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Measles virus (MV) has a tropism restricted to humans and primates and uses the human CD46 molecule
as a cellular receptor. MV has been adapted to grow in chicken embryonic fibroblasts (CEF) and gave rise to
an attenuated live vaccine. Hallé and Schwarz MYV strains were compared in their ability to infect both simian
Vero cells and CEF. Whereas both strains infected Vero cells, only the CEF-adapted Schwarz strain was able
to efficiently infect CEF. Since the expression of the human MYV receptor CD46 rendered the chicken embryonic
cell line TCF more permissive to the infection by the Hallé MV strain, the MV entry into CEF appeared to be
a limiting step in the absence of prior MV adaptation. CEF lacked reactivity with anti-CD46 antibodies but
were found to express another protein allowing MV binding as an alternative receptor to CD46.

Measles virus (MV) was first isolated in 1954 by Enders and
Peebles from blood taken from a patient with a typical case of
measles (8). This isolate, named Edmonston, was subjected to
serial passages in human kidney cells and human amnion cells
prior to being successfully transferred into chicken embryos
(16) and chicken embryonic fibroblasts (CEF) (14). This adapt-
ed virus strain became the progenitor for subsequent measles
vaccines (see reference 13 for a review). Understanding the
molecular mechanisms of the MV attenuation resulting from a
historical empirical process should focus on molecular targets
for the rational design of new vaccines against measles.

MYV belongs to the Morbillivirus genus, Paramyxoviridae fam-
ily, and Mononegavirales order. Humans are the only known
natural hosts of MV, although the virus can infect and induce
disease in some primates. This restricted tropism is thought to
reflect the use of the human and simian CD46 molecules as
cellular receptors (6, 17). The virus envelope is made of two
membrane glycoproteins, the hemagglutinin (H), responsible
for binding to the host cell by its direct interaction with the
CD46 molecule (see reference 11 for a review), and the fusion
protein (F), which mediates fusion of viral and cell membranes
and nucleocapsid penetration. The viral synthesis occurs in the
cytoplasm, and the infectious particles are released by budding
at the cell surface.

Although MV is monotypic, several MV strains can be dis-
tinguished by the nature of the host cell used for their isolation
and propagation. Wild-type strains are typically isolated on
human or simian lymphoblastoid cell lines and are considered
pathogenic (23). In contrast, adapted or laboratory strains are
isolated on human or simian fibroblastic or epithelial cell lines.
Among these adapted strains, some have lost, after serial pas-
sage in chicken cells, their in vivo virulence and are known as
attenuated strains. During this adaptation, the pressure of the
new host cell environment may have the potential to generate
phenotypic modification. In order to understand the molecular
basis of this new phenotype, we have compared the MV Hallé
strain, which is highly related to the Edmonston strain, and the
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vaccine Schwarz strain for their ability to infect simian Vero
cells and CEF.

Kinetics of infection of CEF and Vero cells. Simian Vero
cells and primary CEF were grown in Dulbecco’s modified
Eagle’s medium containing 6% heat-inactivated fetal calf se-
rum, 10 mM HEPES, and 2 mM glutamine and supplemented
for CEF with 5 X 107° M 2-mercaptoethanol, 10% tryptose
phosphate broth, 2% heat-inactivated chicken serum, and 50
pg of gentamicin per ml. The cells were infected, at a mul-
tiplicity of infection (MOI) of 0.1, with two MV strains, the
Hallé laboratory strain (26) propagated in Vero cells, and the
Schwarz vaccine strain (kindly provided by Pasteur Mérieux
Connaught) maintained by serial passages in CEF. The per-
centage of infected cells and the amounts of cell-associated
virus produced and virus released into the supernatant were
determined over time by flow cytometry analysis, after label-
ling with antihemagglutinin monoclonal antibodies (17), and
the 50% tissue culture infective dose (TCIDs,) method, re-
spectively (Fig. 1).

Vero cells were similarly permissive for both MV strains
with more than 95% of cells expressing MV hemagglutinin
4 days postinfection (p.i.) (Fig. 1D and E), and a total virus
production of 3 X 10”7 TCIDsy/ml on day 4 (Fig. 1F). The
kinetics of infection of CEF by the Schwarz strain was slower,
with only 65% of cells being infected after 4 days (Fig. 1A and
B) and 86% being infected by day 6 (Fig. 1B). Accordingly, the
virus progeny was delayed, reaching 107 TCIDs,/ml on day 6
with little release of virus into the supernatant (Fig. 1C). This
suggests that the virus budding process could be inefficient in
CEF. Alternatively, the CEF could favor the production of
defective interfering particles and reduce the yield of infec-
tious particles, as observed with other host cells (25).

