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The efficiency with which different measles virus (MV) strains enter cells through the immune cell-specific
protein SLAM (CD150) or other receptors, including the ubiquitous protein CD46, may influence their
pathogenicity. We compared the cell entry efficiency of recombinant MV differing only in their attachment
protein hemagglutinin (H). We constructed these viruses with an additional gene expressing an autofluorescent
reporter protein to allow direct detection of every infected cell. A virus with a wild-type H protein entered cells
through SLAM two to three times more efficiently than a virus with the H protein of the attenuated strain
Edmonston, whereas cell entry efficiency through CD46 was lower. However, these subtle differences were
amplified at the cell fusion stage because the wild-type H protein failed to fuse CD46-expressing cells. We also
proved formally that a mutation in H protein residue 481 (asparagine to tyrosine) results in improved
CD46-specific entry. To define the selective pressure exerted on that codon, we monitored its evolution in
different H protein backgrounds and found that several passages in CD46-expressing Vero cells were necessary
to shift it in the majority of the MV RNA. To verify the importance of these observations for human infections,
we examined MV entry into peripheral blood mononuclear cells and observed that viruses with asparagine 481
H proteins infect these cells more efficiently.

Measles, caused by wild-type measles viruses (MV), is one of
the leading causes of infant death in developing countries (6).
The immune suppression that accompanies measles signifi-
cantly enhances an individual’s susceptibility to secondary in-
fections, and these account for most of the morbidity and
mortality associated with the disease (2). Vaccination with the
live attenuated strain Edmonston (MV-Edm) prevents mea-
sles-related fatalities and only rarely results in the development
of mild symptoms. Cell entry may have a central role in MV
pathology; wild-type and attenuated MV strains may enter
cells through different receptors.

CD46, a ubiquitous regulator of complement activation, was
identified as an MV receptor by using the attenuated strain
MV-Edm (8, 24). More recently, it was shown that the signal-
ing lymphocytic activation molecule (SLAM) mediates cell en-
try of several wild-type MV strains (11, 13, 27, 38) and that
three different morbilliviruses (MV, canine distemper virus,
and rinderpest virus) all use SLAM (human, canine, and bo-
vine, respectively) as a port of entry (39). High levels of SLAM
are expressed by activated T cells, immature thymocytes, mem-
ory T cells, and a proportion of B cells (7, 35). SLAM expres-
sion has also been observed on dendritic cells (26, 29). Finally,
monocytes freshly isolated from the peripheral blood express
minimal amounts of SLAM but become SLAM positive after
incubation with phytohemagglutinin, bacterial lipopolysaccha-
ride, or MV (22).

The immune cell expression of SLAM and its conservation

as a receptor between different morbilliviruses suggest that
SLAM-dependent viral entry may be essential for the initial
phase of MV dissemination. Nevertheless, CD46-dependent
entry may also be relevant. It was recently shown that certain
wild-type MV isolated on human lymphocytes may use CD46
as a cellular receptor (20). In any case, for the systemic infec-
tion phase, the ubiquitous protein CD46 may be necessary (8,
24).

The question of the relative importance of SLAM and CD46
for the entry and dissemination of wild-type and attenuated
MV strains has not yet been addressed in detail; the existence
of many differences between clinical MV isolates and tissue
culture-adapted viruses makes the interpretation of compara-
tive studies difficult. This difficulty has been overcome by the
use of genetically modified MV. To allow the direct analysis of
effects occurring at cell entry, recombinant MV with a constant
Edmonston genomic backbone and variable envelope genes
have been constructed (9, 15). These studies have confirmed
the importance of the H gene for tropism but also suggested
that receptor selectivity of cell entry may not be very strict; a
recombinant MV with a wild-type H protein (wtF strain) was
shown to enter Vero cells efficiently (15) even if these cells do
not express SLAM.

To gain more insights on the determinants of MV entry
efficiency, we have constructed MV recombinants having sub-
tle differences in their H proteins. These differences included
position 481, an asparagine in many wild-type strains but a
tyrosine in MV-Edm, a strain that interacts efficiently with
CD46 (1, 18). In addition, five nearby residues (positions 473
to 477) identified by a peptide-scanning approach (28) were
also mutated, alone or in combination with position 481. As a
control, the H gene of the wild-type strain wtF (15) was ex-
changed for the Edmonston H gene. All the recombinant vi-
ruses expressed an autofluorescent reporter protein to allow
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the visualization of infected cells independently of a cytopathic
effect. The cell entry efficiency, fusion properties, and stability
of these recombinant viruses were characterized in cell lines
expressing either one or the other receptor and in human
peripheral blood mononuclear cells (PBMC), important target
cells for MV acute infections.

