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VOLKER TER MEULEN,1 AND JÜRGEN SCHNEIDER-SCHAULIES1*

Institut für Virologie und Immunbiologie, D-97078 Würzburg, Germany,1 and
Institut für Molekularbiologie, CH-8057 Zürich, Switzerland2
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CD46, which serves as a receptor for measles virus (MV; strain Edmonston), is rapidly downregulated from
the cell surface after contact with viral particles or infected cells. We show here that the same two CD46
complement control protein (CCP) domains responsible for primary MV attachment mediate its downregu-
lation. Optimal downregulation efficiency was obtained with CD46 recombinants containing CCP domains 1
and 2, whereas CCP 1, alone and duplicated, induced a slight downregulation. Using persistently infected
monocytic/promyelocytic U937 cells which release very small amounts of infectious virus, and uninfected HeLa
cells as contact partners, we then showed that during contact the formation of CD46-containing patches and
caps precedes CD46 internalization. Nevertheless, neither substances inhibiting capping nor the fusion-
inhibiting peptide Z-D-Phe-L-Phe-Gly-OH (FIP) blocked CD46 downregulation. Thus, CD46 downregulation
can be uncoupled from fusion and subsequent virus uptake. Interestingly, in that system cell-cell contacts lead
to a remarkably efficient infection of the target cells which is only partially inhibited by FIP. The finding that
the contact of an infected with uninfected cells results in transfer of infectious viral material without significant
(complete) fusion of the donor with the recipient cell suggests that microfusion events and/or FIP-independent
mechanisms may mediate the transfer of MV infectivity from cell to cell.

Recently, CD46 was identified as a measles virus (MV) re-
ceptor on human cells (10, 29). All natural splice variants and
recombinant molecules containing at least the first two com-
plement control protein domains (CCPs) of CD46 serve as
receptors for certain MV strains (6, 7, 12, 24, 25, 27, 41). CD46
is expressed on almost all human cells except erythrocytes and
certain cells in the central nervous system (18, 22, 32). CD46
functions as a cofactor for the cleavage of the C3b and C4b
complement components and protects cells from lysis by au-
tologous complement (22, 23).

Both the infection of target cells with certain MV strains and
the contact of an uninfected with an MV-infected cell can
cause CD46 downregulation from the cell surface (20, 30,
36–38). However, not all MV strains have the same capacity to
downregulate CD46. All vaccine strains and several wild-type
isolates downregulate CD46, whereas a number of wild-type
isolates do not (37, 38). CD46 modulation by certain MV
strains renders the cells susceptible to complement lysis, and
this may also in vivo cause a rapid clearing of infected cells and
contribute to the attenuation of such downregulating MV
strains (39). The MV hemagglutinin (H) protein alone is suf-
ficient to induce CD46 downregulation from the cell surface
after infection of cells (30, 37) or contact of H-expressing cells
with CD46-positive cells (20, 36). Few amino acids in the MV
H protein determine the capacity to downregulate CD46. Only
two amino acid changes in the H protein of MV-WTF and

MV-Ma93 (451 Glu3Val and 481 Asn3Tyr) were sufficient to
introduce the capacity to downregulate CD46 into these non-
downregulating H proteins (3, 21). Recently, we found that in
a human B-cell line (BJAB), a proportion of MV strains not
leading to the downregulation of CD46 do use CD46 as recep-
tor whereas others do not (4). Similar observations were made
with the monkey cell line B95 (16, 40). These findings led to
the suggestion that receptor usage by MV strains and CD46
downregulation may be based on independent mechanisms.

To investigate the mechanism of contact-mediated CD46
downregulation and its association with the receptor-mediated
infection of target cells, we used a persistently infected mono-
cytic cell line expressing high levels of the viral glycoproteins at
their surface and CD46-positive cells as target cells. Using
chimeric molecules, we found that the contact-mediated CD46
downregulation is mediated by CCP domain 1 alone, and bet-
ter by CCP domains 1 and 2, both of which constitute the
MV-binding site. We defined conditions at which associated
processes such as CD46 capping, contact-induced microfu-
sions, and cell-cell fusion are uncoupled from CD46 downregu-
lation.

