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ABSTRACT
Membrane cofactor protein (CD46) is a regulator of comple-
ment activation that also serves as the entry receptor for
human herpes virus 6 (HHV-6) and measles virus (MV) into
human cells. While it is clear that oligodendrocytes and
astrocytes are cell types commonly infected by these
viruses, it is unclear whether oligodendrocytes express
CD46, or which are the cellular mechanisms underlying the
infection. We show that adult oligodendrocytes, as well as
astrocytes and microglial cells, express CD46 on the cellu-
lar surface. Moreover, we employed a quantitative fusion
assay to demonstrate that HHV-6A infection of T lympho-
cytes enables cell–cell fusion of these cells to astrocytes or
to oligodendroglial cells. This fusion is mediated by the
interaction between viral glycoproteins expressed on the
membrane of the infected cells and CD46 on the glial tar-
gets, and is also observed using cells expressing recombi-
nant MV glycoproteins. These data suggest a mechanism
that involves cell–cell fusion by which certain viruses could
spread the infection from the periphery to the cells in the
nervous system. Published 2005 Wiley-Liss, Inc.�

INTRODUCTION

Membrane cofactor protein (CD46) is a type I mem-
brane protein that belongs to a family of glycoproteins
that regulates complement activation. One of its most
important functions is to confer protection against acti-
vated complement-mediated lysis by inactivating C3b/
C4b deposited on the membrane of autologous cells
(Seya et al., 1999; van Dixhoorn et al., 2000). However,
besides its protective function, CD46 is also known to be
a receptor for measles virus (MV) and human herpes
virus 6 (HHV-6), which is necessary for viral entry into
human cells (Cattaneo, 2004).

In the CNS, CD46 is highly expressed on the vascular
endothelium and at comparatively lower levels through-
out the tissue parenchyma (McQuaid and Cosby, 2002;
Shusta et al., 2002). Interestingly, CD46 is not detected

by Western blot on compact myelin membranes from
either the peripheral or central nervous system,
although it is expressed on Schwann cells (Koski et al.,
1996). It is controversial whether oligodendrocytes
express this receptor (Scolding et al., 1998; McQuaid
and Cosby, 2002). Tissue and fluid levels of CD46 in the
CNS are modulated by inflammatory signals and are
dysregulated in a number of different neurological condi-
tions, among which subacute sclerosing panencephalitis
(SSPE) and multiple sclerosis (MS) are two examples
(Ogata et al., 1997; Soldan et al., 2001). In these two
conditions, respectively, MV or HHV-6 antigens and gen-
omes are often detected in glial cells (Allen et al., 1996;
Cermelli et al., 2003; Goodman et al., 2003). Little is
known, however, of the mechanisms used by these
viruses to infect cells of the brain.

In vitro, the formation of syncytia has been observed
upon infection of glial cells with strains of HHV-6 and
MV (Albright et al., 1998; Mori et al., 2002). In many
systems tested, CD46 has been demonstrated to mediate
this process (Seya et al., 1997; Mori et al., 2003). Alb-
right and colleagues have shown that human adult oli-
godendrocytes, as well as microglial cells, can be
infected when cultured together with HHV-6-infected
lymphocytes and that this process results in the forma-
tion of multinucleated cells. However, it remains unclear
whether free virus mediates fusion of two glial cells or if
infected immune cells, expressing virally encoded fuso-
genic proteins on the surface, can fuse directly to glial
cells. Moreover, the evidence for viral-induced syncytia
formation on oligodendrocytes is interesting, considering
that the only previous study on CD46 expression on
adult oligodendrocytes in culture reports the absence of
this receptor on the surface (Scolding et al., 1998). If
CD46 were not expressed on oligodendrocytes, this
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would clearly suggest the existence of an alternative,
CD46-independent mechanism for cell fusion. The
mechanism of fusion, itself, may have relevance in
understanding viral infection in the CNS.

Therefore, we first investigated the expression of CD46
on glial cells isolated from adult human brain. Mature
(GalC-positive) and immature (O4-positive) oligodendro-
cytes express detectable levels of CD46, although low
compared with astrocytes and microglial cells. In addi-
tion, we adapted a quantitative cell fusion assay to
demonstrate that viral infection of T lymphocytes by
HHV-6A enables cell–cell fusion of the immune cells to
glial cells. Our results further indicate that this process
requires CD46 expression on the surface of the target cell.