MATERIALS AND METHODS

Plasmids. The parental plasmids pCG-H (4) and pCG-HwtF (15) code for the
H proteins of the MV-Edm and the MV wild-type F strains, respectively. Plasmid
pCG-HN481 was constructed by altering the MV-Edm TAC triplet, encoding
tyrosine (Y, one-letter code), in position 481 of H to AAT, encoding asparagine
(N), by using the Quick-Change system (Stratagene). In construct pCG-H5A, H
residues 473 to 477 were mutated from IPRFK to AGAAA (one-letter amino
acid code) by PCR amplification of two fragments with primer pairs inserting the
altered sequences containing a unique NarI restriction site. The fragments were
cloned into PacI- and SpeI-opened pCG-H. Primer pairs were 5�-GGTAGTTA
ATTAAAACTTAGG-3� and 5�-TGCGGCGCCTGCCCCACTCCAATGTG-3�
for the PacI-NarI fragment and 5�-GCAGGCGCCGCAGCTGTTAGTCCCTAC-
CTCTTC-3� and 5�-CACACTAGTGGGTATGCC-3� for the NarI-SpeI frag-
ment (mutated sequence in bold, restriction sites underlined).

For construction of pCG-H5A�N481 the NarI-SpeI fragment was amplified by
using pCG-HN481 as the template and primer 5�-GCAGGCGCCGCAGCTGT-
TAGTCCCAATCTCTTCA-3� and cloned into NarI- and SpeI-opened pCG-
H5A vector. The integrity of all constructs was verified by sequencing. The
cDNAs encoding the various H proteins were transferred from the pCG con-
structs into a PacI- and SpeI-opened full-length infectious cDNA clone of the
MV-Edm strain, p(�)MVgreen-H/XhEGF (34), encoding the green fluorescent
protein (GFP) in an additional transcription unit upstream of N, resulting in
p(�)MVgreen-H, p(�)MVgreen-H5A, p(�)MVgreen-HN481, p(�)MVgreen-H5A�N481,
and p(�)MVgreen-HwtF.

Cell culture, transfections, and cell fusion assay. Vero cells (American Type
Culture Collection) and B95.8 cells (gift of Paul Rota, Centers for Disease
Control, Atlanta, Ga.) were maintained in Dulbecco’s modified Eagle’s medium
(Gibco) containing 10% fetal bovine serum, penicillin, and streptomycin
(DMEM-10) at 37°C and 5% CO2. The rescue helper cell line 293-3-46 (30) was
maintained in DMEM-10 supplemented with 1 mg of G418/ml. CHO-SLAM
cells (38) were grown in RPMI 1640 (Gibco) containing 10% fetal bovine serum,
penicillin, and streptomycin (RPMI-10) at 37°C and 5% CO2. CHO-SLAM cells
were maintained in RPMI-10 medium with 1 mg of G418/ml.

Vero and CHO-SLAM cells were transiently transfected with Lipofectamine
2000 (Gibco) according to the manufacturer’s protocol. For the cell fusion assay,
target cells (105 cells in 15-mm-diameter wells) were cotransfected with 0.2 �g of
pCG-F (4), 0.8 �g of plasmid DNA encoding the appropriate H, and 0.5 �g of
plasmid DNA encoding the luciferase gene under the control of the bacterio-
phage T7 polymerase promoter, pTM-luc. This plasmid was constructed by
subcloning the luciferase gene of pGL2-control (Promega) into pTM1 (23). For
background determination, cells were transfected with 1 �g of pCG-H and 0.5 �g
of pTM-luc. In parallel, separate 15-mm dishes of Vero and CHO-SLAM cells
were infected with an optimal dose of an attenuated vaccinia virus expressing the
T7 RNA polymerase (MVA-T7) in 0.5 ml of Opti-MEM I reduced-serum me-
dium (Gibco). Four hours posttransfection or postinfection, both cell popula-
tions were trypsinized, combined in 1 ml of the appropriate medium, seeded into
two 15-mm wells (0.5 ml/well), and incubated at 37°C for another 18 h.

Cell fusion-dependent luciferase expression was determined by using the lu-
ciferase assay system (Promega). Briefly, cells were incubated with 100 �l of lysis
buffer (Promega) per well for 5 min at 4°C on a rocker, followed by 15 min of
centrifugation of the lysate at 20,000 � g and 4°C. Then 20 �l of the postnuclear
supernatants was transferred into a reader plate, and after addition of 100 �l of
substrate, luciferase activity was determined in a luminometer. High background
levels were sometimes noticed, especially when using CHO cells.