CEF were poorly permissive to the infection by the Hallé
strain, with less than 10% of cells being infected on day 4 (Fig.
1A and B) and a low total viral production of 3 X 10* TCIDs,/
ml on day 6 (Fig. 1C). Thus, the potency of the Schwarz MV
strain in totally invading the CEF suggests that, during the
adaptation process, the envelope glycoproteins have been se-
lected for efficient entry into CEF. MV entry into cells requires
a precise dynamic molecular scaffold involving the binding of
H to the receptor, an appropriate pairing of H and F, and
conformational change in the receptor, H, and/or F protein (2,
4,5, 10). Therefore, any structural change in the H and/or the
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FIG. 1. Kinetics of infection of CEF and Vero cells. CEF (A to C) and Vero cells (D to F) were infected at an MOI of 0.1 with the Schwarz or Hall¢ strain of MV.
(A and D) Expression of the hemagglutinin H, 4 days p.i., is shown by the shift between the white histogram and the black control histogram. The lower limit, where
cells were scored as positive, is indicated by arrows. (B and E) Kinetics of H expression up to 6 days p.i. expressed as the percentages of positive cells. (C and F) Kinetics
of infectious particles spontaneously released in the supernatant (open circles) and total production, i.e., cell-associated plus released virus (closed circles).

F glycoprotein could promote the fusion step with the CEF
plasma membranes. Because the hemagglutinin is responsible
for the binding step (reference 5 and this study), it is reason-
able to suggest that a hemagglutinin mutant has been selected
during the serial passage in CEF, as described for influenza
A(HINT1) virus (21). Likewise, an F glycoprotein mutant could
have been selected. Indeed, Borges et al. have reported that
the Schwarz MV strain differs from the Edmonston strain by its
inability to lyse simian erythrocytes, a process known to involve
the F protein after the H-CD46 interaction (1). Moreover, the
Schwarz MV strain formed small plaques after infection of
Vero cells, in contrast to the Hallé and Edmonston virus
strains, which induced extensive cell-cell fusion (reference 1
and data not shown). A comparison of the primary sequences
of H and F proteins from the Hallé and Schwarz strains re-
vealed only five differences (Phe''” to Leu''” and Gly**° to
Ser®*® for the H protein and Ala'®® to Thr'¢®, Arg?°° to Gly*°°,
and Ser*® to Tyr’**® for the F protein). Among these se-
quence variations, only the Ser**® of the H glycoprotein has
been found to be a common feature of every attenuated vac-
cine strain grown in chicken cells (22). Although these differ-
ences are limited, they may have subtle effects on the three-
dimensional structures which could modulate their interactions
with their protein partner.

Effect of CD46 expression at the surface of chicken fibro-
blasts on MV replication. A chicken fibroblast line (TCF)
monolayer (kindly provided by Rhone Mérieux) (8 X 10 cells)
was transfected with the expression vector Apex-CD46, encod-
ing the C2 isoform of CD46 subcloned downstream of the
cytomegalovirus promoter, into the end-filled Xbal site of the
Apex vector (9). The TCF cells were found to behave similarly
to CEF for MV binding and growth. One TCF clone, stably
expressing CD46 (TCF.CD46), was then infected, at an MOI

of 1, with four MV strains, tag (derived from Edmonston B)
(20), Hallé, Ma93F (15), and Schwarz. TCF.CD46 cells were
labelled by the monoclonal anti-CD46 antibody MCI20.6 (Fig.
2A). The TCF.CD46 cells appeared more permissive than the
parental TCF cells to infection by both the tag and the Hallé
strains with 59 and 79% of TCF.CD46 cells expressing H com-
pared to 11 and 5% of TCF cells, respectively (Fig. 2B and C).
The total production of infectious viral particles was also in-
creased by CD46 expression from 45 to 2,500 and 4,400 to
44,000 TCIDs,/ml for tag and Hall€ strains, respectively (Fig.
2F). In agreement with the inability of Ma93F hemagglutinin
to down-regulate the expression of CD46 (15), the expression
of CD46 did not increase the permissiveness of chicken cells
for this MV strain (Fig. 2D). This further indicates that Ma93F
MYV may use a receptor different from CD46. The low permis-
sivity of chicken fibroblasts for Hallé, tag, and Ma93F MV
strains is in agreement with the failure of the virulent Edmon-
ston strain to propagate in CEF (3). Since the expression of
CD46 rendered chicken TCF cells more permissive to infection
by the Hallé MV strain, MV entry into CEF appeared to be a
limiting step in the absence of prior MV adaptation. However,
the H expression level was lower than that observed after
infection of TCF.CD46 cells with the Schwarz strain, indicating
that a virus replication step, downstream from the entry, also
has to be subjected to adaptation.

