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Human herpesvirus 6 (HHV-6) is a lymphotropic betaherpesvirus that productively infects T cells and
monocytes. HHV-6 isolates can be differentiated into two groups, variants A and B (HHV-6A and HHV-6B).
Here, we show a functional difference between HHV-6A and -6B in that HHV-6A induced syncytium formation
of diverse human cells but HHV-6B did not. The syncytium formation induced by HHV-6A was observed 2 h
after infection; moreover, it was found in the presence of cycloheximide, indicating that HHV-6A induced fusion
from without (FFWO) in the target cells. Furthermore, the fusion event was dependent on the expression of the
HHV-6 entry receptor, CD46, on the target cell membrane. In addition, we determined that short consensus
repeat 2 (SCR2), -3, and -4 of the CD46 ectodomain were essential for the formation of the virus-induced
syncytia. Monoclonal antibodies against glycoproteins B and H of HHV-6A inhibited the fusion event, indi-
cating that the syncytium formation induced by HHV-6A required glycoproteins H and B. These findings
suggest that FFWO, which HHV-6A induced in a variety of cell lines, may play an important role in the
pathogenesis of HHV-6A, not only in lymphocytes but also in various tissues, because CD46 is expressed
ubiquitously in human tissues.

Human herpesvirus 6 (HHV-6) was first isolated from the
peripheral blood of patients with AIDS and lymphoprolifera-
tive disorders (49). HHV-6 isolates can be classified into at
least two groups, variant A (HHV-6A) and variant B (HHV-
6B). HHV-6B is the causal agent of exanthem subitum (62).
The two variants can be differentiated on the basis of genomic
polymorphism, antigenicity, and host cell tropism (1, 3, 7, 61).

Seroepidemiological evidence and viral isolation have asso-
ciated HHV-6 infection with several diseases, which include
fulminant hepatitis, mononucleosis-like diseases, immune dis-
orders, lymphoproliferative diseases, and chronic fatigue syn-
drome, and with patients receiving liver, cardiac, bone marrow,
or renal transplants (39)

The main target of HHV-6 is lymphocytes of the T-cell
lineage. In vitro, HHV-6 infects and replicates at its highest
titers in peripheral blood mononuclear cells and umbilical cord
blood mononuclear cells (CBMCs). Outside of the primary T
lymphocytes, the two viral variants display different host
ranges. Typically, variant A viruses replicate in HSB-2 cells,
whereas variant B viruses grow in the less-differentiated Molt-3
T-cell lines (8). HHV-6A has also been reported to infect some
glial cell lines, as well as primary astrocytes (19) and endothe-
lial cells (46, 60), and is known to form giant syncytia with
multiple nuclei, whereas HHV-6B does not replicate and form
syncytia in these cells very well. In addition, in susceptible
human T lymphocytes, the virus induces cell-cell fusion that
results in the formation of large polykaryocytes. It has been

suggested that HHV-6 induces cell-cell fusion as a cytopathic
effect that results from viral replication in the T cells and other
cell types.

It is not yet known how HHV-6 forms large polykaryocytes
in the target cells. Viruses are known to induce cell-cell fusion
by two different processes. One is fusion from without
(FFWO), and the other is fusion from within (FFWI). FFWO
is the induction of cell fusion by viruses in the absence of viral
protein synthesis. It requires a high multiplicity of infection
(MOI) and is mediated by proteins present in the infecting
virions. The best-studied FFWO-inducing viruses are members
of the Paramyxoviridae (4). These viruses penetrate the cell by
pH-independent fusion of the virion envelope with the plasma
membrane. The cell fusion mediated by these viruses is
thought to occur by a process similar to viral entry (48). Infec-
tions with wild-type strains of herpes simplex virus type 1
(HSV-1) cause rounding-up of the infected cells. However,
numerous HSV-1 mutants causing syncytium formation
(FFWO and FFWI) have been isolated. These mutants have
been called syncytial (Syn) mutants (48).

In the present study, we show that HHV-6A, but not HHV-
6B, mediates FFWO in a variety of cells expressing human
CD46. In other words, HHV-6A induced cell-cell fusion in
target cells without viral protein synthesis through human
CD46. In addition, we determined that short consensus repeat
2 (SCR2), SCR3, and SCR4 of the CD46 ectodomain were
required for virus-induced multinucleated polykaryocyte for-
mation.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Vero (African green monkey kidney), 293T (a
human kidney cell line), HEL (a primary human embryonic lung cell line), U373
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(a glioblastoma cell line), BALB/c 3T3 (a mouse cell line), and OMK (an owl
monkey kidney cell line) cells were grown in Dulbecco’s modified Eagle’s me-
dium, supplemented with 10% fetal calf serum (FCS). Chinese hamster ovary
(CHO) cells and CHO cells stably expressing CD46 isoforms (24) or CD46
deletion mutants (25) were grown in Ham’s F-12 medium with 10% FCS. CHO
cells stably expressing CD46 were prepared as described previously (25). Briefly,
eukaryotic expression vectors containing CD46 cDNA species were transfected
into CHO cells. Transfected CHO cells were maintained in Ham’s F-12 medium
with 10% FCS supplemented with 0.5 mg of G-418 or hygromycin B/ml. Colonies
resistant to G-418 or hygromycin B were isolated. Expression of CD46 was
monitored by flow cytometry with monoclonal antibodies (MAbs) as described
below. Several T-cell lines, MT4, Sup-T1, HSB-2, Jurkat, and Molt-3 cells, and
CBMCs were cultured in RPMI 1640 with 10% FCS. HHV-6A strains U1102 and
GS, HHV-6B strain HST, and clinical isolates KYM and NYM were propagated
on CBMCs, and titers of the HHV-6A and HHV-6B viruses were estimated by
using Sup-T1 and MT4 cells, respectively (33).

