-assisted laser desorption mass spectrometry (MALDI MS). After di-
alysis and concentration under vacuum, the sample was dissolved in 0.1% trif-
luoroacetic acid and mixed with matrix (saturated solution of 3,5-dimethoxy-4-
hydroxycinnamic acid in 0.1% trifluoroacetic acid in water-acetonitrile [2:1, vol/
vol]). One microliter of the mixture with a matrix-to-sample ratio of ca. 10,000
was deposited on a thin layer of matrix crystals prepared on the target. After
drying in air at ambient temperature, resulting crystals were analyzed in the mass
spectrometer (Bruker Biflex; Bremen, Germany). External calibration was made
with carbonic anhydrase (29,024 kDa) or monomeric and dimeric bovine serum
albumin (66,430 and 132,858 kDa). Spectra were acquired in linear mode (turbo
mode) at an acceleration voltage of 28 kV.

Enzyme-linked immunosorbent assay procedure. The reactivity of sCD46-
C4bpa with anti-CD46 antibodies was tested in an antibody binding competition
assay on immobilized recombinant sCD46 revealed by a phosphatase alkaline—
anti-mouse Ig conjugate as previously detailed (6, 16). The apparent avidity of
antibodies was determined from the representation of Lineweaver and Burk, i.e.,
1/bound antibody as a function of 1/antibody concentration (6).

C3b deposition. Human C3b deposition on CHO and CHO.CD46 cells fol-
lowing activation of the alternative complement pathway was performed essen-
tially as recently described (15). Briefly, CHO cells were incubated with human
serum diluted 1:3 in the presence of 20 mM MgCl,, 100 mM EGTA, and serial
dilutions of either sCD46-C4bpa or sCD46 for 1 h at 37°C. After being washed,
the cells were immunolabeled using anti-C3b(C3c) WM1 antibody and anti-
mouse IgG-phycoerythrin conjugate. The level of C3b was measured by flow
cytometry.

Cytofluorometry assays. The binding of sCD46-C4bpa to transmembrane MV
H protein was tested after incubation of serially diluted protein with 2 X 10° L
cells expressing MV H glycoprotein in a round-bottom 96-well microtiter plate
(30 min at 20°C). Following washing, cells were incubated with an appropriate
dilution of the anti-CD46 GB24 antibody. Phycoerythrin-anti-mouse IgG
(heavy- and light-chain) conjugate was added following additional washing and
cytofluorometry analysis performed as detailed previously (16). The results were
expressed in mean fluorescence values and used to estimate the apparent avidity
of sCD46-C4bp from the representation of Lineweaver and Burk.

Virus binding assay. The assay was performed essentially as described (16).
Serial dilutions of the recombinant sCD46 material were incubated with purified
MV (Hall¢ strain) for 1 h at 20°C, and the mixture was added to CHO.CD46
cells. MV binding was measured after immunolabeling and flow cytometry.

Cell fusion. A quantitative fusion assay based on the conditional expression of
B-galactosidase (B-Gal) under the control of the T7 polymerase promoter was
used. Briefly, the first HeLa cell partner was infected with MV (Hallé strain) (at
a multiplicity of infection [MOI] of 2) for 8 h at 37°C. After 7 h of incubation a
recombinant vaccinia virus encoding the T7-DNA-dependent RNA polymerase
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(wT7) (at an MOI of 1) was added; at the end of the 8-h period the cells were
washed once and cultured for an additional 16 h in the presence of a fusion
peptide inhibitor, z-p-Phe-Phe-Gly, to prevent ongoing cell fusion and cell death.
A second cell partner was infected with a recombinant vaccinia virus encoding
the T7-driven B-Gal cDNA (vCB21R-lacZ) (at an MOI of 1) (3) for 1 h, washed
once, and then incubated for an additional 16 h at 37°C. MV- and vwT7-infected
cells were washed three times to eliminate the z-p-Phe-Phe-Gly peptide and
resuspended in culture medium supplemented with 40 uM AraC to stop the
replication of vaccinia virus and reduce nonspecific induction of B-Gal activity
(39). A total of 10° cells were coincubated with a serial dilution of either sCD46,
sCD46-C4bpa, monoclonal anti-MV-H 48cl6, anti-MV-F Y503, or anti-human
C3b WM1 antibody for 30 min at 4°C prior to the addition of 10° vCB21R-lacZ
infected cells. After 6 h of incubation at 37°C, the cells were lysed and the B-Gal
activity was determined by colorimetry using o-nitrophenyl-B-p-galactopyrano-
side substrate (Sigma).