The expression of CD46 by TCF cells also resulted in en-
hanced cell-cell spreading of the Schwarz strain (99 versus 48%
of cells expressing H protein) and greater virus progeny (7.9 X
10* versus 2.5 X 10* TCIDs,/ml) (Fig. 2E and F). So, despite
its adaptation to the CEF, the vaccine Schwarz strain has not
lost its ability to interact with CD46 (24). Indeed, the two res-
idues, Val*! and Tyr*®!, critical for the interaction with CD46
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FIG. 2. Permissivity of TCF and TCF.CD46 cells to MV infection. (A) Ex-
pression of CD46 by TCF and TCF.CD46 cells determined by flow cytometry.
TCF and TCF.CD46 cells were infected with four different MV strains at an MOI
of 1. At 4 days p.i., the expression of H at the cell surface (white histograms) was
determined by flow cytometry. The arrow represents the beginning of the gate
where cells are considered positive compared to the noninfected cells (black
histograms). (B) MV Tag strain derived from Edmonston B strain. (C) MV Hall¢
strain. (D) MV Ma93F strain. (E) MV Schwarz strain. (F) Production of infec-
tious particles 4 days p.i. by TCF and TCF.CD46 cells. Total infectious particles
(black bars) and infectious particles released in the supernatant only (white bars)
are represented.

(12, 15) are present in the H protein from the Schwarz strain
(22).

An MYV binding structure, different from CD46, is expressed
on the CEF surface. The ability of MV to bind to CEF was test-
ed. We first verified by flow cytometry that none of the anti-
CD46 antibodies, including MCI20.6, which inhibited the MV
binding on CD46 (18), could react with CEF, suggesting the
absence of any structure comparable to CD46 (data not shown).
The ability of CEF to bind purified MV Schwarz and Hallé
compared with the ability of CHO and CHO.CD46 cells was
then determined by cytofluorometry as previously described
(2) (Fig. 3). MV Schwarz bound to the three cell types, with in-
creased binding to CHO.CD46 cells (mean fluorescence, 121
versus 52 on CHO cells), confirming that the Schwarz strain
could interact with CD46 even after adaptation to CEF (Fig. 3,
left panels). In contrast, MV Hallé binding was minimal on
CHO cells (mean fluorescence, 7) compared to the binding on
CEF and CHO.CD46 cells (mean fluorescence, 46 and 179, re-
spectively) (Fig. 3, right panels). Thus, an MV binding struc-
ture distinct from CD46, the human receptor for MV (6, 17),
and absent from the CHO cell surface is expressed by the CEF.
The use of a putative receptor different from CD46 has re-
cently been reported for transformed marmoset and human B
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cells (12), and its relationship with the MV binding structure
on CEF remains to be determined. The differing abilities of
MYV Schwarz and Hallé strains to bind to CHO cells indicate a
difference in the conformation, of their H glycoproteins.

Pronase sensitivity and recovery of MV binding activity af-
ter pronase treatment. CEF were treated with 0.8 mg of pro-
nase per ml for 30 min at 37°C as previously described (18),
and MV Hall¢é binding was tested by flow cytometry. Such treat-
ment reduced the ability of MV to bind to CEF by more than
75%. MV binding was also sensitive to papain and trypsin pro-
teolysis. After pronase stripping and 6 h of regeneration, the
CEF recovered 60% of their MV binding activity. In the pres-
ence of 10 pg of the protein synthesis inhibitor cycloheximide
per ml, this regeneration was impaired and only 20% of the
binding activity was recovered (18). The addition of the N-
glycosylation inhibitor tunicamycin, which abolished the ability
of CD46 to bind MV (reference 18 and this study), had no
effect on the regeneration of the MV binding structure of CEF.
Thus, the MV binding structure on CEF is an endogenously
synthesized protein and does not require N-glycosylation for its
interaction with MV.