HHV-6 cell-free virus was prepared as described previously (32). When HHV-
6-infected CBMCs showed evidence of more than 80% infection by immunoflu-
orescence antibody assay (IFA), the cells were lysed by freezing and thawing
them twice and spun at 1,500 � g for 10 min. The supernatant was used as
cell-free virus.

MAbs against human CD46, M75, M160, M177, and E4.3 were reported
previously (25). J4-48 was purchased from Beckman Coulter. An MAb against
HHV-6A glycoprotein H (gH), 2E4, was generously provided by G. Campadelli-
Fiume (University of Bologna, Bologna, Italy) (16). A MAb against HHV-6A gB,
87-y-13 (56), a MAb against HHV-6B REP/U94, which is expressed in HHV-6-
infected cells and which is a nonstructural protein, REP A1 (10), and a MAb
against HHV-6 early protein, OHV-2 (32), were described previously. Rabbit
antisera specific for HHV-6 immediate-early protein IE1 (12, 18, 23) were
generated from rabbits injected with the glutathione S-transferase (GST)–IE1
fusion protein. A DNA fragment comprising the full-length IE1 gene open
reading frame was amplified by PCR and inserted in frame into the pGEX-4T-1
bacterial expression vector (Amersham Pharmacia). The resultant GST-IE1 fu-
sion protein was expressed in Escherichia coli DH5� and was affinity purified and
used to raise antibodies (Abs) in rabbits.

Virus infection. To monitor HHV-6 infection, Vero, 293T, HEL, U373,
BALB/c 3T3, OMK, CHO, and CHO-CD46 (STC/CYT2; human CHO cells

stably expressing CD46) (25) cells (5 � 105 per well) were seeded on glass
coverslips, grown to 80% confluence, and overlaid with 105 HHV-6-infected
CBMCs or Sup-T1 cells (nearly 80% positive for HHV-6 late antigen by IFA) or
infected with cell-free HHV-6 at 103 to 105 50% tissue culture infective doses
(TCID50) at 37°C for 60 min by centrifugation (1,500 � g) and grown on glass
coverslips in a six-well plate. On days 1 to 3 after inoculation, the cell monolayers
were washed three times with phosphate-buffered saline (PBS), fixed with ace-
tone, and probed with an MAb specific for HHV-6 early antigen (OHV-2) and
rabbit serum against HHV-6 IE1.

Flow cytometry analysis. The protein levels expressed on the cells (5 � 105)
were assessed by flow cytometry as described previously using anti-CD46 (M177,
E4.3) (25) and a fluorescein isothiocyanate (FITC)-labeled secondary Ab. Cells
were grown for 2 days at 37°C and then were harvested into PBS and reacted with
MAbs to CD46 in PBS containing 0.2% bovine serum albumin (BSA) for 1 h on
ice. Cells were washed in PBS with 2% BSA, spun down, reacted with FITC-
labeled anti-mouse immunoglobulin G in PBS with 2% BSA for 30 min on ice,
and washed. Samples containing 5 � 105 cells were analyzed in a FACS analyzer
IV (Becton Dickinson, Mountain View, Calif.).

Assay for syncytium formation. Cells were grown in chamber slides, and then
they were then washed with PBS, fixed with Bouin solution (picric acid, formalin,
acetic acid [15:5:1]), and stained with hematoxylin and eosin (HE). The total
number of nuclei in polykaryocytes with more than five nuclei was counted under
the microscope.

FFWO assays. To determine whether HHV-6A induced FFWO, phosphono-
formic acid (PFA), which inhibits viral DNA synthesis, was used. Vero cells (2 �
105 to 5 � 105 per well) were seeded on glass coverslips, grown to 80% conflu-
ence, and overlaid with 105 HHV-6-infected CBMCs (nearly 90% positive for
HHV-6 late antigen by IFA) or infected with cell-free HHV-6 at 104 TCID50 by
centrifugation for 60 min and then cultured with medium supplemented with
PFA (300 �g/ml) and fixed 24 h after infection.

Vero or MT4 cells were treated with 50 �g of cycloheximide (CHX)/ml for 1 h
and spun with virus (HHV-6A or HHV-6B) stock containing CHX at 37°C for
1 h at 1,500 � g. After incubation with 50 �g of CHX/ml at 37°C for 2 h, the cells
were fixed and stained with HE.