Surface biotinylation and Western blotting. Vero and CHO-SLAM cells (105)
were seeded into 15-mm dishes and transfected the next day with 1 �g of plasmid
DNA encoding an H protein or mock transfected as a control. Twenty-four hours
posttransfection, the cells were washed two times with 1 ml of ice-cold phos-
phate-buffered saline (PBS; Gibco), and surface proteins were labeled with 0.5
ml of ice-cold PBS containing 0.5 mg of biotin (Pierce) per ml for 30 min at 4°C.
Unbound biotin was quenched by 30 min of incubation at 4°C in 1 ml of ice-cold
PBS containing 10 mg of glycine per ml. The cells were lysed in 250 �l of
radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris [pH 7.8], 1% de-
oxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 150 mM

sodium chloride, protease inhibitor complete mix [Boehringer]) for 15 min at
4°C, and the lysates were subjected to centrifugation at 4°C for 15 min at 20,000
� g. Then 20 �l of the resulting postnuclear fraction was directly mixed with an
equal volume of SDS loading buffer (130 mM Tris [pH 6.8], 20% glycerol, 10%
SDS, 0.02% bromophenol blue, 10% �-mercaptoethanol).

These samples (10 �l) were fractionated on an SDS-polyacrylamide gel as
indicated, blotted to polyvinylidene difluoride membranes (Millipore), probed
with rabbit anti-H cytoplasmic tail (Hcyt) antiserum (5), and subjected to en-
hanced chemiluminescence detection (Amersham). For precipitation of biotin-
ylated H protein, 50 �l of protein A-coated agarose beads (Bio-Rad) was washed
three times in 1 ml of RIPA buffer and then mixed with 200 �l of the postnuclear
supernatant and 1 �l of Hcyt antiserum, followed by overnight incubation at 4°C
under rotation. The agarose beads were then washed three times in 1 ml of RIPA
buffer prior to resuspension in 30 �l of loading buffer and boiling for 2 min at
100°C to elute bound proteins. Samples (20 �l) were fractionated on an SDS-
polyacrylamide gel as indicated, blotted to polyvinylidene difluoride membranes
(Millipore), and probed with peroxidase-coupled streptavidin, followed by en-
hanced chemiluminescence detection (Amersham).

Recovery, propagation, and titers of recombinant MV. All viruses were recov-
ered basically as described before (30). Three days posttransfection, the 293-3-46
cells were transferred to a 10-cm dish. The cells transfected with p(�)MVgreen-H
and p(�)MVgreen-H5A were overlaid with Vero cells, and those transfected with
p(�)MVgreen-HN481, p(�)MVgreen-H5A�N481, and p(�)MVgreen-HwtF were
overlaid with B95.8 cells. Five to 10 days posttransfection, MVgreen-H and all its
derivatives were recovered. To prepare virus stocks, Vero cells (80% confluent in
a T75 flask) were infected with the viruses and incubated at 37°C until the
majority of cells were positive for GFP expression. Virus was harvested in 2 ml
of Opti-MEM I by two repeated freeze-thaw cycles and separated from cells by
3 min of centrifugation at 1,500 � g.

To verify the sequence of the stocks, total RNA was isolated from cells by
using the RNeasy-kit from Qiagen and subjected to reverse transcription (RT)
with random primers and the Superscript II RTase (Gibco) according to the
manufacturer’s protocol. PCR amplification was performed with the Expand
High-Fidelity system (Roche Biochemicals) and primers 7996forward (5�-GCCT
AATCTGAGCAGCAA-3�) and 9368reverse (5�-CTGTAAGCGTGAGGGAC-
3�), binding to sequences in the H and the L gene, respectively. The resulting
PCR fragment was directly sequenced over the relevant positions.

To assay the fusion competence of the recombinant MV, Vero and CHO-
SLAM cells (105 in a 15-mm dish) were infected with 103 50% tissue culture
infectious doses (TCID50) diluted in 0.5 ml of Opti-MEM I for 1 h at 37°C. The
cells were washed with 1 ml of PBS and overlaid with 0.5 ml of the appropriate
medium. Syncytium formation on Vero and CHO-SLAM cells was monitored by
fluorescence microscopy.

Virus titers were determined by 50% endpoint dilution assays performed as
follows. Serial dilutions (10-fold) of virus samples were made in DMEM-5, and
50 �l of each dilution was used to infect eight replicate 6-mm wells containing
7,500 Vero cells in 50 �l of DMEM-5 overnight at 37°C. The next day, 150 �l of
DMEM-5 was added, and four days postinfection, the wells were scored for the
presence of green light-emitting cells, and the log10 TCID50 was calculated by the
method of Kärber (16).

