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Human herpesvirus-6B (HHV-6B) is a T lymphotropic β-herpesvirus
that is clearly distinct from human herpesvirus-6A (HHV-6A) accord-
ing to molecular biological features. The International Committee
on Taxonomy of Viruses recently classified HHV-6B as a separate
species. The primary HHV-6B infection causes exanthem subitum
and is sometimes associated with severe encephalopathy. More
than 90% of the general population is infected with HHV-6B during
childhood, and the virus remains throughout life as a latent infec-
tion. HHV-6B reactivation causes encephalitis in immunosuppressed
patients. The cellular receptor for HHV-6A entry was identified as
human CD46, but the receptor for HHV-6B has not been clear. Here
we found that CD134, a member of the TNF receptor superfamily,
functions as a specific entry receptor for HHV-6B. A T-cell line that is
normally nonpermissive for HHV-6B infection became highly sus-
ceptible to infection when CD134 was overexpressed. CD134 was
down-regulated in HHV-6B–infected T cells. Soluble CD134 inter-
acted with the HHV-6B glycoprotein complex that serves as a viral
ligand for cellular receptor, which inhibited HHV-6B but not HHV-6A
infection in target cells. The identification of CD134 as an HHV-6B
specific entry receptor provides important insight into understand-
ing HHV-6B entry and its pathogenesis.
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Human herpesvirus-6B (HHV-6B) is a T lymphotropic β-her-
pesvirus (1) and is clearly distinct from human herpesvirus-6A

(HHV-6A) according to their genetic and antigenic differences and
their cell tropism (2–5). Recently the International Committee on
Taxonomy of Viruses classified HHV-6B as a separate species.
The primary HHV-6B infection causes exanthem subitum (6)

and is sometimes associated with severe encephalopathy, whereas
the diseases caused by HHV-6A are still unknown. More than
90% of the general population is infected with HHV-6B during
childhood, and the virus remains throughout life as a latent in-
fection (7). HHV-6B reactivation causes encephalitis in immu-
nosuppressed patients. HHV-6B reactivation is also associated
with drug-induced hypersensitivity syndrome, and recent studies
have suggested that it could be related to the severity of this
disease (8, 9).
HHV-6A can infect a broader variety of human cells than

HHV-6B (10), although the homology between HHV-6A and
-6B is almost 90% over their entire genome (11–13). Human
CD46 has been shown to be a cellular receptor of HHV-6 (14),
and its viral ligand is a glycoprotein (g) complex made up of viral
glycoprotein H (gH)/glycoprotein L (gL)/glycoprotein Q1 (gQ1)/
glycoprotein Q2 (gQ2) (15). However, the HHV-6A gH/gL/gQ1/
gQ2 complex binds to its human cellular receptor, CD46, whereas
the corresponding complex of HHV-6B does not bind to it
(10, 15). Moreover, anti-CD46 antibody does not block HHV-6B
infection into the cells, whereas it does HHV-6A infection, in-
dicating that the cellular receptor exists specific for HHV-6B
infection. Because HHV-6B remains as a lifelong latent infection
in more than 90% of the population and causes severe disease, it
is important to identify its specific cellular receptor.

Here we show that CD134, a member of the TNF receptor
superfamily, functions as a specific entry receptor for HHV-6B.
A T-cell line that is normally nonpermissive for HHV-6B in-
fection became highly susceptible to infection when CD134 was
overexpressed. CD134 was down-regulated in HHV-6B–infected
T cells. Soluble CD134 interacted with the HHV-6B glycoprotein
complex that serves as a viral ligand, which inhibited HHV-6B
but not HHV-6A infection in target cells. The identification of
CD134 as an HHV-6B entry receptor provides important insight
into understanding HHV-6B entry and its pathogenesis and for
finding new targets for antiviral drug development.

Results
Construction of Soluble Glycoprotein Complex That Is a Viral Ligand
for the Cellular Receptor. To search for candidate molecules for
the HHV-6B receptor, we first prepared a soluble form of the
HHV-6A or -6B gH/gL/gQ1/gQ2 complex, which is expressed on
the viral envelope and acts as a viral ligand for the cellular re-
ceptor (15). One component of the complex, gH, is a type I
membrane protein that retains the other molecules, gQ1, gQ2,
and gL, on the membrane through its interaction with them.
Therefore, to prepare the soluble gH/gL/gQ1/gQ2 complex, the
transmembrane domain and cytoplasmic tail of gH were re-
moved, and the ectodomain of gH was fused in-frame with Fc
(the fragment crystallizable region of the human IgG1 antibody)
and a His tag. The production of the soluble complex was con-
firmed by immunoblot analysis using antibodies for each com-
ponent of the complex (Fig. S1A). Notably, the soluble HHV-6B
gH/gL/gQ1/gQ2 complex efficiently bound to the Molt-3 cell
line, which is permissive for HHV-6B infection (Fig. S1B),
whereas it bound poorly to the SupT1 cell line, which is non-
permissive (Fig. S1B). In contrast, the soluble HHV-6A gH/gL/
gQ1/gQ2 complex bound to both the Molt-3 and SupT1 cell lines
(Fig. S1B), which both express CD46 on their cell surface.