Virus stock (500 �l) was placed in a 35-mm tissue culture dish (IWAKI) and
irradiated at 2,500 J/m2 with UV light, and Vero, MT4, and Sup-T1 cells were
infected with the UV-inactivated virus for 1 h by centrifugation. After incubation

FIG. 1. HHV-6A U1102-induced syncytia in Vero cells. Vero cells were overlaid with mock-infected CBMCs (A), HHV-6A U1102-infected
CBMCs (B), or HHV-6B HST-infected CBMCs (C). HEL cells were overlaid with mock-infected Sup-T1 cells (D), U1102-infected Sup-T1 cells
(E), or HST-infected MT4 cells (F). After 24 h, cells were fixed and stained with HE. Photographs of representative cell monolayers are shown.
The results are from one of three experiments performed.
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at 37°C for 17 h, the cells were fixed and stained with HE. UV-treated virus
stocks failed to express detectable HHV-6 immediate-early protein IE1 when
examined by immunofluorescence staining 17 h after infection (data not shown).

Neutralization assays of polykaryocyte formation. Vero cells were infected
with strain U1102, which had been preincubated with 10 �l of a 50-fold dilution
of a specific HHV-6A MAb against gH (2E4) (16), a specific HHV-6A MAb
against gB (87-y-13) (56), or a specific HHV-6 MAb against U94/REP (REP A1)
(10) in a final volume of 0.5 ml at 37°C for 1 h. After infection as described above,
the cells were rinsed with PBS twice, and the medium was replaced. The cells
were fixed and stained with HE 24 h later.

RESULTS

HHV-6A strain U1102 mediates syncytium formation in
Vero and HEL cells, but HHV-6B strain HST does not. Vero
and HEL cells were overlaid with HHV-6A (strain U1102),
HHV-6B (strain HST), or mock-infected CBMCs. On day 1
after infection, the Vero and HEL cells were fixed and stained
with HE.

Multinuclear cells were found in the Vero and HEL cul-
tures (Fig. 1B and E) that were overlaid with U1102-infected
CBMCs or Sup-T1 cells, but they were not found in Vero or
HEL cells overlaid either with HST- or mock-infected CBMCs
or MT4 cells (Fig. 1C and F). These results indicate that
HHV-6A, but not HHV-6B, can form polykaryocytes in Vero
and HEL cells. Consistent with this result, both the HHV-6A
GS and U1102 strains induced syncytia in Vero and HEL cells
but the other HHV-6B strains, which were two clinical isolates,
did not (data not shown).

To examine whether cell-free viruses could induce syncytium
formation, Vero cells were centrifuged with U1102 and HST at
37°C for 1 h. The multinucleated cells were observed in the

Vero cell cultures inoculated with U1102 at an MOI of 0.01 or
0.1 (Fig. 2) but were not seen in the cultures inoculated with
HST at an MOI of 0.1 (data not shown).

To quantify the extent of fusion induced, experimental and
control wells were fixed and all the nuclei in polykaryocytes
were counted in a blinded fashion by three independent ob-
servers. The total number of nuclei in polykaryocytes with
more than five aggregated nuclei were scored. Figure 2 shows
the results obtained by the three observers for 28-mm2 areas.
U1102 inoculation resulted in 500- to 1,500-fold more nuclei
involved in fusion events than were seen in control cultures,
and the number of nuclei per polykaryocyte depended on the
infectious unit titer of the virus.

The cells (Vero, HEL, U373, and Sup-T1) were inoculated
with U1102 by centrifugation, cultured, and fixed at several
time points after infection. As shown in Fig. 3, the total num-
ber of nuclei in Sup-T1 cells gradually increased over 48 h, and
large syncytia containing a large number of nuclei had in-
creased in size by 48 h postinfection (p.i.).

HHV-6A induces FFWO in a variety of human cells. The
U1102-mediated syncytium formation of Vero cells was seen
2 h after infection. This result led us to speculate that U1102
could cause FFWO in HEL and Vero cells. To investigate this
possibility, syncytium formation in Vero cells overlaid with
U1102-infected CBMCs in the presence of inhibitor of viral
DNA polymerase PFA (300 �g/ml) was examined (Fig. 4a,
panel B). Syncytium formation was observed in Vero cells
overlaid with U1102-infected CBMCs but not in Vero cells
overlaid with CBMCs (Fig. 4a, panel A). Polykaryocytes were
also observed in the Vero cells inoculated with UV-inactivated

FIG. 2. Variation in fusion scored in three experiments. Shown is the total number of nuclei in polykaryocytes with more than five nuclei, scored
by each observer, on 28-mm2 areas of Vero cells inoculated with U1102 at MOIs of 0.1 and 0.01 by centrifugation.
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U1102 (Fig. 4b, panel B). Furthermore, the polykaryocytes
were induced by U1102 or GS in Vero cells in the presence of
CHX (50 �g/ml). As shown in Fig. 4c, GS inoculation gave rise
to significant levels of fusion in Vero cells treated with CHX.