Determination of the genomic stability of recombinant MV in Vero cells. The
identity of H codon 481 of viruses MVgreen-HN481, MVgreen-H5A�N481, and
MVgreen-HwtF was determined upon propagation of these viruses in Vero cells.
A 35-mm dish of Vero cells was initially infected at a multiplicity of infection
(MOI) of 0.1 with the indicated viruses and incubated at 37°C. When more than
80% of all cells were infected, they were collected by scraping into 1 ml of fresh
medium. Cell-associated virus was isolated by one freeze-thaw cycle, and the cell
debris were removed by centrifugation. Then 50 �l of the clarified virus prepa-
ration was used for the next round of infection. At the indicated passage number,
RNA was isolated from the infected cells, and RT-PCR was performed. The
PCR fragment was then sequenced in both directions over the position of
interest, and the percentage of revertants was determined from the electrophero-
gram.

Determination of viral entry efficiency. Vero and CHO-SLAM cells (105 in a
15-mm dish) were infected in duplicate with the indicated viruses at an MOI of
0.01 as determined on Vero cells. Two hours postinfection, the medium was
replaced by DMEM-10 supplemented with a fusion-inhibiting peptide (Z-D-Phe-
Phe-Gly-OH [Bachem]) at a concentration of 200 �M, and incubation at 37°C
was continued for 28 h. Experiments were evaluated only if the duplicates had
similar results by counting the number of infected cells expressing GFP in
defined areas.

Preparation, infection, and analysis of human PBMC. Blood (20 ml) was
collected in heparin-coated tubes and diluted with an equal volume of warm PBS
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containing 2% fetal calf serum (PBS-2). The PBMC were separated from the
erythrocytes by centrifugation of 20 ml of blood/PBS-2 on a Ficoll-Paque layer
(25 ml; Pharmacia) at 800 � g for 30 min (Sorvall), transferred to a new 50-ml
conical tube, and washed three times in 30 ml of PBS-2. The cell number was
adjusted to 107 cells/ml by addition of RPMI-10 containing 2.5 �g of phytohe-
magglutinin (PHA; Sigma) and 1,000 U of human granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) (Immunex, Seattle, Wash.) per ml, and 50 �l
was seeded into each well of 96-well plates.

One day postisolation, the PBMC were infected in duplicate with the viruses
at an MOI of 0.1 and incubated at 37°C. Viruses were diluted in 50 �l of
Opti-MEM I and applied directly to the cells maintained in RPMI-10 medium,
resulting in a total volume of 100 �l. Two hours postinfection, 100 �l of RPMI-10
containing 3.75 �g of PHA and 1,500 U of GM-CSF per ml were added to each
well. At the indicated time points, each well was divided into samples of approx-
imately 105 cells and transferred into V-shaped 96-well plates. The cells were
washed in 200 �l of ice-cold PBS-2 and incubated for 1 h in 100 �l of PBS-2
containing 2 �l of phycoerythrin-conjugated CD4-, CD8-, or CD14-specific
monoclonal antibodies. The cells were washed three times with 200 �l of ice-cold
PBS-2 and fixed in 500 �l of PBS-2 containing 1% paraformaldehyde. Marker
and GFP expression by 104 cells was analyzed by two-color fluorescence-acti-
vated cell sorting. Background was determined by using mock-infected cells.

RESULTS

Efficiency of different H proteins in supporting cell fusion
through SLAM and CD46. Certain H protein residues have
been reported to influence the ability of MV-Edm to interact
with CD46. To test how these residues influence cell fusion, we
generated expression vectors encoding mutated forms of the
MV-Edm H protein. Mutations included residues 473 to 477

(H5A), a tyrosine-to-asparagine exchange at position 481
(HN481), and the combination of both modifications, resulting
in construct H5A�N481 (Fig. 1, top). The unaltered MV-Edm H
protein and a wild-type protein (HwtF) were used as controls.
HwtF differs from H in 15 residues (15) (Fig. 1, bottom). These
constructs were analyzed in standard Vero cells (CD46 posi-
tive, SLAM negative) and in CD46-negative CHO-SLAM cells
(38).

To verify expression of these proteins, Vero and CHO-
SLAM cells were transfected with the plasmids. Prior to lysis,
the transfected cells were biotinylated at 4°C to label surface-
exposed proteins. Total H expression was studied by Western
blot analysis of cell extracts (Fig. 2A, upper panel), and sur-
face-exposed H protein was analyzed by immunoprecipitation
followed by detection of biotinylated protein (Fig. 2A, lower
panel). Although the five plasmids expressed similar levels of
H protein in both cell lines, cell surface localization of HN481

and H5A�N481 was markedly reduced in Vero cells and to a
lesser degree also in CHO-SLAM cells compared to H and
H5A. In contrast, HwtF surface expression was reduced in Vero
and increased in CHO-SLAM cells compared to H.