In vitro neutralization assays. Two different methods were used. In the first
one, serial dilutions of sCD46, sCD46-C4bpa, or bovine serum albumin were
incubated for 30 min at 37°C with 100 PFU of MV (Edmonston strain) (Amer-
ican Type Culture Collection) in tissue culture medium supplemented with 2%
fetal calf serum. The mixture was then layered onto a Vero cell monolayer and
incubated for 4 days. Cells were fixed in 10% formalin and stained with methyl
blue, and the number of PFU was counted. The second method was devised so
as to test the reversibility of the virus neutralization. Briefly, 102, 103, 10%, and 10°
50% tissue culture infective doses (TCIDs,) of MV (Hallé strain) was incubated
with 300 wg of sCD46-C4bpa, WML anti-C3b, 48cl6 anti-MV-H, or Y503 anti-
MV-F antibodies per ml in a final volume of 30 ul for 1 h at 37°C. After the
addition of 270 pl of culture medium, serial dilutions (1:3) of the mixture were
made in 96-well microtiter plates, with each dilution being equally aliquoted into
eight wells. Vero cells (10* in 200 ul) were added to each well, and the Micro-
plates were incubated for 10 days at 37°C. Under these conditions, the final
concentration of the inhibitor during the Vero cell infection step was inferior or
equal to 10 nM at most. Infectious virus was quantified using the TCIDs,
procedure.

In vivo neutralization assay. Transgenic mice ubiquitously expressing the
human CD46 protein (line MCP-7) have been described previously (25). These
mice were shown to be highly sensitive to intracranial infection by MV (18).
Before infection, phosphate-buffered saline (PBS), sCD46, or sCD46-C4bpa was
mixed with either MV (Edmonston strain) or canine distemper virus (CDV)
(Onderstepoort strain) and incubated for 15 min at 37°C. This mixture (30 wl)
was then used to intracranially inoculate 2- to 3-day-old suckling CD46 trans-
genic mice. Animals were observed for clinical symptoms and death daily for 10
weeks.

RESULTS

CD46-C4bpa protein is secreted as a homo-octamer. After
transfection with CD46-C4bp.pKC3 or APEX-CD46-C4bp eu-
karyotic vectors and selection in the presence of the appropri-
ate antibiotics, several clones of CHO and 293EBNA cells
were found to secrete a protein which reacted with the
MCI20.6 anti-CD46 MADb in a dot blot assay. One of the CHO
cell clones, 2B5, was metabolically radiolabeled for 30 min and
then subjected to a chase of 2 h. From the cell extract, the
anti-CD46 MAb J4-48 specifically immunoprecipitated a pro-
tein which resolved after polyacrylamide gel electrophoresis
into a doublet of ~50 kDa and a single band of ~250 kDa
under reducing and nonreducing conditions, respectively (Fig.
1la, lanes 3 and 7). From the cell supernatant, the immunopre-
cipitated material resolved into broad bands of ~65 and ~320
kDa under reducing and nonreducing conditions, respectively
(Fig. 1a, lanes 4 and 8). In addition, a band with a mass of
>200 kDa, which could correspond to unreduced sCD46-
C4bpa, was also detected under reducing conditions (Fig. 1a,
lane 4). The size increase of the secreted material as well as the
broadening of the bands probably reflects heterogeneous gly-
cosylation, which is typically observed with CD46 (30, 38).