MATERIALS AND METHODS

Isolation of Primary Glial Cells and
Immunofluorescence

Samples of the temporal lobe of five patients under-
going surgical resection for intractable epilepsy were pro-
cessed as previously described (Donati et al., 2003). After
enzymatic digestion, a fraction of the cell suspension was
applied on top of a 4-step OptiPrep density gradient (Axa-
Shields, Oslo, Norway) in a 15-ml tube and centrifuged
for 15 min at 800g. The fraction enriched for oligodendro-
cytes (>90%) was recovered, washed, and plated on glass
coverslips coated with poly-D-lysine inside 6-well plastic
culture plates. The cells were cultured for 2 weeks in Neu-
robasal A Medium supplemented with 2% B27 (both from
Gibco-Invitrogen, Carlsbad, CA).

For immunocytochemistry, the coverslips were washed
and blocked (Protein Block, Dako, Carpinteria, CA) for 15
min to reduce unspecific binding. Cells were cooled on ice
and incubated with different combinations of antibodies
recognizing the following surface epitopes: to detect
CD46, we used a monoclonal antibody designated M177

(Seya et al., 1995) (1:100, generously donated by Tsukasa
Seya, Osaka Medical Center, Osaka, Japan) directed
against the extra-cellular subdomain SCR2 of CD46, or a
commercial monoclonal antibody J4–48 (Chakrabarti
et al., 1997) against the SCR1 domain (1:50, Coulter-
Immunotech, Marseilles, France); O4 (1:50, Chemicon),
galactocerebroside (GalC) (1:200, Chemicon), or myelin/
oligodendrocytes specific protein (MOSP) (1:500, Chemi-
con, Temecula, CA) were used to detect oligodendrocytes,
whereas staining for CD45 (1:500, BD Pharmingen, San
Jose, CA) was used to identify microglial cells. After 45
min, the primary antibodies were removed, cells washed
and subsequently incubated with the isotype-specific sec-
ondary antibodies (1:1,000, Molecular Probes, Eugene,
OR) for 30 min. Coverslips were then washed several
times, fixed in 4% paraformaldehyde and mounted on
glass slides with Anti-fade mounting medium (Molecular
Probes) containing DAPI to stain the nuclei. Some pre-
parations were further processed for intracellular stain-
ing against glial fibrillary acidic protein (GFAP). These
coverslips were fixed for 10 min in a solution of 4% paraf-
ormaldehyde and 0.3% Triton 100, blocked for 10 min and
incubated with the antibody against GFAP (1:200, Dako)
for 30 min. Following incubation with the specific second-
ary antibody, the slides were mounted as above. Oligoden-
drocytes from each sample were analyzed for CD46
expression at least three times independently.

To exclude any nonspecific staining of oligodendro-
cytes, live cells were incubated with a solution contain-
ing the primary antibody for MOSP, together with an
antibody against the astrocyte-specific and intracellular
antigen GFAP (1:50, Sigma, St. Louis, MO) of the same
class as the antibody used to detect CD46 in parallel
preparations. Following staining with the isotype-speci-
fic secondary antibodies, in green to detect MOSP and in
red to detect GFAP, the cells were fixed and nuclei were
stained with DAPI. In Figure 1 (right), four oligodendro-
cytes, as identified under the microscope by the green

Fig. 1. Detection of CD46 on primary oligodendrocytes. In the left image, glial cells are positively
stained with the monoclonal antibody M177 against CD46 (red). In the central image, double-staining
for the myelin/oligodendrocyte specific protein MOSP (green) identifies the cell on the right as an oli-
godendrocyte (arrow); the other cell is a activated microglial cell robustly expressing CD46. In the
right image, no nonspecific staining is detected on oligodendrocytes in the negative control (see Meth-
ods). (Original magnification: 633)
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staining for MOSP, were imaged through the red and
blue filters only. Lack of red signal demonstrates (1) no
nonspecific staining of oligodendrocytes by an irrelevant
primary antibody or by the secondary antibodies used;
and (2) at the microscope settings used for acquisition of
the red signal, no bleed-through detected in the red
channel from the green fluorescence. As a further nega-
tive control, no staining for CD46 was detected on the
rat neuroblastoma cell line B104 (not shown). All images
were acquired on an inverted microscope (Axiovert 200,
Zeiss, Thornwood, NY) using the provided hardware and
software (Axiovision, Zeiss).