To determine whether HHV-6A would cause syncytia in
other cells, 293T, U373, HeLa, BALB/c 3T3, OMK, CHO,
MT4, Molt-3, Jurkat, and Sup-T1 cells were inoculated with
cell-free U1102 by centrifugation. Fusion was seen in the 293T,
U373, HeLa, MT4, Molt-3, Jurkat, and Sup-T1 cells but not in
the OMK, BALB/c 3T3, and CHO cells (data not shown).

Although strain HST of HHV-6B did not induce polykaryo-
cytes in several cell types in which they were induced by U1102,
HST might induce fusion in susceptible cells. To examine
whether HST induced polykaryocytes in MT4 cells, in which
the virus is known to be able to replicate, MT4 cells and HSB-2
cells were infected with cell-free HST and U1102 (MOI, 0.01).
After 24 h, the cells were fixed and stained with HE. HST
formed multinucleated cells only in the MT4 cells (Fig. 5F),
not in the HSB-2 cells (Fig. 5C), whereas U1102 formed
multinucleated giant cells in both lines (Fig. 5B and E). To
examine whether HHV-6B could cause FFWO in MT4 cells,
cell-cell fusion in MT4 cells infected with HST (MOI, 0.01) in
the presence of inhibitor of viral DNA polymerase PFA (300
�g/ml) was examined. Polykaryocyte formation was found in
MT4 cells infected with HST in the presence of PFA as well as
in its absence (data not shown). As well, polykaryocytes were
observed in MT4 cells inoculated with UV-inactivated HST
(data not shown). Finally, we investigated whether polykaryo-
cytes were induced by HHV-6B in MT4 cells in the presence of
CHX (50 �g/ml). Indeed, HHV-6B strains HST and KYM
both induced polykaryocytes in MT4 cells in the presence of
CHX (MOI, 0.1) (Fig. 6). However, the numbers of nuclei in
syncytia in HHV-6B-infected MT4 cells were relatively less

than those in HHV-6A-infected Sup-T1 and MT4 cells (data
not shown).

Human CD46 is essential for polykaryocyte induction by
HHV-6A. The formation of multinuclear cells led us to inves-
tigate whether there was a requirement for an interaction be-
tween viral envelope glycoproteins and one or more specific
cell surface receptors. Human CD46 has been shown to serve
as an entry receptor for HHV-6A and -6B (50). CHO cells are
highly resistant to infection by HHV-6 and to cell-cell fusion
induced by HHV-6A, as shown above. Therefore, CHO cells
stably expressing human CD46 (CHO-CD46 cells) (25) were
inoculated with U1102 and HST at an MOI of 0.01. CHO cells,
which lack human CD46, failed to form polykaryocytes after
infection with either U1102 or HST (data not shown); how-
ever, as shown in Fig. 7, U1102, but not HST, induced
polykaryocytes in CHO-CD46 cells. Thus, the induction of
polykaryocytes in target cells by U1102 requires an HHV-6
entry receptor, human CD46. In other words, human CD46 is
essential for polykaryocyte formation induced by HHV-6A.
We examined U1102-infected CHO-CD46 cells for evidence of
the immediate-early and early expression of HHV-6A proteins
by IFA. However, we could not detect their expression (data
not shown).

SCR2, SCR3, and SCR4 domains of CD46 are required for
HHV-6A-mediated cell-cell fusion. We next determined which
domains of CD46 were important for syncytium formation
induced by HHV-6A. Human CD46 is composed of four SCRs,
a Ser/Thr (ST)-rich domain, a 13-amino-acid sequence of un-
known significance (UK), a transmembrane domain, and a
cytoplasmic tail (CYT) (31) (Fig. 8A). To determine which
CD46 domains were important, human CD46 deletion mutants
were stably expressed in CHO cells. The levels at which CD46
mutants �SCR1, �SCR2, �SCR3, �SCR4, �ST, �UK, and

FIG. 3. Time course of syncytium formation induced by HHV-6A strain GS. GS infected Sup-T1 cells were fixed at different times after
infection (2, 24, and 48 h p.i) and stained with HE. Total numbers of nuclei in polykaryocytes with more than five nuclei were scored on 20-mm2

areas of Sup-T1 cells inoculated with GS at MOIs of 0.1 and 0.01. The mean scores of three independent observers are plotted. The two types of
bars shown for each set of conditions are from duplicate experiments.
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�CYT (25) were expressed were examined by flow cytometry.
All the deletion mutants were translated into proteins and
expressed on the CHO cells (Fig. 8B). The levels of CD46
mutant expression for all the clones were similar. CHO cells
expressing the CD46 deletion mutants were overlaid with
U1102-infected Sup-T1 cells. The syncytia were observed un-
der a light microscope. Syncytium formation was not found in
the CHO cells expressing �SCR2, �SCR3, and �SCR4, al-
though it was found in cells expressing �SCR1, �ST, �UK, and
�CYT (Table 1).