Sufficient material was immunopurified on an E4.3 MAb
column for MALDI MS analysis. The spectrum resolved into
12 peaks labeled as follows: a, 19,086 Da; b, 37,963 Da; c,
42,772 Da; d, 80,735 Da; e, 100,232 Da; f, 120,899 Da; g,
139,233 Da; h, 159,945 Da; i, 199,079 Da; j, 238,363 Da; k,
277,362 Da; and 1, 317,421 Da. This series was completely
different from those resulting from usual multiply-charged ions
or from ion signals corresponding to molecular clusters (dimer
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FIG. 1. (a) Polyacrylamide gel electrophoresis autoradiogram of metaboli-
cally 3°S-radiolabeled CD46-C4bpa immunoprecipitated using J4-48 anti-CD46
antibody under reducing (lanes 1 to 4) and nonreducing (lanes 5 to 8) conditions
of cell extract from CHO (lanes 1 and 5), CHO-CD46-C4bpa cells (lanes 3 and
7), and from supernatant of CHO (lanes 2 and 6) or CHO-CD46-C4bpa (lanes
4 and 8) cells. Major bands specifically immunoprecipitated are indicated by
arrows. A prominent nonspecific band around 100 kDa was also observed. (b)
MALDI MS of sCD46-C4bpa protein. Peaks labeled b, d, f, h, i, j, k, and | are
related to the singly charged ion series, and peaks a through h are related to the
doubly charged ion series. Peaks b, d, f, and h correspond to ions belonging to
both singly and doubly charged series. Ion species of the singly and doubly
charged series contributing to each peak are indicated above the curve. The mass
errors range between 0.01 (peak b) and 1.7% (peak 1).

[2M + H™], trimer [3M + H'], etc.) which may appear in
MALDI MS at high analyte concentration. Indeed, as shown in
Fig. 1b, the peak intensities indicate that the twelve peaks
actually correspond to eight singly charged ions (peaks b, d, £,
h, i, j, k, and 1) and eight doubly charged ions (peaks a to h).

J. VIROL.

The ion nomenclature is based on the number (one to eight) of
~40-kDa subunits and the number of protons bound to the
fragment. Four of these peaks (b, d, f, and h) are obviously
heterogeneous and reflect the occurrence of one singly and
one doubly charged ion. For example, the 4" and 8" ions
contribute to the intensity of peak h. The molecular masses
(MMs) and intensities of the 16 ion species suggest that they
are produced by eight fragments, or subunits, of a native mol-
ecule differing by an incremental MM of approximately 40
kDa. Furthermore, the spectrum shows that, as expected, (i)
the MM of ions producing peaks b, d, f, and h are exactly those
that can be expected for the 8 and 4", 6" and 3%, 4** and
2%, and 2°" and 17 ions, respectively, of a 317-kDa whole
molecule; (ii) peaks a, c, e, and g, which are presumed to be
produced by a single ion type, have much lower intensities than
their neighbors (peaks b, d, f, and h), corresponding to a
mixture of singly and doubly charged ions; (iii) peaks i, j, k, and
1 exhibit decreasing intensities as expected for a series of ions
with increasing masses; and (iv) peak 1, the peak with the
highest MM of the series, has a MM 16 times greater than peak
a and 8 times greater than peak b. The expected nature and the
location in the spectrum of the 16 singly and doubly charged
ions is given in Fig. 1.

We conclude that the peak series correspond to the mono-
mer, dimer, trimer, tetramer, pentamer, hexamer, heptamer,
and octamer of a subunit with a MM of 37,963 Da. Mass values
may be slightly underestimated because of possible laser beam-
induced carbohydrate loss during MALDI analysis of glycop-
rotein samples. Thus, the CD46-C4bpa chimerical protein was
secreted as homo-octamers linked by disulfide bonds.