MATERIALS AND METHODS

Cells and viruses. HeLa cells, CHO cells, and transfected CHO cells express-
ing natural or chimeric forms of CD46 as described elsewhere (6) (Fig. 1) were
grown in minimal essential medium containing 5% fetal calf serum. The mono-
cytic/promyelocytic cell line U937 and the persistently MV-Edmonston (Edm)-
infected cell line U937-p were grown in RPMI medium containing 10% fetal calf
serum.

Transfection and transient expression of recombinant CD46 variants. For
expression of recombinant CD46 proteins (Fig. 1B, constructs i to l; described in
reference 6 as I/4, I1I/4, II/4, and II1II/4) and pT7CD46 expressing a natural
form of CD46 (isoform a [Fig. 1B]), wells of a 12-well plate were seeded with 5 3
104 CHO cells. After 16 h, cells were infected with VV-T7 (recombinant vaccinia
virus expressing T7 RNA polymerase; multiplicity of infection [MOI] 5 1). After
1 h at 37°C, the cells were transfected with 1.5 mg of plasmid DNA expressing the
CD46 recombinants under the control of the T7 promoter and 5 ml of Superfect
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(Qiagen). After 48 h of incubation, cells were detached from the surface and
incubated with U937-p cells for 4 h at 37°C or, for control, at 4°C as described
below for the contact-mediated CD46 downregulation assay. The fluorescence
intensity of the recombinants was determined with a polyclonal rabbit anti-CD46
serum by flow cytometry.

Antibodies and inhibitors. The monoclonal antibodies against CD46 (13/42),
against MV H (L77), and against MV nucleocapsid (N) protein (F227) were
generated and cultivated in our laboratory and were purified over protein G
columns. Fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated
rabbit anti-mouse immunoglobulin was purchased from Dako. The polyclonal
rabbit anti-CD46 serum was a generous gift of G. Yeh, Cytomed Inc., Cam-
bridge, Mass. The fusion-inhibiting peptide Z-D-Phe-L-Phe-Gly-OH (FIP) (31,
34) was purchased from Bachem (Bubendorf, Switzerland). The inhibitors of
capping and formation of the cytoskeleton colchicine, cytochalasins B and D, and
vinblastine sulfate were purchased from Sigma and used as described elsewhere
(5, 19).

Contact-mediated CD46 downregulation assay. U937-p cells (105), on which
the endogenous CD46 is constantly downregulated and which express high levels
of MV H and F (fusion) proteins, were mixed at 37°C with monolayers of 105

uninfected cells (HeLa or CHO) and incubated for 4 h at 37°C. As control,
U937-p cells were chilled on ice, mixed with uninfected cells, and incubated for
4 h at 4°C. Afterwards, cells were fixed with paraformaldehyde and processed for
flow cytometric staining.

Immunofluorescence and flow cytometry. For immunohistochemistry, cells
were grown on glass coverslips in plastic dishes. For flow cytometry and micros-
copy, the same dilutions of monoclonal antibodies were used (10 mg/ml). The
second antibodies were either FITC- or PE-conjugated rabbit anti-mouse im-
munoglobulin (1:100; Dako). For flow cytometry, cells (2 3 105/tube) were
harvested and washed with FACS (fluorescence-activated cell sorting) buffer
(calcium- and magnesium-free phosphate-buffered saline [PBS] containing 0.2%
bovine serum albumin and 0.01 M NaN3). After incubation with the first anti-

body diluted in FACS buffer on ice for 45 min, cells were washed two times with
FACS buffer, incubated for 45 min with the second antibody, washed two times,
and analyzed with a FACScan flow cytometer (Becton Dickinson).