Analysis of the CD46 genomic DNA revealed three similarly
sized exons that each encode an ST domain of 14 or 15 amino

acids, STA, STB, and STC (31, 43). PCR and nucleotide se-
quencing analyses have suggested that variable quantities of
the three primary isoforms, STABC, STBC, and STC, are ex-
pressed on human blood cells and tissues; these isoforms are
produced by alternative splicing (26, 44, 47). Here, we assessed
the role of the ST region as an HHV-6 receptor using CHO
cells expressing the following CD46 isoforms: STABC, STBC,
STA, STB, and STC (24). The expression of all the isoforms was
examined by flow cytometry (Fig. 8B). CHO cells expressing
the CD46 ST isoforms were overlaid with U1102-infected
Sup-T1 cells. Syncytium formation was found in the cells ex-
pressing all of the ST isoforms: STABC, STBC, STA, STB, and

FIG. 4. U1102-induced FFWO in Vero cells. (a) Vero cells were overlaid with mock-infected CBMCs (A) or U1102-infected CBMCs (B),
cultured with medium supplemented with PFA (300 �g/ml), and fixed 24 h p.i. (b) Vero cells were mock infected (A) or infected with
UV-inactivated U1102 (B) and fixed at 17 h p.i. The results shown are from one of three experiments. (c) Vero cells were mock infected or infected
with GS, cultured with CHX (50 �g/ml), and fixed at 2 h p.i. Fusion was quantified by counting the number of nuclei in polykaryocytes with more
than five nuclei. Variations in fusion scored in three experiments are shown.
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STC (Table 1). These results indicate that the SCR2, -3, and -4
domains are essential for HHV-6A-mediated syncytium for-
mation.

To examine if the domains of CD46 that were essential for
fusion were the same as or different from those needed for its
function as an HHV-6 entry receptor, inhibition studies using
anti-CD46 MAbs were performed (Table 2). The SCR2-rec-
ognizing MAb, M75, blocked GS-induced polykaryocyte for-
mation and the expression of HHV-6 IE1 in Sup-T1 cells. The
SCR-3-recognizing MAb, M160, completely blocked the GS-
induced polykaryocytes in Sup-T1 cells but did not completely
block the expression of IE1.

Syncytium formation induced by HHV-6A requires gB and
gH. Given that CHO cells that lack CD46 are unable to fuse,
it is clear that one of the essential requirements for HHV-6-
induced polykaryocyte formation is an interaction between
HHV-6 glycoproteins and human CD46. To examine which
glycoproteins contribute to polykaryocyte formation, a virus
neutralization assay using MAbs against gH and gB was per-
formed.

For the FFWO virus neutralization assay, the viral inoculum
was preincubated for 1 h at room temperature with serial
dilutions of mouse ascites fluid containing MAb 2E4 (anti-
HHV-6A gH) or MAb 87-y-13 (anti-HHV-6A gB) or contain-
ing MAb REP A1 (anti-HHV-6B REP/U94) as a negative
control. Vero cells (106) were then inoculated with treated or
untreated viral stocks at 103 TCID50 by centrifugation, the
virus was removed, and the cells were seeded in six-well plates.
Syncytium formation was monitored by light-microscopic ex-
amination, and the cells were stained with HE.

The MAb against HHV-6 gB, which has been implicated in
virus infectivity, and the MAb against gH, which has been
implicated in virus entry and syncytium formation, caused the
inhibition of U1102-induced polykaryocyte formation (Fig. 9D
and E). MAbs against HHV-6 U94/REP had no effect (Fig.
9C). These results indicate that gH (2) and gB of HHV-6A are
necessary to mediate polykaryocyte formation of the target
cells.

DISCUSSION

We showed here that HHV-6A, but not HHV-6B, induced
syncytium formation in a variety of cells, including U373, 293T,
HEL, Vero, Sup-T1, MT4, Jurkat, Molt-3, and HSB-2 cells,
without viral replication. Syncytium formation was not induced
in BALB/c 3T3, OMK, and CHO cells. Furthermore, we dem-
onstrated that HHV-6A can induce FFWO—that is, HHV-6A
mediates cell-cell fusion without viral protein synthesis—in
cells that express human CD46. Human CD46 is reported to be
a cellular receptor of HHV-6A and HHV-6B (50). It has also
been identified as a human measles virus (MV) receptor (13,
36). CD46 is a ubiquitous type 1 glycoprotein expressed on the
surfaces of all nucleated human cells examined to date. It was
originally purified as a complement (C) regulatory protein; it
binds C3b and C4b on host cells to allow factor I-mediated
inactivation of these C fragments, and it plays an important
role in protecting host cells from autologous C (51, 52). There-
fore, CD46 is a designated membrane cofactor protein.

Our findings show that the failure of FFWO in BALB/c 3T3,
which is a murine cell line, and OMK cells, which are derived

FIG. 4—Continued.
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from New World monkeys, and that the success in the Vero
cell line, which is derived from Old World monkeys, may re-
flect the expression of different CD46 domains. The Vero cell
CD46 is 86% identical to human CD46 in the ectodomain
region and shows an MV receptor activity similar to that of
human CD46 (35). In contrast, the amino acid sequence of the
CD46 of B95a cells, an Epstein-Barr virus-transformed mar-
moset B-cell line (which is a simian cell line), is 76% identical
to that of human CD46 (34). Considering these data, one
possible reason for the failure to form HHV-6A-induced syn-
cytia in OMK cells is that HHV-6 might not have been able to
bind the CD46 of New World monkeys, although it could bind
to the CD46 of Old World monkeys. In fact, Vero CD46 acts
as a cofactor for human factor I, inactivates human C3b, and
functions as a major receptor for MV (35), indicating that
Vero CD46 is not only a structural but also a functional ho-
mologue of human CD46.