Reactivity of sCD46-C4bpa protein with anti-CD46 antibod-
ies. The sCD46-C4bpa protein was found to react with a panel
of anti-CD46 MAbs directed against CD46 SCR-I, SCR-II,
SCR-II1I, or SCR-1V domains (Table 1). However, when com-
pared to monomeric sCD46, the octameric sCD46-C4bpa ex-
hibited an increase in avidity to E4.3 (70-fold), MCI20.6 (3-
fold), and GB24 (2-fold) antibodies, whereas a decrease in
avidity to M75 antibody (11-fold) was observed. Similar avidity
values were observed with other anti-CD46 MAbs, TRA2.10
and 10.88. Taken together this indicates that, upon multimer-
ization, some minor conformational changes of SCR domains
of CD46 occurs. This pattern of antibody reactivity was also
different from that observed with the natural transmembrane
CD46, which exhibits the highest avidity for all antibodies
tested.

sCD46-C4bpa has no complement regulatory activity. The
sCD46-C4bpa was mixed with human serum and incubated
with CHO cells to determine its ability to prevent the ampli-
fication loop of C3b deposition of the alternative complement

TABLE 1. Apparent avidity (K;,) of anti-CD46 antibodies for transmembrane CD46 (tmCD46) expressed on CHO cells, as determined by
flow cytometry, and for monomeric sCD46 or octameric sSCD46-C4bpa proteins, as determined by competition enzyme-linked
immunosorbent assay on immobilized sCD46“

Kp, (nM) of anti-CD46 antibodies for:

Inhibitory activity against:

Antibody Binding site on CD46

tmCD46 sCD46 sCD46-C4bpa Cofactor activity MYV sH binding
E4.3 SCR-1 0.4 47.2 0.7 - +/—
MCI20.6 SCR-I 0.3 6.1 2.1 - +
TRA2.10 SCR-1 0.4 36.0 29.6 - +
M75 SCR-II 0.2 03 33 +++ +++
GB24 SCR-ITIandIV 0.3 _4.6 2.0 +++ -
10.88 SCR-IITandIV 0.3 1. 23 ? -

“ The data on the inhibitory activities against complement cofactor activity (underlined) and MV sH binding (in boldface type) are from references 1, 15, and 44 and
reference 6, respectively. Symbols: —, none; +, moderate; +/—, low; +++, high; ?, not known.
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FIG. 2. C3b deposition after alternative complement activation of human
serum on CHO cells in the presence of octameric sCD46-C4bpa (circles) or
monomeric sCD46 (triangles) proteins. The results are expressed as a percentage
of the C3b deposition level observed on CHO cells in the absence of inhibitor.
The level of deposition of C3b on CHO-CD46 cells is indicated by the bottom
horizontal dotted line. The results are cumulative data from four different ex-
periments.

pathway (Fig. 2). The sCD46-C4bpa protein was unable to
decrease the level of the C3b deposition on CHO cells even at
the highest concentration tested (250 pg/ml or 780 nM, equiv-
alent to 6240 nM of monovalent CD46). In contrast, and in
agreement with previous work (10), monomeric sCD46 at con-
centrations of >420 nM (i.e., 25 pg/ml) displayed cofactor
activity. At concentrations of >1,000 nM, monomeric sCD46
was almost as efficient as transmembrane CD46, which com-
pletely prevented the amplification loop of the C3b deposition,
leaving only around 5% of the C3b deposition, corresponding
to the primary tick-over phase (Fig. 3 [bottom dotted line])
(15). In addition, with intermediate concentrations of both of
the sCD46-C4bpa (10 to 80 nM, equivalent to 80 to 640 nM
monovalent CD46) and sCD46 (150 to 400 nM) proteins, the
amount of C3b deposition was higher than on untreated CHO
cells (Fig. 3 [see values above the upper dotted line]). This
enhancement was not observed when the complement activa-
tion was performed on CHO.CD46 cells (not shown).

sCD46-C4bpa protein can bind to MV H. Both the oc-
tameric sCD46-C4bpa and monomeric sCD46 were able to
bind to L cells expressing the MV H protein but not to the
parental murine L cells (not shown). sCD46-C4bpa exhibited a
2.5-fold-higher apparent avidity (48 nM, equivalent to 384 nM
monovalent CD46) towards H protein than sCD46 (119 nM).