Fusion Assay

The human T-cell line HSB-2 was obtained from
American Type Cell Collection (ATCC, Manassas, VA)
and maintained in suspension in RPMI. The oligoden-
droglial cell line KG-1c (JCRB Cell Bank, ShiniuKu,
Japan) (provided by David Mock, University of Roche-
ster, NY), fetal astrocytes and NIH 3T3 cells were main-
tained in DMEM. All media were supplemented with
10% fetal bovine serum (FBS), 1% L-glutamine, and gen-
tamicin (10 lg/ml).

Cell–cell fusion mediated by viral glycoproteins was
tested according to a previously described vaccinia-based
reporter gene assay (Nussbaum et al., 1994) adapted to
measure the fusion between effector cells expressing gly-
coproteins of HHV-6A (Santoro et al., 1999) or of MV
(Nussbaum et al., 1995) to oligodendroglial KG-1c cells
or to primary astrocytes differentiated from human neu-
rospheres (target cells). Further, T-cell–glial cell interac-
tions were documented under the microscope by labeling
the effector cells with a fluorescent dye.

Effector cells were generated using HHV-6A (GS
strain) or by using vaccinia recombinants encoding MV-
glycoproteins (Edmonston strain). In all cases, the effec-
tors also expressed bacteriophage T7 RNA polymerase
encoded by vaccinia recombinant vTF7-3 (Fuerst et al.,
1986).

For HHV-6 effectors, following activation with phyto-
hemagglutinin (Sigma) at 5–10 lg/ml for 2–3 days HSB-
2 cells were infected with cell-free HHV6-A (strain GS)
for 7 days. Every 3–4 days infected cells were mixed
with uninfected HSB-2 cells; infected cultures could be
maintained in this way for several weeks. For the cell
fusion assay, infection of the T cells by HHV-6A was
quantified by DNA Taq-Man as previously described
(Donati et al., 2003), and was further confirmed by the
downregulation of CD46 on these cells (see Fig. 3).

For MV effectors, HSB-2 or NIH 3T3 cells were co-
infected with vaccinia recombinants vT7-HMV and vT7-
FMV encoding the glycoproteins hemagglutinin (HA) and
fusion (F), respectively (Nussbaum et al., 1995). KG-1c
cells or primary astrocytes used as target cells were
infected with vaccinia recombinant vCB21R containing
the Escherichia coli LacZ gene linked to the T7 promo-
ter (Alkhatib et al., 1996).

HHV6 or MV effector cells were washed and mixed
with target cells inside a 96-well flat-bottom plate (1:1
ratio; 1 3 105 total cells in 100 ll) and incubated 2.5 h
at 37�C. The cells were then lysed by addition of 1% NP-
40. b-Galactosidase activity in the lysates was quantified
colorimetrically, using chlorophenol red-b-D-galactopyra-
noside as substrate and measuring A570 (Nussbaum
et al., 1994). For direct visualization of effector–target
interactions we labeled T-effectors with DiI (Molecular
Probes) for 20 min at room temperature to maximize
staining of the cytoplasm. 2.5 h after mixing labeled
effectors with unlabeled targets to allow cell fusion,
these preparations were washed thoroughly multiple
times to detach loosely adhering cells, fixed and assayed
for b-Galactosidase activity in situ by incubation with
X-Gal for 3–5 h. Effector cells not infected with HHV-
6A, or not expressing MV glycoproteins, were used as
controls in all conditions tested.

Fusion inhibition assays were performed using the
anti-CD46 antibody M177. Target cells were pre-incu-
bated for 10 min at 37�C with the designated concentra-
tions of the antibody. Effector cells were then added to
the wells and the fusion assay was performed as indi-
cated above.