Biotinylation and precipitation of surface proteins and Western blotting.
HeLa cell monolayers were biotinylated with N-hydroxysuccinamide–biotin
(Pierce) by incubation with 0.5 mg of biotin per ml in PBS for 1 h at 4°C and then
washed three times with PBS to remove unbound biotin. After the contact with
and washing off of the U937-p cells, the separated cells (106) were suspended in
300 ml of PBS; an equal volume of RIPA-Det (150 mM NaCl, 10 mM Tris, 0.1%
sodium dodecyl sulfate [SDS], 1% sodium deoxycholate, 1% Triton X-100) was
added, and the mixture was incubated for 30 min at 4°C. The nuclei were
removed by centrifugation; CD46 was precipitated with 3 mg of monoclonal
antibody 13/42 and protein G beads (Pharmacia). Precipitated proteins were
dissolved in 200 ml of sample buffer (80 mM Tris [pH 6.8], 2% SDS, 5% glycerol,
3.3% b-mercaptoethanol, 0.02% bromophenol blue), separated on 10% poly-
acrylamide gels containing SDS, and blotted on polyvinylidene difluoride mem-
branes (Millipore) with semidry blotting chambers. Filters were blocked with 5%
dry milk powder in Tris-buffered saline (10 mM Tris [pH 7.2], 0.9% NaCl, 0.5%
Tween 20) overnight, incubated with streptavidin-peroxidase (Dianova) for 1 h,
washed and rinsed in a peroxidase-sensitive enhanced chemiluminescence (ECL)
solution (Amersham), and exposed to X-ray films.

RESULTS

The two external CD46 domains mediated CD46 downregu-
lation. To investigate which domains are necessary for contact-
mediated CD46 downregulation, we used a panel of eight
CHO cell clones stably expressing recombinant forms of CD46
(Fig. 1A) and, for transient expression of CD46 recombinants,

FIG. 1. Downregulation of CD46 from the surface of CHO cells expressing CD46 isoforms and chimeric CD46-CD4 proteins after contact with persistently infected
U937-p cells. Schematic representations of the CD46 isoforms and CD46-CD4 chimeric molecules are shown for stably (A) and transiently (B) expressing cells.
Molecules a and b are naturally expressed CD46 isoforms. Recombinant c is missing CCP domain 2 (cross-hatched thin line), which is important for the interaction
with MV H. STP domains B and C, the transmembrane domain, and the cytoplasmic domains CYT1 and CYT2 of CD46 were replaced by corresponding domains of
CD4 in recombinants d to l. Surface expression of the CD46 forms was detected with antibody 13/42, directed against the first CD46 domain (cross-hatched dark line),
in the case of stable transfectants or with a polyclonal serum against CD46 in the case of the transient transfectants. The percentages of downregulation (n 5 3) were
calculated from the differences in the mean fluorescence intensities of cells contacted at 37°C and kept at 4°C and are given in the corresponding lower panels for stable
expression (A, lanes 1 to 8) and transient expression (B, lanes 1 to 5).
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transfected CHO cells (Fig. 1B). The generation of the recom-
binants and their capacities to mediate MV binding and fusion
are described in reference 6. Recombinants a and b are natu-
rally occurring CD46 isoforms; in recombinant c the second
MV-binding domain is missing; in recombinants d to l the
serine-, threonine-, proline-rich (STP) domains, transmem-
brane, and cytoplasmic domains (CYT1 and CYT2) of CD46
were substituted by domains of CD4. The contact-mediated
downregulation was induced by mixing the cells with the same
number of U937-p cells. The transfected CHO cells were
mixed at 37°C with the U937-p cells for 4 h or, as controls, were
chilled on ice, mixed, and incubated for 4 h at 4°C. The dif-
ference in mean fluorescence intensities of the resulting CD46
signals between cells incubated at 4 and 37°C is a measure of
the downregulation of the CD46 recombinant and is presented
as a percentage of the reduction of the CD46 signal (Fig. 1A,
lanes 1 to 8; Fig. 1B, lanes 1 to 5).