Characterization of the interaction between the binding
structure on CEF and MV. To determine which viral compo-
nent(s) interact(s) with the putative MV receptor on CEF, ex-
periments involving inhibition of MV binding to CEF and
CHO.CD46 cells were performed. Briefly, cells or purified vi-
rus were preincubated with the relevant inhibitor for 1 h at
37°C prior to the virus binding assay determination by flow
cytometry. Recombinant soluble CD46 (sCD46; 50 wg/ml) and
sH (13.75 pg/ml) inhibited MV binding on CHO.CD46 cells by
75 and 40%, respectively (Fig. 4A, right panel). In contrast,
inhibition of MV binding on CEF was maximal with sH
(100%), compared to 18% inhibition by sCD46 (Fig. 4A, left
panel). Moreover, the 48Cl6 and CI55 monoclonal anti-H an-
tibodies, which inhibited the MV-CD46 interaction by 80% at
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FIG. 3. Ability of CEF to bind MV Hallé¢ and MV Schwarz. CEF (A), CHO
cells (B), and CHO.CD46 cells (C) were incubated for 1 h with purified MV
Schwarz or Hallé strain (50 pg/ml). The binding of MV was revealed with a
monoclonal anti-MV H antibody and analyzed by cytofluorometry. Background
binding is represented by the black histogram.
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FIG. 4. Characterization of MV binding to CEF with inhibitors. CEF or
CHO.CD46 cells or purified MV Hallé strain was preincubated with different
inhibitors prior to the virus binding assay. Results were expressed as percentages
of inhibition of MV binding ability. (A) Inhibitory ability of recombinant soluble
CD46 (black columns) or hemagglutinin (stippled columns). (B) Inhibitory abil-
ity of monoclonal anti-MV hemagglutinin antibodies: CI55 (triangles), 48Cl6
(circles), and 19H40 (squares). (C) Inhibitory ability of anti-H polyclonal anti-
bodies: monkey antiserum Bms 94 (crosses), guinea pig antiserum Houx (dia-
monds), and rabbit antiserum Harry (arrowheads).

a final concentration of 100 wg/ml (Fig. 4B, right panel),
were inefficient in preventing MV binding to the CEF sur-
face (Fig. 4B, left panel). Finally, several polyclonal anti-H
antibodies displayed a different pattern of inhibition of MV
binding to CHO.CD46 cells and CEF (Fig. 4C). These results
suggest that the MV binding structure interacts with the MV
hemagglutinin, but by determinants different from those re-
quired for the interaction via CD46. The F protein alone does
not seem to be involved in the MV-CEF interaction because
none of the anti-F antibodies tested had any inhibitory activity
(data not shown).

The MYV binding structure on CEF is relatively inefficient in
mediating fusion. MV infection resulted in the formation of
multinucleated cells, syncytia, because of the fusion between
infected cells expressing H and F and cells expressing an MV
receptor. A quantitative test based on the transactivation of
the reporter gene lacZ was used to investigate the ability of H
and F proteins from the Hall€ strain to induce the fusion with
the chicken fibroblast cell lines TCF and TCF.CD46 (19).
Briefly, a first fusion partner was transfected with a plasmid
DNA containing the T7 promoter linked to the lacZ gene and
infected with the recombinant vaccinia virus encoding MV H
and F (MOI of 10) (7). This partner was then cocultured with
another cell partner infected with the recombinant vaccinia
virus encoding the T7 polymerase (MOI of 10). The fusion was
monitored by reporter B-galactosidase gene activation by using
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a colorimetric assay. When CEF were used as both fusion
partners, significant but low pB-galactosidase activity (0.109 =
0.029 optical density units above background) was observed,
indicating the limited ability of Hallé-derived H and F glyco-
proteins to induce fusion with the CEF membrane. As a con-
trol, a coculture of TCF cells expressing H and F with
TCF.CD46 cells resulted in significantly higher B-galactosidase
activity (0.489 = 0.116 optical density units above back-
ground). Thus, the putative receptor expressed on CEF has a
poor ability to mediate the fusion driven by the MV Hallé
envelope glycoproteins, and this may explain the low infectivity
of the Hallé strain in these cells and, at least partly, its limited
cell-cell spreading. Such a poor fusion efficiency of the CEF
putative receptor also correlates with the slow kinetics of the
propagation of the Schwarz MV strain in TCF cells and CEF
compared to that observed on TCF.CD46 cells (data not
shown).

In conclusion, CEF express at their surface a putative MV
receptor, which is a cellular protein different from CD46. This
protein interacts with the H protein, but by determinants dis-
tinct from those implicated in H interaction with CD46. During
the adaptation to the chicken cell, the MV glycoproteins have
been selected so as to favor the virus entry into these cells and,
particularly, the fusion step. Determining whether this partic-
ular structure is responsible, at least partly, for the in vivo at-
tenuation phenotype of the MV vaccine grown in chicken
fibroblasts may be rewarding if this represents a general prin-
ciple for attenuation. The identification of the chicken cell-en-
coded alternative receptor presently under investigation would
be a useful tool to explore this question.
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