Flow Cytometry Analysis

The surface expression levels of CD46 on KG-1c and
HSB-2 cells were compared by flow cytometry. Cells
were incubated for 10 min with the monoclonal antibody
against SCR1, followed by detection with anti-mouse
phycoerythrin (Beckman Coulter, CA). Fluorocytometric
analysis was performed using a FacScan analyzer (Bec-
ton Dickinson, Mountain View, CA). The primary anti-
body was omitted in the negative controls.

RESULTS AND DISCUSSION

In this study, we investigated the expression of the
complement regulator and viral receptor CD46 on pri-
mary human oligodendrocytes and other glial cells. Oli-
godendrocytes were isolated and cultured from the adult
temporal lobe and the expression of CD46 was analyzed
by immunofluorescence. After 2 weeks of culture, most
oligodendrocytes developed well-branched processes and
were positive for myelin/oligodendrocyte specific protein
MOSP and for GalC. A small proportion of the cells dis-
played a more immature phenotype, with short pro-
cesses and brightly positive with the O4-antibody. A
small number of astrocytes and microglial cells were
also present in these preparations.

All the cell types analyzed expressed detectable levels
of CD46. On oligodendrocytes, the staining was predomi-
nant on the cell body (arrow in Fig. 1) as compared with
cell processes. GalC-positive and O4-positive oligoden-
drocytes displayed comparable levels of CD46 expres-
sion, although in some cases immature cells were more
brightly stained (Fig. 2). Compared with mature oligo-
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dendrocytes, stronger expression was detected on astro-
cytes (Fig. 2) and on activated microglial cells (Fig. 1).
The absence of any nonspecific staining or ‘‘bleed-
through’’ in the negative control demonstrates the speci-
ficity of the staining procedure used (see Methods). Vari-
able levels of CD46 were also detected on neurons and
glial cells differentiated in vitro from fetal neurospheres
(not shown), in agreement with previous findings
(Singhrao et al., 2000) and possibly a reflection of differ-
ent degrees of cellular activation. Our data are in con-
trast with the results of a previous study that failed to
detect expression of CD46 by adult oligodendrocytes
(Scolding et al., 1998). Contrasting results are perhaps
explained by differences in the antibodies used, since
both the cell source and the staining procedures were
similar in the two studies. We used two subdomain spe-
cific monoclonal antibodies, M177 (Seya et al., 1995)
(that recognizes the SCR2 subunit), as well as another
commercially available antibody J4-48 (Chakrabarti

et al., 1997) (against SCR1), to detect surface expression
of this receptor on oligodendrocytes. Notably, expression
of CD46 on the oligodendrocyte and absence of this
receptor on compacted myelin (Koski et al., 1996), mir-
rors the situation seen in the PNS, for Schwann cells
and peripheral myelin membranes, respectively.

Interestingly, several different infectious agents that
rely on CD46 for the infection of the human host have
emerged (Cattaneo, 2004). HHV-6 and MV, two viruses
that are known to enter the brain and infect glial cells,
share the use of overlapping domains of this molecule
for infection (Greenstone et al., 2002; Manchester et al.,
1997). In vitro experiments have demonstrated that oli-
godendrocytes can be infected by HHV-6 when co-cul-
tured with other infected cells, and the formation of
multinucleated cells has been described (Albright et al.,
1998). However, the nature of these syncytia and the
possible role of CD46 in these phenomena were not
further investigated. In parallel work, we observed that
blocking CD46 specifically abrogates productive infection
of human astrocytes by HHV-6A in vitro (D. Donati
et al., 2005); this effect was accompanied by a reduction
in the number of multinucleated syncytia that form fol-
lowing the infection. To test whether infected immune
cells can fuse to oligodendrocytes and astrocytes, we
employed a previously described vaccinia-based reporter
gene assay (Nussbaum et al., 1994) which serves as a
measure of fusion activity mediated by viral glycopro-
teins. We adapted this assay to measure the fusion
between cells expressing glycoproteins of HHV-6A (San-
toro et al., 1999) or of MV (Nussbaum et al., 1995) to