The expression of immediate-early or early proteins was not
found in CHO-CD46 cells inoculated with U1102 but was
found in Vero, HEL, U373, and Sup-T1 cells inoculated with
U1102 (data not shown). Moreover, the observed syncytia
gradually became larger in the Vero, HEL, U373, and Sup-T1
cells within 48 h. When the cells were infected with a lower
number of infectious units, it was difficult to observe the syn-
cytia in the cells immediately after infection, but on day 1 or
2 p.i., they could gradually be seen, indicating that cell-cell
fusion also occurred after virus replication. The syncytia also
became larger in CHO-CD46 cells but stopped growing within
10 to 18 h following infection. The attached viral glycoproteins
might have been able to move about the cell surface to induce
cell-cell fusion within 10 to 18 h. These data suggest that,

although HHV-6A could induce syncytium formation in CHO-
CD46 cells, the virus may not have been able to enter the cells
or, if it did enter, to complete its replication cycle in them.
Other human cellular factors may be required for virus repli-
cation in CHO cells, as indicated by Santoro et al. (50), and
new viral protein synthesis may be required for the syncytia
caused by HHV-6A to increase.

Moreover, we studied which CD46 domains contributed to
the HHV-6A-induced cell-cell fusion using deletion mutants.
We studied four parts of the CD46 protein: the four SCRs and
the ST, UK, and CYT regions. Our results showed that the
SCR2, -3, and -4 regions of the CD46 ectodomain were mainly
involved in HHV-6A-mediated cell-cell fusion. However, the
effects of the deletions may not only have been due to the loss
of specific domains, but may have also resulted from steric
hindrance or a conformational change of the receptor. Fur-
thermore, we showed that, although one MAb, M75, which
recognizes SCR2, blocked GS-induced polykaryocytes and the
expression of HHV-6 IE1 in Sup-T1 cells, another MAb,
M160, which recognizes SCR3, completely blocked GS-in-
duced polykaryocytes in Sup-T1 cells but did not completely
block the expression of IE1. In other words, MAb M75 could
inhibit both virus-induced syncytium formation and viral entry,
but MAb M160 could inhibit only syncytium formation, indi-
cating that there might be CD46 domains that are essential for
both cell-cell fusion and entry and some that are involved in
only one of these functions and that cell-cell fusion induced by
HHV-6A may also be induced by another mechanism that is
different from the virion-cell fusion required for entry. There-
fore, in this study, we have developed an assay for syncytium

FIG. 5. HHV-6B-induced polykaryocytes in MT4 cells. HSB-2 cells were infected with mock virus (A), U1102 (B), or HST (C). MT4 cells were
mock infected (D) or infected with U1102 (E) or HST (F). HST induced polykaryocytes only in MT4 cells, not in HSB-2 cells. The results shown
are from one of three experiments.
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formation rather than an assay that identifies the end point of
a virus entry experiment.

SCR1 and -2 have been reported to be mainly involved in
MV binding and infection; SCR2, -3, and -4 sustain C3b inac-
tivation by factor I; and SCR2 and -3 are essential for factor
I-mediated inactivation of C4b (25). Interestingly, our results
indicate that the ligands of CD46, C4b, MV, and HHV-6A,
bind to different sets of CD46 SCRs and confer distinct func-
tions on CD46; however, C3b binds to SCR2, -3, and -4, as
does HHV-6A. The observation that SCR2, -3, and -4 are
responsible for HHV-6A-mediated syncytium formation may

indicate the involvement of C3b in the HHV-6–CD46 interac-
tion.

The ST domain of CD46 is a critical factor for controlling
the permissiveness of cells to MV infection (24). Therefore, we
assessed the role of the ST region in HHV-6A-mediated syn-
cytium formation. Cells expressing CD46 variants with a small
ST domain (STC) and STBC were more effective as receptors
for syncytium formation than cells expressing other ST domain
variants (STA, STB, and ST ABC; data not shown). Hence, the
ST domain modulated HHV-6 infectivity in addition to C in-
hibitory activity and MV infectivity. In this study, the STC/

FIG. 6. HHV-6B-induced FFWO in MT4 cells. MT4 cells were mock infected or infected with clinical isolate HHV-6B KYM and cultured with
CHX (50 �g/ml) for 2 h. The cells were spun down, fixed, and stained with HE. Fusion was quantified by counting the nuclei in polykaryocytes
with more than five nuclei. Variations in fusion scored in three experiments are shown.