sCD46-C4bpa is a potent inhibitor of MV binding to CD46.
The preincubation of purified MV with sCD46-C4bpa protein
resulted in the abolition of the CD46-mediated specific binding
to CHO.CD46 cells at a concentration of >470 nM (equivalent
to 3,760 nM monovalent CD46) (Fig. 3a). A similar binding
inhibition was observed with 5,000 nM monomeric sCD46.
Thus, when their respective valences are taken into account,
both proteins have a similar inhibitory binding efficiency. How-
ever, while the inhibition curve with the monomeric sCD46
protein shows a regular linear relationship between 625 and
5,000 nM, the corresponding inhibition curve observed with
the octameric sCD46-C4bpa protein has a steeper slope. In
addition, within the 15 to 120 nM range (equivalent to 120 to
960 nM monovalent CD46), a significant enhancement of MV
binding to octameric sCD46-C4bpa was observed, possibly re-
flecting the binding of virus aggregated in solution by the
nonsaturating multimeric protein. When the inhibitor was
added after MV binding to CHO-CD46 cells, neither enhance-
ment nor inhibition was observed.

sCD46-C4bpa is a potent inhibitor of MV glycoprotein-
induced cell-cell fusion. A quantitative fusion assay based on
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FIG. 3. Inhibition of virus binding (a), virus-induced cell-cell fusion (b), and
virus infectivity (¢ and d). (a) Purified MV was incubated with either sCD46-
C4bpa protein (black circles) or sSCD46 protein (triangles) before the addition of
CHO-CD46 cells; alternatively MV was incubated with CHO-CD46 cells to
which the sCD46-C4bpa protein was added afterwards (open circles). (b) Inhi-
bition of fusion in the presence of sCD46-C4bpa protein (circles), sCD46 protein
(triangles), 48Cl6 anti-H (diamonds), Y503 anti-F (squares), or WMI anti-
C3b(C3c) (exes) MADbs. The results are expressed as a percentage of the fusion
between HeLLa and MV-infected HeLa cells observed in the absence of inhibitor
as determined by the level of B-Gal activity. (c¢) MV (100 PFU) was incubated
with sCD46-C4bpa protein (circles), sCD46 protein (triangles), or bovine serum
albumin (exes) prior to infection of Vero cells. (d) MV (10°, 10%, 103, and 10?
TCIDs, [black to light grey columns, respectively]) was incubated with the
indicated reagent, and the remaining virus was titrated using the TCIDs5,, assay.
The results are expressed as the MV fraction not neutralized. Note that no
infectious MV was recovered from 10> TCIDs, MV incubated with sCD46-
C4bpa (i.e., recovery fraction = 0:100).

the conditional expression of B-Gal was used to assess the
functional property of the octameric sCD46-C4bpa protein to
inhibit cell-cell fusion. After 30 min of preincubation of MV-
infected HeLa cells with this protein at 4°C, an almost linear
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decrease in fusion with HeLa cells was observed, with 50%
inhibition at 7 nM (equivalent to 56 nM monovalent CD46)
and complete inhibition at 950 nM (equivalent to 7,600 nM
monovalent CD46). Similar data was also observed following
preincubation with anti-MV H and anti-MV F antibodies, al-
though these antibodies were not as efficient, with 50% inhi-
bition being observed at 15 and 22 nM, respectively (Fig. 3b).
In comparison, the monomeric sCD46 protein was a poor
fusion inhibitor, with 50% inhibition activity at 1,100 nM (Fig.
3b). As expected the unrelated WM1 antibody had a minimal
level of inhibition even at the highest concentration tested.
Similar results were obtained when the hamster CHO cells
coinfected with recombinant vaccinia virus coding for MV H
and F proteins and CHO.CD46 were used as cell fusion part-
ners. As a control for specificity, every fusion inhibitor was
found not to inhibit the cell-cell fusion assay mediated by the
closely related CDV.