In stably transfected cells (Fig. 1A), the natural forms of
CD46 (a and b) led to 61 and 80% downregulation, whereas
the CD46 molecule missing the second CCP domain (c) did
not induce CD46 modulation. The other chimeric forms of
CD46 led to downregulation of between 26 and 71%, with the
strongest downregulation observed with the mutant molecule
containing CCP domains 1 and 2 and CCP domains 3 and 4 of
CD4 (e [Fig. 1A, lane 5). CD46 recombinants containing CCP
domain 1 or 2, alone or duplicated, and fused to domain 4 and
the transmembrane part of CD4 were analyzed in a transient
expression system (Fig. 1B). These constructs (i to l) and a
plasmid coding for isoform BC/CYT1 of CD46 (a) were trans-
fected into CHO cells, and their expression was driven by the
T7 polymerase provided by vaccinia virus (VV-T7). Expression
of the constructs was measured with a polyclonal anti-CD46
serum. The cells were tested for downregulation in the same
assay system with persistently infected U937-p cells. The con-
trol, CD46 isoform a, was downregulated by approximately
36% (Fig. 1B, lane 1), recombinants i and j expressing CCP
domain 1 were slightly (approximately 10 and 12%, respec-
tively) downregulated (lanes 2 and 3), and recombinants k and
l were not downregulated (lanes 4 and 5). Since none of these
recombinants supported binding of the MV glycoproteins (6),
the slight downregulation detected with CCP domain 1 con-
structs was a surprising finding. Thus, CCP domains 1 and 2
were necessary to mediate optimal contact-mediated CD46
downregulation, whereas the CCP domains 3 and the STP,
transmembrane, and cytoplasmic domains could be substituted
by domains of CD4.

CD46 downregulation is unrelated to patching and capping
of CD46. After a 30-min contact of persistently infected U937
cells with uninfected HeLa cells, we observed the formation of
CD46-containing patches and caps followed by a reduction of
the CD46 signal within 3 h of incubation at 37°C (Fig. 2). In the
double-staining experiment, capping was observed at the inter-
faces between CD46-positive HeLa cells (Fig. 2C, arrows) and
MV H-positive U937-p cells (Fig. 2D). These data show that
CD46 downregulation is associated with the formation of
patches and caps. To investigate if a causal relationship be-
tween this mechanism and CD46 downregulation exists, we
treated the uninfected cells prior to contact with the persis-
tently infected cells with inhibitors affecting capping and the
cytoskeletal organization. Colchicine (0.01 M), cytochalasin B
(50 mM), cytochalasin D (10 mM), and vinblastine sulfate (0.1
mM) inhibited the formation of caps; however, they did not
block the CD46 downregulation (not shown).

To investigate whether antibodies against CD46 can induce
the capping process and/or the downregulation of CD46, we
treated HeLa cells with the monoclonal anti-CD46 antibody

13/42 for various times. Interestingly, the antibodies against
CD46 induced patching and capping but not the downregula-
tion of CD46 from the cell surface (Fig. 3). The CD46-specific
fluorescence is evenly distributed on cells incubated on ice with
the antibody (Fig. 3A). After incubation at 37°C for 30, 60, and
240 min, caps were formed (Fig. 3B and C), but the average
CD46-specific fluorescence intensity per cell was not reduced
(Fig. 3D). Thus, CD46 capping does not necessarily lead to
disappearance of CD46 from the cell surface.

CD46 internalization after contact-mediated downregula-
tion. The fate of CD46 after a short contact to the MV glyco-
proteins on an infected cell is not known. CD46 might be
internalized by the contacted target cell (HeLa), be released
from the target cell into the supernatant, or bind to the surface
of the MV H-expressing cells (U937-p). To investigate this, we
labeled the surface proteins of HeLa cells with biotin, brought
these cells into contact with U937-p cells (or uninfected U937
cells as a control), separated the cell populations, and analyzed
the separated cell populations and the supernatant. The pres-
ence of CD46 was quantified on the cell surface by FACS (Fig.
4A) and in total cell lysates by Western blotting (Fig. 4B). On
the cell surface, large amounts of CD46 were found only on
HeLa cells which were cocultivated as a control with unin-
fected U937 cells (Fig. 4A, lanes 1 to 3). In contrast, HeLa cells
which were mixed with the infected U937-p cells had an ap-
proximately fivefold-reduced signal for surface CD46 (lanes 4
to 6). Uninfected U937 cells separated from the HeLa cells
expressed little CD46 at their surface (lanes 7 to 9), and
U937-p cells expressed even lower amounts (lanes 10 to 12).
The expression of biotinylated CD46 in the corresponding
total cell lysates was then analyzed by Western blotting. Bio-
tinylated CD46 was present in similar amounts in all HeLa cell
populations irrespective of having had contact with uninfected
or infected U937 cells (Fig. 4B, lanes 1 to 6). Very low levels of
biotinylated CD46 were detected after contact in U937-p and
U937 cells (lanes 7 to 12). This result indicates that very low
numbers of HeLa cells were contaminating these populations
after the separation. In addition, no CD46 was detected in the
concentrated supernatant of contacted cells by Western blot-
ting (not shown). These findings strongly support the assump-
tion that contact-mediated downregulation leads to the inter-
nalization of CD46 by the contacted cells and not to its
degradation.