We then tested whether the recombinant H proteins main-
tained cell fusion competence on both cell lines (Fig. 2B). Cell
fusion was assessed in a cocultivation assay based on T7 poly-
merase-dependent expression of the luciferase gene. Vero and
CHO-SLAM cells were cotransfected with cytomegalovirus

FIG. 1. H proteins expressed in this study. Top, sequences of a relevant portion of the H protein of MV-Edm (H) and of three mutants thereof
(H5A, HN481, and H5A�N481). Nucleotide and amino acid sequences (one-letter code) from residues 472 to 482 are shown. Mutated residues 473
to 477 and 481 are in bold and framed. Bottom, diagrams of the H proteins of MV-Edm (H) and wild-type F (HwtF, dark gray boxes), and of
plasmid p(�)MVgreen (light gray box, center). In the proteins, the transmembrane segments are represented by horizontally hatched boxes, and
residues diverging from the H sequence are indicated by vertical lines (single residues). Plasmid p(�)MVgreen contains a cDNA copy of the
full-length MV genome with a GFP gene inserted in an additional transcription unit (white box on the left).
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promoter-driven plasmids encoding the H and the fusion (F)
protein and a T7 promoter-driven plasmid encoding the lucif-
erase gene. Subsequently, the transfected cells were mixed with
cells infected with an attenuated vaccinia virus expressing the
T7 polymerase (MVA-T7). As a control, the H and the lucif-
erase plasmids were transfected without the F plasmid. Lucif-
erase activity in cells transfected with H and F was set to 100%
(Fig. 2B).

The fusion support activity of the H mutants was signifi-
cantly different on the two cell lines. All H proteins with an
asparagine at position 481 (HN481, H5A�N481, and HwtF) were
inefficient in fusing Vero cells (Fig. 2B, left panel) but efficient
in fusing CHO-SLAM cells (Fig. 2B, right panel). Despite
lower surface expression levels, the fusogenicity of HN481 and
H5A�N481 was comparable to that of HwtF in both cell lines.
This suggests that receptor usage by these proteins may be
responsible for the observed effects and that the different levels
of surface expression are not rate limiting.

Recombinant MV recovery and efficiency of dissemination
through SLAM and CD46. To study these H proteins in the
viral context, we generated four recombinant MV in addition
to the available MVgreen-H. To be in the position of directly
detecting all infectious centers by live cell microscopy, we in-
serted a GFP gene in the genome of all four new recombinant

viruses. This is important because propagation of wild-type
MV in Vero cells is initially noncytolytic (17). In a full-length
MV-Edm cDNA expressing GFP from an additional transcrip-
tion unit (10) (Fig. 1, bottom), the Edm H gene was replaced
by another H gene. Following the MV recovery protocol (30),
viruses were isolated from syncytia formed with Vero
(MVgreen-H and MVgreen-H5A) or B95.8 cells (MVgreen-HN481,
MVgreen-H5A�N481, and MVgreen-HwtF) in the overlay.

We initially analyzed dissemination, which depends not only
on cell entry efficiency but also on the subsequent efficacy of
cell fusion. We infected the two cell lines used for the H
protein expression experiments with the recombinant MV. Fig-
ure 3 shows an analysis of GFP expression in confluent Vero
cells (Fig. 3, upper panels) and CHO-SLAM cells (Fig. 3, lower
panels). Significant differences in syncytium formation were
observed depending on the virus used and the cell line in-
fected. While MVgreen-H and MVgreen-H5A induced large syn-
cytia of similar sizes in Vero cells, MVgreen-HN481 and
MVgreen-HwtF were less potent and induced only small syncytia
by 30 h postinfection (Fig. 3, top row) and at later time points
(data not shown). In the case of MVgreen-H5A�N481, the fusion
activity was completely abolished.

Infection of CHO-SLAM cells with MVgreen-HN481,
MVgreen-H5A�N481, and MVgreen-HwtF resulted in efficient cell

FIG. 2. Expression (A) and cell fusion support activity (B) of different H proteins. (A) Total and cell surface H protein expression in Vero and
CHO-SLAM cells transfected with the plasmids. Twenty-four hours posttransfection, surface proteins were labeled with 0.5 mg of biotin per ml,
and after intensive washing, the cells were lysed. Upper panels, total lysates analyzed by Western blot. Lower panels, surface-exposed (biotinylated)
H proteins. The H proteins were detected by using streptavidin-coupled peroxidase after immunoprecipitation with the Hcyt antiserum and
separation on a gel. (B) Cell-cell fusion support activity of different H proteins on Vero and CHO-SLAM cells. For details of the quantitative fusion
assays, see the text. The results of four experiments, each performed in duplicate, are shown; the standard deviation is indicated by error bars.
Results are normalized to the value with Edmonston H.
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fusion, whereas MVgreen-H and MVgreen-H5A showed a slightly
weaker fusogenicity. The pronounced differences in fusogenic-
ity of MVgreen-HN481, MVgreen-H5A�N481, and MVgreen-HwtF

on Vero and CHO-SLAM cells suggest that the H protein-
receptor interaction is the major determinant for the lateral
spread of the infection through cell fusion in tissue culture. In
this context, it is important to note that notwithstanding re-
duced cell fusion competence, MVgreen-HN481, MVgreen-
H5A�N481, and MVgreen-HwtF replicated relatively efficiently in
Vero cells. At 96 h postinfection, their titers, as measured by
counting fluorescent infectious centers, were only 5- to 10-fold
lower than those of MVgreen-H and MVgreen-H5A (data not
shown).