Fig. 3. (a) Schematic depiction of the fusion assay. Effector cells
infected with HHV-6A or expressing MV glycoproteins (in red) are
added to KG-lc target cells or to astrocytes (in green) endogenously
expressing CD46. If the effector cell fuses to a glial target cell, the cyto-
plasmic T7 RNA-polymerase expressed by the effector cell will activate
the LacZ gene in the target cell. The enzymatic activity of b-Galactosi-
dase is used as a measure of the degree of cell-cell fusion. (b) Surface
expression of CD46 on oligodendroglial cells, uninfected and infected T-
cells. KG-lc cells (left panel) and HSB-2 cells (central panel) express
detectable levels of CD46 by flowcytometry. Infection of the HSB-2 lym-
phocytes used in the assay by HHV-6A is confirmed by the down-regu-
lation of CD46 expression on these cells (right panel). (This figure can
be seen in color, online, at www.interscience.wiley.com).

Fig. 2. CD46 expression on primary glial cells. Cells were stained
for CD46 (left panels) and double-stained with lineage-specific markers
of differentiation (right panels). CD46 was detected on both GalC- and
on O4-expressing oligodendrocytes, as well as on GFAP-positive astro-
cytes. (Original magnification: 203 top and bottom panels, 633 center
panels)
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glial target cells. As schematically depicted in Figure 3a,
fusion between a virally infected effector cell (that also
expresses the T7 RNA polymerase) and a glial target cell
(which contains the LacZ gene under the T7 promoter)
activates the expression of b-Galactosidase, which can
be quantified using a sensitive colorimetric assay.

To model infection of oligodendrocytes by HHV-6A, we
used the oligodendroglial cell line KG-1c together with T
lymphocytes (HSB-2) infected with HHV6-A. KG-1c cells
have been shown to share many features with immature
oligodendrocytes (Kurihara et al., 2000; Buntinx et al.,
2003) and express detectable levels of CD46 by flow
cytometry (Fig. 3b). HHV-6A infection of HSB-2 cells
used in this assay was quantified by Taq-Man PCR for
HHV-6A DNA (2.1 3 109 viral copies/million cells) and
was further demonstrated by downregulation of CD46
on these cells (Fig. 3b), as previously reported in periph-
eral blood mononuclear cells (Santoro et al., 1999).
HHV-6-infected cells express viral glycoproteins on the
surface as soon as four days after infection (Santoro
et al., 1999); these glycoproteins can potentially bind to
CD46 on the target cell and mediate cell fusion.

When we mixed HHV-6A infected T cells with oligo-
dendroglial target cells we observed cell–cell fusion
between these cell types as determined by the activation
of the LacZ gene (Fig. 4). In contrast, no enzymatic
activity was detected when uninfected (control) cells
were used as effectors. The glycoprotein-mediated cell

fusion was dependent on the interaction between the
viral glycoproteins expressed on the effector cells and
CD46 on the glial target cells, since it was significantly
blocked by pre-incubation of the targets with the anti-
body M177; this antibody blocks the SCR2 subdomain,
which is engaged by both HHV-6 and MV glycoproteins.
Fusion was not significantly inhibited when the subdo-
main SCR4 was blocked using the GB24 antibody (Cho
et al., 1991) (not shown), consistent with the noninvol-
vement of this domain for HHV-6 infection (Greenstone
et al., 2002). We observed similar results using primary
astrocytes as the target cells (Fig. 4, bottom). In addi-
tion, we observed fusion using effector cells expressing
recombinant MV glycoproteins HA and F on the surface
(Fig. 4, right), which are known to bind to CD46 and to
mediate MV infection (Nussbaum et al., 1995; Manche-
ster et al., 1997). These data show that CD46 on glial
cells can function as a receptor for cell fusion mediated
by viral glycoproteins.

To visualize T-cell–glial cell interactions in situ, we
performed fusion assays using fluorescently labeled
HHV-6A or MV effector cells mixed to unlabeled glial
targets. Within 1 h after addition of labeled effector
cells, some of these cells were in stable contact with the
glial targets. Many fused targets showed faint uptake of
DiI in restricted areas of the cytoplasm; 1.5 h later,
b-galactosidase activity in DiI-labeled glial targets was
confirmed using X-Gal staining (Fig. 5). Fusion was not
observed when uninfected labeled control cells were
used as effectors.