Uptake of viral material by target cells after contact with
persistently infected cells leads to infection. We made an in-
teresting observation concerning the fate of viral proteins after
the contact. A monolayer of HeLa cells was overlaid with
washed U937-p cells (no virus in the supernatant) for 3 h at
37°C; subsequently the U937-p cells were removed by extensive
washing, and levels of CD46, MV H, and MV N expression
were separately analyzed on the contacted HeLa and U937-p
cells by flow cytometry (Fig. 5). While CD46 was downregu-
lated from the surface of the contacted HeLa cells (Fig. 5D),
we found high amounts of MV H (Fig. 5E) and N (Fig. 5F) in
the contacted HeLa cells. Inversely, the U937-p cells lost MV
H and N during the contact (Fig. 5K and L; compare with Fig.
5H and I, respectively). In contrast to the HeLa cells, which
took up viral material, U937-p cells did not take up CD46 from
HeLa cells (Fig. 5J).

During the contact, the HeLa cells were productively in-
fected by the U937-p cells. The contact-mediated infection was
very fast and efficient, leading to the infection of virtually all
HeLa cells after 24 h, as detected by immunofluorescence (not
shown). This efficient infection of the HeLa cells within 1 h of
contact to U937-p cells cannot be due to virus released into the
supernatant, since within 1 h only small amounts of infectious
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virus particles are released from U937-p cells (maximally 102

PFU/ml/105 cells, or MOI of 0.001). These results indicated
that the contact between the infected and uninfected cells
leads to a transfer of viral material to the uninfected target cell,
which is efficiently infected. Within this 1 h of contact, we did
not observe complete cell-cell fusions in the cultures. The fact

that after the contact U937-p cells can be washed off, and that
this population of cells considerably lost MV H and -N, as
observed by flow cytometry, indicates that the transfer of viral
material left the persistently infected U937-p cells intact.

FIP inhibits fusion and uptake of viral proteins but not
CD46 downregulation. FIP does not inhibit CD46 modulation

FIG. 2. Contact of HeLa cells with persistently infected U937-p cells induces patching, capping, and downregulation of CD46. A monolayer of HeLa cells (A and
B) was overlaid with U937-p cells for 30 min (C and D) and 2 h (E and F). The cells were fixed and then double stained with CD46 antibodies and FITC-conjugated
second antibodies (A, C, and E) and with MV H antibodies and PE-conjugated second antibodies (B, D, and F). CD46 caps on the contact sites of two MV H-negative
cells with MV H-positive cells are labeled with arrows in panels C and D. The bar in panel E represents 10 mm.
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from the surface of Jurkat cells after contact with MV H-
expressing transfected L cells in the absence of the viral F
protein (19). However, it is not clear whether during the con-
tact of a functional H-F complex with CD46 the downregula-
tion is influenced by fusion. Therefore, we analyzed the influ-
ence of FIP in the presence of a functional H-F complex on the
contact-mediated CD46 downregulation, using persistently in-
fected U937-p and HeLa cells. In addition, we determined
whether the inhibition of fusion impairs the transfer of the viral
proteins H and N into uninfected cells.