Efficiency of recombinant MV entry through SLAM and
CD46. To assess more directly the entry efficiency of these
viruses, we blocked lateral viral spread through cell fusion by
addition of a fusion-inhibiting peptide. We used a low MOI
(0.01) and counted the GFP-expressing cells in a defined area
at 30 h postinfection. The number of infected Vero cells was
arbitrarily set to 100% for each virus (Fig. 4). The entry effi-
ciency of MVgreen-H was reduced approximately twofold in
CHO-SLAM cells, and MVgreen-H5A entered both cell lines
with similar efficiency. In contrast, MVgreen-HN481, MVgreen-
H5A�N481, and MVgreen-HwtF entered CHO-SLAM cells ap-
proximately 2 times, 4 times, and 2.5 times more efficiently,
respectively, than Vero cells. Thus, MV expressing a wild-type
H protein or an H protein with asparagine 481 enters cells
preferably but not exclusively via the SLAM receptor. In sum-
mary, all viruses do enter cells via both receptors, but with
slightly different efficiencies.

Evolution of recombinant MV with asparagine 481 in Vero
cells. It was suggested that adaptation of wild-type viruses to
growth on indicator Vero cells is causally linked to mutation of
H protein residue 481 from asparagine to tyrosine (18). To
assess this hypothesis, we performed serial passages in Vero
cells of recombinant viruses with an asparagine codon (AAT)
at position 481. We then monitored the sequence of this codon
after different numbers of passages in the expectation that a
tyrosine codon (TAT) would be selected eventually.

Cells were initially infected at an MOI of 0.1 and harvested
when the cytopathic effect was well advanced. Ten subsequent

passages, each resulting in an approximately 100-fold amplifi-
cation of infectivity, were performed. At passages 5, 7, and 10,
total cellular RNA was isolated and subjected to RT-PCR. The
PCR product was sequenced, and the percentage of A residues
in the first position of codon 481 was determined from the
electropherogram. Remarkably, N481 (AAT) in MVgreen-
HN481 remained stable over 10 passages on Vero cells. How-
ever, in MVgreen-HwtF and MVgreen-H5A�N481, A-to-T muta-
tions were detected in the first residue of codon 481 in 40 and
60%, respectively, of the viral genomes at passage 7 and in 60
and 90%, respectively, at passage 10 (Table 1). Thus, a slow but
progressive shift towards tyrosine at codon 481 was observed in
two of three cases. This shift was accompanied by a progressive
increase in the fusion competence of the viruses (data not
shown). No other sequence alterations were found either in the

FIG. 3. Cell-cell fusion activity of recombinant MV differing only in the H protein. Vero and CHO-SLAM cells were infected with the indicated
viruses at an MOI of 0.1, and infection was monitored by fluorescent microscopy 30 h later on Vero cells and 48 h later on CHO-SLAM cells.

FIG. 4. Relative entry efficiency of recombinant MV differing only
in their H proteins in cells expressing different receptors. Vero cells
(light gray columns) and CHO-SLAM cells (dark gray columns) were
infected. Two hours postinfection, the cells were washed, and medium
containing the fusion-inhibiting peptide at a concentration of 200 �M
was added to prevent viral spread by cell-to-cell fusion. Entry efficiency
was quantified 28 h later by counting the GFP-expressing (green flu-
orescent) cells in a defined area. The counts in Vero cells were set to
100% for each virus. The results of three experiments, each performed
in duplicate, are shown; the standard deviation is indicated by error
bars.
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third position of the 481 codon or in the region of the 5A
mutation in the H5A�N481 region sequenced. These data sug-
gest that selective pressure slowly drives wild-type MV to enter
Vero cells through CD46.

Recombinant MV with a wild-type H protein efficiently in-
fects human PBMC. PBMC were isolated from total blood and
stimulated, and 1 day after seeding in 96-well plates they were
infected with the same amount of MVgreen-H, MVgreen-HN481,
or MVgreen-HwtF as determined by 50% endpoint dilution as-
says on Vero cells. One day postinfection with an MOI of 0.1,
GFP expression was analyzed in total PBMC or CD4-, CD8-,
and CD14-positive subpopulations (Fig. 5). MVgreen-HwtF was
consistently the most efficient in infecting all cell types exam-
ined, CD14-positive monocytes and CD4- or CD8-positive T
lymphocytes (Fig. 5, black columns). Data obtained at later
time points confirmed this trend (not shown).