FIG. 7. U1102-induced syncytium formation required human CD46. CHO cells expressing CD46 (CHO-CD46) were mock infected (A) or
inoculated with U1102 (B). After 10 h, the cells were fixed and stained with HE. Photographs of representative cell monolayers are shown. The
results shown are from one of three experiments performed.
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CYT2 CD46 variant was stably expressed in CHO cells. Based
on evidence that the STC variant is the most susceptible to
HHV-6A of the ST isoforms we tested, we propose that the
predominant expression of STC in the brain is related to the
high sensitivity of the brain to HHV-6-mediated encephalitis.
In fact, fatal encephalitis cases that were caused by HHV-6A
have been reported (28, 42).

We showed that HHV-6 could induce FFWO at an MOI of
0.01 to 0.1. In general, a high MOI is required for FFWO.
Unfortunately, even in the most permissive systems (peripheral
blood mononuclear cells, CBMCs, and T-cell lines), HHV-6
yields are very low (8). Cultures of CBMCs, the most produc-
tive cell type, do not yield more than 104 infectious units per
ml, whereas the titer of an HSV-1 stock is generally as high as
109 to 1010 PFU per ml (8). Therefore, in this study, we inoc-
ulated the cells with viruses by centrifugation to obtain high
infectivity. The technique of centrifugal inoculation of cell
monolayers to improve infectivity has been described for viral
agents (38). In studies with HHV-6, an approximately 100-fold
enhancement of infectivity was obtained with a centrifugal
force of 2,500 � g for 60 min (41). The mechanisms involved in
this phenomenon have not been fully elucidated (20). For
HHV-6, centrifugal infection might enhance the infectivity of
extracellular particles for cellular debris contained in the virus
stock, because a large number of extracellular particles of
HHV-6 have been observed on the surfaces of the cells in-
fected with virus (37). Analysis of varicella-zoster virus (VZV),
for which it is also difficult to obtain high titers, showed a
particle-to-infectivity ratio of 106:1 (53). We observed concen-
trated virus samples by electron microscopy, and these samples
appeared to contain incomplete particles (data not shown).
Another possibility is that, as with VZV, there are incomplete
extracellular particles in the supernatant obtained from the
cells infected with HHV-6, and the particle-to-infectivity ratio
may be similar to that seen for VZV. Thus, even a low number
of infectious units of HHV-6 might be able to induce cell-cell
fusion.

In HSV, the fusion of the viral envelope with the plasma
membrane requires gD, gB, gH, and gL (5). In addition, the
fusion event is dependent on the expression of a gD receptor
on the target cell membrane (5, 40, 57, 59). gB and the forma-
tion of heterodimer gH-gL are highly conserved, and homo-
logues to these glycoproteins are encoded by all of the known
herpesviruses, although gD is present in only some members of
the Alphaherpesvirinae subfamily. The multinucleated giant
cells caused by HSV have been suggested to be a hallmark of
HSV-1 lesions in vivo (40). Spear et al. (54, 55) described
evidence showing that, although the interaction of gD with a
receptor is required for membrane fusion, gD is probably not
the viral fusogen and perhaps not even an essential component

FIG. 8. (A) Schematic drawing of the structure of human CD46.
Four SCRs, an ST-rich domain, a 13-amino-acid region of unknown
significance (UK), a transmembrane (TM) domain, and the cytoplas-
mic tail (CYT) are shown. (B) Flow-cytometric profiles of CHO trans-
fectants expressing CD46 deletion mutants and ST CD46 variants.
Stable transfectants were incubated with anti-CD46 MAb M177 or
E4.3 for �SCR2, followed by an FITC-labeled secondary Ab, and then
analyzed by flow cytometry. Control, CHO cells.

TABLE 1. Summary of syncytium formation by CD46 deletion
mutants and isoformsa

Mutant Syncytium
formation

CD46 deletion mutants
�SCR1............................................................................................ �
�SCR2............................................................................................ �
�SCR3............................................................................................ �
�SCR4............................................................................................ �
�CYT ............................................................................................. �
�UK................................................................................................ �
�ST ................................................................................................. �

CD46 isoforms
STBC................................................................................................ �
STABC ............................................................................................. �
STA ................................................................................................. �
STB.................................................................................................. �
STC.................................................................................................. �

a CHO cells expressing the indicated CD46 deletion mutants and isoforms
were overlaid with strain U1102-infected Sup-T1 cells. After incubation at 37°C
for 10 h, syncytium formation was observed under an inverted microscope.

TABLE 2. Effects of anti-CD46 antibodies on GS-mediated
syncytium formation and entryb

MAb Epitope
Block of HHV-6 functiona of:

Syncytium formation Expression of IE1

J4-48 SCR1 � �
M75 SCR2 ��� ���
M160 SCR3 ��� �
OHV-2 � �

a Block of CD46 function in syncytium formation and the expression of IE1.
���, syncytium formation and expression of IE1 were almost 90 to 100%
inhibited by each antibody; �, almost 5 to 10% inhibited; �, not inhibited.

b Sup-T1 cells were incubated at 37°C for 60 min with each anti-CD46 MAb or
OHV-2 (10 �g/ml) in RPMI 1640 with 10% FCS and then centrifuged with GS
at an 0.1 MOI of at 37°C for 60 min. The cells were washed three times and
cultured at 37°C for 12 h. They were fixed and stained with HE or fixed with
acetone and stained with rabbit antiserum specific for HHV-6 IE1. The blocking
effects were evaluated by microscopy.
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of the actual fusion machinery. The basic fusion machinery has
probably been conserved, although the means of triggering
fusion activity might differ among the viruses. Under certain
conditions, the expression of VZV gH-gL alone (14) or of
pseudorabies virus gB plus gH-gL (27) can induce cell fusion,
provided the cells are susceptible to the virus and therefore
express some kind of receptor for membrane fusion. Thus, gB
or gH-gL or both are candidates for the actual fusogenic gly-
coproteins.