The activity of FIP was controlled by analysis of its capacity
to inhibit the infection of HeLa cells with MV-Edm (MOI 5 1)
for 48 h. In the presence of 200 mM FIP the infection was
completely blocked, whereas in the absence of FIP the HeLa
cells were successfully infected (Fig. 6). The influence of FIP
on contact-mediated CD46 downregulation was measured in
an experiment similar to that shown in Fig. 5. HeLa and
U937-p cells were brought into contact for 3 h in the absence
and presence of 200 mM FIP. Subsequently, the two cell pop-
ulations were separated, and the surface expression of CD46
and MV H and intracellular expression of MV-N were ana-
lyzed by flow cytometry. The mean fluorescence intensities of
the obtained signals are presented in Fig. 7. The presence of
FIP had no influence on the downregulation of CD46 (Fig. 7A,
lanes 1 to 4). In contrast, the uptake by HeLa cells of MV H
and N was inhibited by approximately 50%. Interestingly, the
transfer of viral material was not completely inhibited in the
presence of 200 mM FIP, although similar concentrations of
FIP blocked the infection of cells with cell-free MV prepara-
tions by more than 90%. The reduction of the H and N transfer

into HeLa cells in the presence of FIP demonstrates that the
transfer requires fusion. However, fusion was not required for
the CD46 downregulation.

DISCUSSION

By various methods, the binding site for MV H (strain Edm
or Hallé) to CD46 was mapped to two distinct regions of CCP
domains 1 and 2 (7, 15, 24, 25–27). To analyze MV receptor
CD46 downregulation we used a panel of CD46 mutants pre-
viously characterized for other functions related to viral entry,
namely, virus particle attachment and membrane fusion (6).
Using stably transfected CHO cells, we found that the presence
of the complete MV-binding site on CCP domains 1 and 2 of
CD46 is optimal for the contact-mediated downregulation. In-
terestingly, after transient expression a certain level of down-
regulation was noted even in constructs with one or two copies
of CCP domain 1 but without CCP domain 2. Although the
percentage of downregulation in experiments with the con-
structs i to l was low, the effects were reproducibly obtained.
Differences in the results obtained with recombinant c and
recombinants i and j, all of which contain CCP domain 1,
suggest that the molecular context in which CCP domain 1 is
situated had an influence on its capacity for downregulation.
Since no binding of MV particles to CCP domain 1 alone was
monitored previously (6), we conclude that the interactions
between virus and CD46 resulting in virus attachment or in the
induction of downregulation may not be identical. Recently, it
was found that the H proteins of rinderpest virus and peste des
petits ruminants virus, closely related morbilliviruses, also in-

FIG. 3. Capping of CD46 by anti-CD46 antibodies in the absence of modulation. HeLa cells were detached from the plastic dish prior to incubation with anti-CD46
antibody 13/42 for 30 min on ice (A), 30 min at 37°C (B), and 60 min at 37°C (C) and analyzed in a fluorescence microscope to visualize the formation of caps. In
addition, CD46 expression on aliquots of the cells was quantified by flow cytometry (D). The average CD46 signals on the differentially treated cell populations after
0 min (5control on ice), and 30, 60, and 240 min at 37°C were similar.
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duce the downregulation of CD46 from the surface of Vero
and B95a cells, although CD46 did not appear to be the cel-
lular receptor for these viruses (11). This finding suggests that
a low-affinity or -avidity interaction of the H proteins of these
viruses with CD46 (CCP domain 1) may induce its downregu-
lation without leading to the subsequent uptake of viral parti-
cles by the cell. The interaction of the H proteins of various
morbilliviruses with CD46 might serve other unknown func-
tions in the pathogenesis of these viruses.

Recently, we found that a number of MV strains, mainly
wild-type strains, do not induce CD46 downregulation. Fur-
thermore, there are a number of MV strains which do not
downregulate CD46 but do use CD46 as a receptor (4). These
MV strains interact with CD46 without inducing an event,
possibly a conformational change, resulting in CD46 down-
regulation. On the basis of these findings and the uncoupling of
fusion and CD46 downregulation, one could speculate that
such nondownregulating strains might use only one of the two
binding sites of MV H to CD46, possibly on CCP domain 2. On
the other hand, not all MV strains use CD46 as a receptor (4,
16, 40). This finding indicates that CD46 downregulation and
the receptor usage by different morbilliviruses are clearly dis-
tinct processes.