The cell type infected most efficiently was monocytes: 27.4%
(�2.2%) of these cells expressed the reporter protein GFP one
day after infection with MVgreen-HwtF, compared to 20.0%
(�5.3%) after MVgreen-HN481 infection and to less than 4%
after infection with MVgreen-H (Fig. 5, CD14� cells). Since the

MOI of all the viruses was 0.1, the number of infected mono-
cytes exceeded about 2.5 times that expected for MVgreen-
HwtF. An approximately twofold excess in infections was mea-
sured for MVgreen-HN481 and an approximately 2.5-fold deficit
in infections was measured for MVgreen-H. These shifts from
the titer in Vero cells correlated well with those measured
when comparing titers in Vero and CHO-SLAM cells (Fig. 4).
Thus, it appears possible that in monocytes as well as in CD4-
and CD8-positive T lymphocytes, SLAM is the main functional
receptor.

DISCUSSION

We show here that recombinant viruses differing only in
their H protein enter cells expressing different receptors with
slightly different efficiencies. MV with a wild-type H protein or
with an H protein with an asparagine at position 481 enter
CHO cells expressing SLAM two to three times more effi-
ciently than they do Vero cells expressing CD46. In contrast, a
virus with the MV-Edm H protein enters CD46-expressing
cells about twice as efficiently as it enters SLAM-expressing
cells. Those are small differences in relative entry efficiency,
but since viruses with asparagine 481 do not efficiently fuse
cells expressing CD46, their infections have minimal cytopathic
effects. In contrast, all other combinations of viruses and cells
result in efficient cell fusion and strong cytopathic effects.

H protein adaptation to more efficient CD46-dependent en-
try. Sequence comparison of MV strains identified asparagine
481 as a conserved residue among many wild-type strains and
tyrosine 481 in attenuated viruses (18). Therefore, it was sug-
gested that residue 481 may have a pivotal role in MV binding
to CD46 and in attenuation. A role in binding was confirmed

FIG. 5. Percentage of GFP-positive cells in total PBMC and in the CD4, CD8, and CD14 populations after infection with three recombinant
MV. Human PBMC were seeded into a 96-well dish and stimulated with phytohemagglutinin and GM-CSF. Cells were mock infected (dotted
columns) or infected with MV-H (white columns), MV-HN481 (gray columns), or MV-HwtF (black columns), harvested, and divided into four
samples that were stained with phycoerythrin-coupled monoclonal antibodies against the indicated cell markers. The samples were analyzed for
phycoerythrin staining and GFP expression. For each analysis, 104 events were counted. The standard deviation is indicated by error bars.

TABLE 1. Percentage of genomes with T in the first position of
protein H codon 481 during serial passage on Vero cells

MV strain

% of genomes with T in first position
at passage:

5 7 10

MVgreen-H �95 �95 �95
MVgreen-HN481 �15 �15 �15
MVgreen-H5A�N481 �15 60 90
MVgreen-HwtF �15 40 60
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experimentally (14). Moreover, it was shown that five passages
in human HEp-2 or simian Vero cells often but not always
result in selection of MV with a tyrosine at position 481 (25).

We have documented here the evolution of three MV ge-
nomes with an asparagine at position 481 during their passage
in Vero cells. These viruses were propagated in cell-associated
form, the standard mode of MV passaging. At each of the 10
passages, an approximately 100-fold amplification of the inoc-
ulum was estimated. Under these experimental conditions,
slow but progressive enrichment of MV RNA with a tyrosine
codon at H position 481 was observed in the population of
genomes amplified from infected cells. The polyploid nature of
MV particles (31) may account at least in part for the slow
evolution. Interestingly, this shift was selected more efficiently
in the two viruses with several differences from the Edmonston
H protein sequence than in the virus in which asparagine 481
was situated in the standard Edmonston H protein context.
These viruses, especially MVgreen-H5A�N481, significantly
gained fusogenicity after Vero cell passaging.

Another interesting observation is that transport of HN481

and the H5A�N481 to the cell surface is inefficient in Vero and
to a lesser degree also in CHO-SLAM cells. In contrast, the
wild-type H protein, also encoding an asparagine in position
481, is transported more efficiently to the cell surface on both
cell lines. This suggests that the Edmonston and the wtF H
proteins may have slightly different overall structures and that
asparagine 481 in the structural context of Edmonston H may
interfere with optimal folding. Altogether, these observations
suggest that the wtF H protein conformation has been selected
during evolution to support an efficient receptor switch.