Our results clearly demonstrate that HHV-6A infec-
tion of a lymphocyte can determine fusion of this cell to
a glial cell, thus suggesting that direct transmission of
the virus to the cytoplasm can take place. Fusion is also
observed using lymphocytes expressing recombinant MV
glycoproteins on the surface, demonstrating that this
event can be completely independent from the release of
free virus by infected cells. These observations also sug-
gest that the engagement of the same receptor by both
viruses, although through different sets of viral glyco-
proteins, might reflect a common mechanism of infec-
tion. It should be noted that signaling lymphocyte-acti-
vation molecule (SLAM) is considered the main receptor
for some wild-type strains of MV, while CD46 is used
preferentially by vaccine strains and certain other wild-
type strains (Schneider-Schaulies et al., 1995). However,
because SLAM is not expressed by brain cells (McQuaid
and Cosby, 2002; Plumb et al., 2002) other mechanisms
are responsible for MV spread in the CNS. It has been
shown that a single amino acid substitution in the
sequence of HA (from asparagine or lysine to tyrosine in
position 481) allows wild-type strains of MV to interact
with CD46, while preserving the ability to bind SLAM
(Buckland and Wild, 1997). This kind of mutations
allows MV to infect cells that don’t express the primary
receptor, as could be the case of glial cells. Moreover, the
evidence that CD46 expression is downregulated in the
infected brain regions (Ogata et al., 1997; McQuaid
and Cosby, 2002) strongly supports a relevance for
MV–CD46 interactions in vivo.

Fig. 4. T-cells infected with HHV-6A or expressing recombinant MV
glycoproteins, can fuse to glial-target cells in a mechanism that involves
CD46. The bars represent b-Galactosidase activity in the different con-
ditions tested (viral glycoproteins expressed and no antibody defined as
100). No activation was detected when effector cells not expressing viral
glycoproteins (control) were mixed with glial target cells, oligodendro-
glial KG-lc cells (top panels) or primary astrocytes (bottom panels). In
contrast, enzymatic activity was detected when effectors infected with
HHV-6A or expressing MV glycoproteins were mixed with glial targets.
In both cases pre-incubation of the glial cells with the indicated concen-
trations of the antibody specific for CD46 inhibited fusion almost com-
pletely. Error bars indicate the standard deviation for duplicate samples
in a representative experiment.
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While it remains unclear which mechanisms viruses
adopt to enter the brain and how they manage to spread
from cell to cell, the constant trafficking of immune cells
into the CNS becomes increasingly appreciated as a
common phenomenon, even in nonpathological condi-
tions (Ransohoff et al., 2003). Surprisingly, fusion of
blood cells with mature Purkinje neurons has been
recently demonstrated both in rodents and in humans,
although its physiological significance is still unclear
(Alvarez-Dolado et al., 2003; Goodman et al., 2003; Wei-
mann et al., 2003). We propose that viruses could adopt
a similar mechanism to spread the infection from circu-
lating cells to the CNS.

Further, the observation that HHV-6A-infected lym-
phocytes have the ability to fuse to glial cells supports
those studies that detect viral genome in multiple
areas of the CNS or re-activation of the virus in the
presence of inflammation and the relation to under-
lying neurological conditions (Goodman et al., 2003;
Alvarez-Lafuente et al., 2004). Many of the immune
cells among those invading the inflamed brain in multi-
ple sclerosis could harbor HHV-6A (Kim et al., 2000)
and express viral fusogenic glycoproteins on their sur-
face at that time. Transmission of the virus through
cell–cell fusion of these cells with glial cells, and thus
detection of the virus in oligodendrocytes and astro-
cytes, might represent a pathological consequence of
CNS inflammation. Nevertheless, the evidence that
HHV-6A infected cells can fuse with glial cells further
strengthens the association of this virus with brain dis-
ease (Soldan et al., 2001; Berti et al., 2002; Alvarez-
Lafuente et al., 2004).
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