We have shown here that CD46 downregulation occurs also
in the absence of CCP domains 3 and 4, the STP domains, the
transmembrane domain, and the cytoplasmic tail of CD46. It is
interesting to note that in another system, CV-1 cells persis-
tently infected with MV-Biken, the amino acid motif Tyr-X-
X-Leu in the cytoplasmic domain of CD46 was found to be
essential for downregulation (13, 42). On the other hand, also
glycosyl-phosphatidylinositol-anchored isoforms of CD46 are

efficiently downregulated (40). Since in our system domains
besides CCP domains 1 and 2 can be substituted by CD4
domains, these cannot provide a CD46-specific mechanism for
modulation. The Tyr-X-X-Leu motif is not present in the cy-
toplasmic part of CD4. However, since CD4 is downregulated
by interaction with human immunodeficiency virus (HIV)
gp120 and other HIV proteins, it is possible that these CD4
domains provide certain functions also for the CD46 down-
regulation. This might especially be the case for the short
constructs i and k (Fig. 1B) which were downregulated in the
transient expression assay.

The phenomenon of receptor downregulation after MV in-
fection or contact was detected with a panel of antibodies
against various domains of CD46 (13, 20, 30, 36–42) and there-
fore seems not to be simply masking of the antigen by viral
glycoproteins. In contrast to the attachment of the viral glyco-
protein complex, which occurs at 4°C and more efficiently also
at 37°C (6), CD46 downregulation is a strictly temperature-
dependent process. No downregulation was observed at 4°C.
CD46 patching and capping, two temperature-dependent pro-
cesses, were also observed in association with contact-medi-
ated CD46 downregulation. However, capping inhibitors did
not block downregulation, indicating that capping is not a
prerequisite for downregulation. In contrast to the interaction
of the viral glycoproteins with their receptor, antibodies induc-
ing CD46 capping did not reduce the CD46 signal intensity per
cell. Thus, capping alone is also not sufficient to induce the
modulation of CD46. These data indicate that modulation and
capping occur via independent mechanisms.

We detected surface-biotinylated CD46 in total cell lysates
in same amounts in control cells and after contact-mediated

FIG. 4. CD46 expression on the surface and in total lysates of contacted cells. HeLa cells were brought into contact with uninfected U937 cells (control) and with
persistently infected U937-p cells for 1, 2, and 4 h. Afterwards, the cell types were separated and analyzed separately. (A) CD46 expression (mean fluorescence intensity
[mfi]) was measured on the cell surface by flow cytometry on HeLa cells, which were mixed with uninfected U937 cells as a control for indicated times prior to removal
of the cells (lanes 1 to 3), on HeLa cells, which were mixed with U937-p cells for indicated times prior to removal of the cells (lanes 4 to 6), and on the uninfected
(lanes 7 to 9) and infected U937 cells (lanes 10 to 12), which were washed off the HeLa cell monolayer. CD46 in total cell lysates was analyzed by Western blotting
(B) in the same cell populations as used for panel A. For the detection of CD46 in cell lysates, surface CD46 on HeLa cells was labeled with biotin before cells were
brought into contact with U937-p cells. Total cell lysates were immunoprecipitated with anti-CD46 antibodies, separated on SDS–10% polyacrylamide gels, and blotted.
Biotinylated molecules (CD46) were detected by streptavidin-peroxidase and an ECL reaction.
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downregulation. Since CD46 was not detected in the superna-
tant or on the cell surface and was not degraded, we conclude
that it was internalized. Internalization of CD46 has also been
suggested for the CD46 downregulation following infection of
cells (30). CD46 internalization is not blocked by inhibitors of
endocytosis (20, 36). This process is obviously mechanistically
different from CD4 receptor downregulation induced by the
infection of cells with HIV. Three gene products of HIV in-
teract with CD4: the viral envelope protein gp160, which re-

tains CD4 in the endoplasmic reticulum of the infected cell by
blocking its maturation and transport; the viral Nef protein,
which induces CD4 internalization, resulting in its degradation
in lysosomes; and the Vpu protein, which induces CD4 degra-
dation in the endoplasmic reticulum (1, 9, 14, 17, 33).