The fact that, even after 10 passages, mutation of asparagine
481 of MV-HN481 was below the detection level raises the
possibility that other changes in this viral genome have oc-
curred and may positively impact adaptation to efficient growth
in Vero cells. Detection of these changes is beyond the purpose
of this work, but in another study changes in the MV proteins
involved in replication were detected after Vero cell adapta-
tion (36). On the other hand, Nielsen et al. (25) recently
noticed that passage in HEp-2 cells of certain wild-type viruses
more often leads to N481Y conversion than passage on Vero
cells, indicating that different host cells may exert different
selective pressures on receptor adaptation of H.

MV with asparagine 481 H proteins enter cells efficiently
through CD46. That wild-type MV strains and MV-Edm enter
cells efficiently through SLAM and that their infections cause
large syncytia is well established (11, 13, 38). Similarly, several
groups have observed that MV-Edm enters and fuses cells
efficiently through CD46 (3, 8, 21, 24). It was, however, sug-
gested that wild-type MV may enter cells very inefficiently if at
all through CD46. This suggestion is based not only on the lack
of cytopathic effects of wild-type MV in Vero cells (14, 18, 38)
but also on the measurement of the entry efficiency of vesicular
stomatitis virus (VSV) pseudotyped with a wild-type or the
Edmonston H protein in rodent cells expressing CD46 (37).
Nevertheless, the fact that MV can be isolated from patients
upon passage in Vero cells does indicate that wild-type viruses
can enter these cells. Importantly, during the initial passages in
Vero cells, there is no detectable syncytium formation, indi-
cating that clinical isolates are inefficient in inducing cell-cell
fusion (17).

Our study, based on the use of recombinant MV expressing
an autofluorescent protein, making infection easily detectable
at the single-cell stage, revealed that entry of viruses with
asparagine 481 in Vero cells is only slightly reduced compared
to entry of viruses with tyrosine 481. Moreover, our H protein
transient-expression studies confirm previous observations that
proteins with asparagine 481 are only minimally cytopathic in
Vero cells (14, 18). Thus, the lack of CD46-dependent cyto-
pathogenicity of wild-type MV appears to be due principally to
less efficient cell fusion and only in part to less efficient cell
entry. This interpretation is consistent with observations by
Johnston et al. (15), who detected efficient entry and replica-
tion but minimal cytopathic effects of a recombinant MV ex-
pressing the H protein of wtF in Vero cells. Moreover,
Manchester et al. (20) showed that anti-CD46 antibodies can
be used to partially compete with PBMC infection by certain
MV strains isolated on human B lymphocytes. However, Tat-
suo et al. (37) showed that the envelope proteins of the wild-
type strain KA conferred 100- to 1,000-fold less efficient entry
to an envelope-free VSV recombinant in rodent cell lines ex-
pressing CD46 than the envelope proteins of the Edmonston
strain.

A possible interpretation of these observations is that dif-
ferent wild-type MV strains may have a considerably different
efficiency of CD46-dependent entry. A second possibility is
that, in Vero cells, an unidentified receptor accounts for the
relatively efficient entry of viruses with the asparagine 481
residue. Finally, it is conceivable that the MV glycoproteins do
not retain all their functional characteristics important for cell
entry when the internal components of MV are not present, as
is the case in the VSV pseudotypes.

Receptor usage in acute measles. The observations pre-
sented here are consistent with SLAM receptor usage by wild-
type MV in immune cells, followed by usage of a ubiquitous
protein, possibly CD46, in later infection stages. The switch in
H residue 481 is not necessary to allow virus spread but may
decisively alter the dissemination kinetics.

Monocytes are major targets for MV infection (12, 32, 33),
and our finding that a recombinant MV with a wild-type H
protein preferentially infects CD14-positive circulating cells is
in line with this fact. However, it was initially observed that
freshly isolated monocytes do not express SLAM (7, 35), and
therefore it was unclear if SLAM-dependent entry could occur
in these cells. Minagawa et al. (22) recently observed that
simple stimuli, including phytohemagglutinin, lipopolysaccha-
rides, and also infection with active or UV-inactivated MV,
induce SLAM expression on monocytes. Moreover, they
showed that an anti-SLAM antibody greatly reduced monocyte
infection by a wild-type strain, confirming the preferential use
of the SLAM as a receptor in these cells. Therefore, it appears
likely that SLAM is the molecule mediating MV entry in
monocytes.

It is important to recall that CD46 is expressed on all human
cells except erythrocytes (19). It is unknown why entry through
CD46 is inefficient in immune cells, but the experiments pre-
sented here clearly indicate that the MV with the most efficient
CD46 entry is the one that infects human PBMC least effi-
ciently. In contrast, the recombinant with a wild-type H protein
does infect PBMC efficiently, and a recombinant virus with
asparagine 481 in an otherwise Edmonston-like H gene has
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intermediate entry efficiency. These data are consistent with
the relevance of SLAM-dependent entry but not CD46-depen-
dent entry for PBMC infection.
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