Here, we used a neutralization assay to show that gB and gH
were required to mediate syncytium formation for HHV-6A as
well as other herpesviruses in target cells. Considering the
previous reports and our results, it seems likely that the process
of syncytium formation for HHV-6A and HSV is roughly as
follows. First, the HHV-6 envelope glycoprotein(s) binds to
human CD46, thereby triggering fusogenic activity, and then
other viral envelope glycoproteins, probably gB and the gH-gL
heterodimer (29, 30), act to form multinucleated cells. Alter-
natively, gB plus gH-gL might be sufficient to induce cell fu-
sion, provided the cells express human CD46. Thus, our data
agree with those of others and indicate that gB, gH-gL, or both
are candidates for the actual fusogenic glycoproteins.

Several viral genes are required for the expression of the Syn
phenotype for HSV. gE, gI, and gM have all been implicated in
syncytium formation (9). gK is thought to play a central role in
regulating membrane fusion, because mutations in gK can give
rise to the Syn phenotype (11, 21, 22). On the other hand,

amino acid substitutions in the cytoplasmic tail of HSV-1 gB
have been reported to induce syncytium formation (6, 15, 17).
In another report, a recombinant virus carrying a gD mutation
that significantly reduces viral entry via HveA had a markedly
reduced ability to induce syncytia in CHO-HVEM cells (58).
These reports lead us to speculate why HHV-6A, but not
HHV-6B, induced syncytia. There might be amino acid substi-
tutions in envelope glycoproteins that are responsible for the
different abilities of HHV-6A and HHV-6B to induce syncy-
tium formation. Such amino acid substitutions might affect the
interaction with human CD46. This might explain why a variety
of cultured cells were highly susceptible to syncytium induction
by HHV-6A but were resistant to HHV-6B-induced syncytium
formation, even though HHV-6B mediated polykaryocyte for-
mation in MT4 cells and CBMCs. Another possibility is that
cellular factors somehow differentiate between HHV-6A and
HHV-6B. One or more additional factors in the target cells
might be required for the cell-cell fusion induced by HHV-6B,
given that multinucleated giant cells could be found in the
MT4 cells and CBMCs, which are susceptible to HHV-6 rep-
lication.

HHV-6A has been reported to cause gastroduodenitis and
pancreatitis after heart transplantation in immunosuppressed
individuals (45). In these cases, the presence of multinucleate
giant cells and enveloped virions with a prominent tegument in
human biopsy tissue was used as a morphological criterion to
suggest the possibility of HHV-6 infection. The epithelium

FIG. 9. Anti-gB and anti-gH MAbs neutralize U1102-mediated syncytium formation. An infectious, cell-free stock of U1102 was generated and
preincubated for 60 min at room temperature with a 50-fold-diluted aliquot of ascites fluid containing the MAbs. Vero cells (106) were then
infected with the treated virus preparation (103 TCID50), and the cells were fixed and stained with HE at 24 h p.i. (A) Negative control (uninfected
Vero cells); (B) positive control (Vero cells infected with U1102 in the absence of any MAb); (C, D, and E) Vero cells infected with U1102
preincubated with anti-REP, anti-gB, and anti-gH MAbs, respectively. Note the presence of extensive syncytia in panels B and C but not in the
panels in which U1102 was treated with anti-gB and anti-gH (D and E).
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showed enlarged nuclei, prominent nuclei, and multinucleat-
ed-giant-cell formation. Mononuclear cells contained intranu-
clear and intracytoplasmic enveloped viral capsids with a thick
tegumental layer, consistent with infection by HHV-6. Viral
particles were not found in the multinucleate epithelial cells.
The authors detected HHV-6A DNA, but not that of HHV-
6B, in the specimens by PCR. The results of our study might
indicate that, in such cases, virus need not be transferred from
the circulating blood components to the tissues; rather, only
the attachment of the virus may be required, given that our
data show that HHV-6A can mediate the formation of
multinucleated giant cells without viral replication in human
tissues. The phenomenon we show here in vitro closely mimics
the interactive cellular events occurring in vivo. Thus, our study
shows that disease could be caused solely by the attachment of
the virus, carried by blood components, through the epithelium
or endothelium lining the blood vessels to the other tissues
throughout the body.

In summary, our study demonstrates an important finding
with implications for pathogenicity and the spread of the virus,
which is that the transfer of HHV-6 to a variety of tissues might
lead to syncytia without viral replication. This may help explain
the observation of widespread viral effects on tissues in immu-
nocompromised patients.
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