sCD46-C4bpa is a potent inhibitor of MV infection in vitro.
When the octameric sSCD46-C4bpa protein was incubated with
100 PFU of MV in the presence of Vero indicator cells, it was
a potent inhibitor of infection, with 50% inhibitory activity at
17 nM (equivalent to 136 nM monovalent CD46) (Fig. 3c), i.e.,
consistent with the 50% inhibitory activity observed with cell-
cell fusion (7 nM). In contrast, and as previously reported (16,
45), the monomeric sCD46 was unable to neutralize the virus,
as was the control bovine serum albumin. To test the revers-
ibility of this neutralizing effect, 102, 10%, 10%, and 10° TCIDy,
of MV were incubated with a 300-pg/ml concentration (i.e.,
950 nM for sCD46-C4bpa) of inhibitor for 1 h and then diluted
100-fold and more (i.e., below the 50% inhibitory activity level
observed when sCD46-C4bpa is left throughout the MV neu-
tralization assay [Fig. 3c]). A constant proportion of approxi-
mately 99% of MV (i.e., 2 log units) was irreversibly neutral-
ized by the sCD46-C4bpa protein (Fig. 3d). The 48cl6 anti-H
MAD was also very efficient at neutralizing MV although not as
efficient as sCD46-C4bpa, with between 90 and 95% (i.e., 1-log
range) of MV being neutralized. Interestingly, despite being a
potent inhibitor of MV-induced cell-cell fusion, the Y503 an-
ti-F MAD was unable to irreversibly neutralize the virus. As a
control, incubation of MV with WM1 antibody had no effect.

sCD46-C4bpa is a potent inhibitor of MV infection in vivo.
The neutralizing properties of CD46 reagents were then tested
in a transgenic CD46 mouse characterized by (i) high suscep-
tibility to MV infection and productive replication in the brain
after intracranial inoculation and (ii) obligatory use of the
cellular receptor CD46 by MV (18, 25). When 11 pg (i.e., 35
pmol [equivalent to 280 pmol of monovalent CD46]) of oc-
tameric sCD46-C4bpa protein was coinjected intracranially
into newborn transgenic CD46 mice with 6,000 PFU of MV
(Edmonston strain), all animals survived, whereas mice inoc-
ulated with MV alone were all killed, with a mean survival time
of 7.6 days (Table 2). In the group of mice inoculated with MV
and 24 pg (i.e., 400 pmol) of monomeric sCD46, three out of
four mice died, with a mean survival time of 13 days. The
protective effect of both octameric sCD46-C4bpa and mono-
meric sSCD46 were specific to MV, since they did not prevent or
delay the death induced by the inoculation of transgenic CD46
mice with CDV, which does not use CD46 as a receptor.

DISCUSSION

The fusion of the C4bpa bundle domain to the ectodomain
of CD46 resulted in the generation of a chimeric disulfide-
bound homo-octameric protein, sCD46-C4bpa. This structure
is similar to the homo-octameric C4bp a chains synthesized in
the absence of the C4bp B chain (23) and to the homo-oc-
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TABLE 2. In vivo neutralizing activity of octameric sCD46-C4bpa
and monomeric sCD46 proteins®

Inogulated Treatment Death ratio” Mf:an survival
virus time (days)
MV PBS 6/6 7.6

sCD46 3/4 13.0
sCD46-C4bpa 0/6 —
CDV PBS 3/3 73
sCD46 3/3 7.6
sCD46-C4bpa 3/3 7.7

“ Suckling transgenic CD46 mice (2 to 3 days old) were inoculated intracra-
nially with either 11 pg (i.e., 35 pmol) of octameric sCD46-C4bpa (equivalent to
280 pmol of monovalent CD46) or 24 g (i.e., 400 pmol) of monomeric sCD46
or PBS together with 6,000 infectious units of either MV or CDV. Animals were
observed for clinical symptoms and death daily during 10 weeks.

® Number of mice that died/number of mice inoculated.

¢ —, all mice survived.