Another striking observation related to MV entry is that a
short contact between persistently MV-infected cells and HeLa
cells results in the efficient transfer not only of the viral enve-
lope proteins but also of ribonucleocapsids, which leads to

FIG. 5. Contact-mediated CD46 downregulation and transfer of viral pro-
teins to HeLa cells. A HeLa cell monolayer was overlaid with persistently MV-
Edm-infected U937-p cells for 3 h (cell ratio of 1:1). After contact, U937-p cells
were removed by intensive washing with PBS from the HeLa cell monolayer, and
the contacted HeLa (D to F) and U937-p (J to L) cells were separately analyzed
by flow cytometry. Control cells were untreated HeLa (A to C) and U937-p (G
to I) cells. The signals for the surface expression of CD46 (A, D, G, and J) and
MV H (B, E, H, and K) and the expression of MV N after permeabilization (C,
F, I, and L) are shown. Numbers in the panels represent mean fluorescence
intensities.

FIG. 6. Inhibition of the infection of HeLa cells with MV-Edm by FIP. HeLa
cells were infected with MV-Edm (MOI 5 1) in the absence or presence of 200
mM FIP (as indicated), and the expression of MV H (A) and N (B) was
determined by flow cytometry after 48 h.

FIG. 7. Relative expression of CD46, MV H, and MV N after contact be-
tween uninfected HeLa cells and persistently infected U937-p cells in the ab-
sence and presence of FIP. Cells were brought into contact for 3 h at 37°C and
separated by intensive washing; levels of expression of CD46 (A), MV H (B), and
MV N (C) were determined by flow cytometry. FIP was absent (lanes 1, 3, 5, and
7) or present at 200 mM (lanes 2, 4, 6, and 8) in the cultures. The relative levels
of expression of CD46, MV H, and MV N of HeLa cells (lanes 1 and 2), HeLa
cells after contact to U937-p cells (lanes 3 and 4), U937-p cells (lanes 5 and 6),
and U937-p cells after contact with HeLa cells (lanes 7 and 8) are shown. The
mean fluorescence intensity of the strongest signals of each type of detected
molecule was set to 100, and reduced intensities were expressed as a percentage
of this value. The data for two experiments 6 errors are given.
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infection. Since persistently infected cells release minimal
amounts of virus in the supernatant, the observation that the
majority of HeLa cells absorbed infectious virus upon contact
with the infected cells suggests that infectivity may be stripped
from persistently infected cells upon contact. Indeed it was
observed that MV-infected cells accumulate considerable
amounts of virus-like particles at the plasmalemma (35). Since
in our system infectivity is transferred efficiently without sig-
nificant fusion of donor and recipient cells, the membranes of
both cells must reseal after transfer. We therefore postulate
that microfusion events at the cell-cell contact sites may me-
diate virus release and subsequent entry. These events may be
initiated by the interaction of the viral glycoprotein complex
with the receptor and subsequent insertion of part of the F
protein in the target cell membrane. The process may result in
the sequestration of membranes from the persistently infected
cell, similar to what occurs during the release of viral particles.
Interestingly, FIP inhibited the virus-cell fusion almost com-
pletely, whereas the transfer of viral material after cell-cell
contact was only partially reduced. This observation suggests
that FIP-independent mechanisms, like pore formation, could
also contribute to the transfer of viral material after cell-cell
contact.

Contact-mediated infection has another characteristic: ma-
terial transfer is unidirectional; that is, virus receptor is not
taken up by cells releasing infectivity. This fact is also consis-
tent transfer of infectivity being similar to that occurring dur-
ing standard MV infection. That cell-mediated infectivity
transfer appears to occur without release of significant amounts
of infectious particles in the supernatant may suggest that most
released virus immediately absorbs to acceptor cells. It is in-
teresting to note that there are indications that propagation of
MV infectivity in human infections may occur principally by
cell contacts in certain tissues (2, 8, 28, 32).
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