tameric chimeric anti-Rh(D) Fv antibody (29). Compared to
the natural transmembrane CD46 molecule, the octameric
sCD46-C4bpa shows a reduced reactivity with two antibodies,
anti-SCR II M75 and anti-SCR III and IV GB24, which have
a strong inhibitory activity against the CD46 cofactor activity
(1, 44) (Table 1). Accordingly, it lacks any cofactor activity,
whereas the monomeric sCD46, which shows a reduced reac-
tivity towards only one antibody (GB24) still exhibits a signif-
icant cofactor activity. Noteworthy, the SCR II domain of
CD46 does not contain primary binding sites for C3b but is
required for the cofactor activity, and the SCR III and IV
domains contain the binding site for C3b (1). The lack of
cofactor activity of sCD46-C4bpa on C3b deposition following
alternative complement activation was surprising because the
natural C4bp a chain is structurally and functionally related to
CD46. Indeed, the C4bp molecule (seven « chains plus one 3
chain) is a cofactor of factor I for the cleavage of C4b but not
of C3b (24, 43). This activity has been mapped to the first three
N-terminal domains of the C4bp « chain (24). A monomeric
membrane-anchored C4bp o chain protein displays an addi-
tional cofactor activity for the factor I-mediated cleavage of
C3b, which maps to both N-terminal and C-terminal SCR
domains (35). We suggest that the localization of the CD46
SCR III and I'V domains adjacent to the bundle region of C4bp
a chain effectively hampers binding to C3b and/or cofactor
activity through steric hindrance. We do not have a satisfactory
explanation for the unexpected enhancement of C3b deposi-
tion at intermediate concentrations of both sCD46 and sCD46-
C4bpa, although one can speculate about a transient stabiliz-
ing effect on the C3bBb convertase, as previously observed
with solubilized transmembrane CD46 in the absence of factor
I (42).

The SCR I and II domains of sCD46-C4bpa are accessible
for binding to the MV H protein. The 2.5-fold-higher avidity of
the chimeric protein, compared to that of monomeric sCD46,
could be related to cooperative binding of each of the CD46-
C4bpa monomers and/or to subtle conformational changes in
the H binding site induced by modified interactions with the
underlying SCR III and/or IV domains (9, 14). The sCD46-
C4bpa protein exhibits a lower reactivity with three anti-CD46
antibodies able to compete with MV interaction, including
M75, a very strong inhibitor of the binding of an MV-soluble H
(6) (Table 1). This suggests that the local structure of the
sCD46-C4bpa protein subtly differs from that of the natural
transmembrane CD46 but can still accommodate efficient in-
teraction with MV. This is in agreement with the relative in-
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sensitivity of CD46 to point mutations of amino acids in SCR
I and II domains (6, 26, 32). How does the oligomeric structure
of the sCD46-C4bpa compare with that of natural transmem-
brane CD46? From cross-linking experiments, CD46 seems to
exist as dimers and possibly trimers (31), and the crystal struc-
ture of a CD46 SCR I-SCR II fragment revealed a trimeric
arrangement (8).

The octamerization of the CD46 ectodomain resulted in a
chimeric protein with an anti-MV activity improved by 2 orders
of magnitude, thus far exceeding the modest increase of its
avidity for the MV H protein. The mechanism of this antiviral
activity could be a competition for binding to the cell surface
CD46 receptor and/or an irreversible conformational change
of the fusion protein induced by the simultaneous binding of
several adjacent H companion molecules to the octameric re-
ceptor. In favor of the latter, (i) the octameric and monomeric
receptors displayed similar efficiencies in saturating CD46
binding sites at equal valency, (ii) at intermediate concentra-
tions, the octameric protein resulted in an increased amount of
virus binding and/or uptake with decreased infectivity (com-
pare Fig. 3a and c), and (iii) unlike the anti-F MADb, its neu-
tralizing ability was irreversible in vitro. Moreover, this would
explain the potent neutralizing activity of the octameric soluble
receptor in vivo.

sCD46-C4bpa is derived from two human proteins, is devoid
of complement regulatory properties, has a high MM which
should increase its serum half-life, and displays potent in vitro
and in vivo neutralizing properties. Consequently, it is a good
candidate for clinical use in the control of MV infection in
immunocompromised patients (2, 4, 36), in patients suffering
from acute or subacute encephalitis, and in young children
infected at the critical transition age between maternally trans-
mitted antibody protection and a successful anti-measles vac-
cination coverage (41). Further studies using animals which
more closely model the human disease are in progress to val-
idate this new therapeutic concept. The C4bpa-based octamer-
ization procedure of a cellular receptor might also prove useful
in generating other efficient antivirus reagents.
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