Identification of Cellular Receptor Specific for HHV-6B. Next, to
identify the cellular receptor for HHV-6B, we performed pull-
down assays using the soluble HHV-6A or -6B gH/gL/gQ1/gQ2
complex and lysates of surface-biotinylated Molt-3 cells. As
expected, the molecular masses of the streptavidin-labeled bands
differed between HHV-6A and -6B (Fig. 1A). The band detected
in the HHV-6A sample seemed to correspond to CD46, but the
band in the HHV-6B sample did not (Fig. 1A). The corre-
sponding band detected by silver staining was excised from the
gel and subjected to LC-MS/MS analysis. The results identified
CD134 as a candidate receptor molecule for HHV-6B.
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To confirm the identity of the corresponding band as CD134,
immunoblotting was performed using the samples described above
and an anti-CD134 antibody. The anti-CD134 antibody reacted
with the eluate from the soluble HHV-6B gH/gL/gQ1/gQ2-bound
resin but not with that from HHV-6A (Fig. 1A), indicating that
CD134 associated specifically with the HHV-6B gH/gL/gQ1/gQ2
complex. On the other hand, an anti-CD46 antibody reacted with
the eluate from the soluble HHV-6A gH/gL/gQ1/gQ2-bound resin
but not with that from HHV-6B (Fig. 1A).

Expression of CD134 in Several T-Cell Lines and Down-Regulation of
CD134 on the Cell Surface by HHV-6B Infection. HHV-6B permissive
T-cell lines are distinct from those of HHV-6A. Therefore, next
we assessed the level of CD134 protein expression in several
T-cell lines by FACS analyses. CD134 was highly expressed in
the HHV-6B permissive T-cell lines MT4 and Molt-3 but rarely
in the HHV-6B nonpermissive T-cell lines HSB-2 and SupT1
(Fig. 1B). In contrast, CD46 was expressed abundantly in all of
these cell lines (Fig. 1B).
In general the cellular receptor at the cell surface is down-

regulated after viral infection. Therefore we examined the CD134
expression on the surface of HHV-6B–infected cells (Molt-3
cells). Fig. 1C shows that CD134 on the cell surface was down-
regulated after HHV-6B infection, whereas the down-regu-
lation of CD46 on the cell surface was rarely seen in the same
condition.

Inhibition of HHV-6B Infection by Soluble CD134 or Anti-CD134
Antibody. We next examined whether a soluble CD134Fc could
inhibit HHV-6B infection of cells. HHV-6 entry into cells was
examined by observing the expression of the HHV-6 immediate-
early protein, IE1. As shown in Fig. 2, soluble CD134Fc blocked

HHV-6B (HST strain) infection in a dose-dependent manner,
whereas neither soluble Fc nor soluble CD46Fc did so. Notably,
soluble CD134Fc did not block HHV-6A infection, although
soluble CD46Fc did block it (Fig. 2, Lower Left), indicating that
CD134 functions as an HHV-6B-specific receptor but not as
a receptor for HHV-6A. We further examined whether CD134
also functions as the receptor for the other HHV-6B strains (Z29
and KYO), including clinical isolates. The results showed that
sCD134Fc could block the other HHV-6B strains tested (Fig. 2,
Right), confirming that CD134 functions as a specific cellular
receptor for HHV-6B isolates.
Furthermore, we analyzed whether the anti-CD134 antibody

blocks HHV-6B infection into target cells. When MT4 cells were
infected with HHV-6B in the presence of anti-CD134 antibody,
infection was blocked by the anti-CD134 antibody (Fig. 3). By
contrast, control antibody did not affect HHV-6B infection into
the cells (Fig. 3).

CD134-Expressing SupT1 Cells Become Susceptible for HHV-6B Infection.
Next, the CD134 gene was introduced into SupT1 cells, which are
nonpermissive for HHV-6B infection, by a nonreplicative lenti-
virus, and HHV-6B was used to infect the CD134-overexpressing
cells. The expression of CD134 on the SupT1 cells was confirmed
by FACS (Fig. 4A). Notably, the CD134-expressing SupT1 cells
were highly susceptible to HHV-6B entry (Fig. 4B), supporting
the identification of CD134 as an HHV-6B receptor.

Specific Interaction of HHV-6B Glycoprotein Complex and CD134.
HHV-6A and -6B share 90% identity in their nucleic acid se-
quence. However, the amino acid sequences of gQ1 and gQ2
show low identity, with 78% and 69%, respectively, between
HHV-6A and -6B compared with the sequences of gH and gL
(11–13). Therefore, the gQ1 and gQ2 components of the gH/gL/
gQ1/gQ2 complex may contribute to the virus specificity for
different cellular receptors. To examine this possibility, several
chimeric complexes were expressed in 293T cells. The cell-surface
expression of each component in the complexes was confirmed.
The binding of soluble CD134Fc to the surface of these cells
was then measured by FACS. No CD134Fc binding was de-
tected when AgH/AgL/AgQ1/AgQ2 (Fig. 5 A and C), AgH/
AgL/BgQ1/AgQ2 (Fig. 5 B and C), or BgH/BgL/AgQ1/AgQ2
(Fig. 5 A and C) was expressed in 293T cells, whereas CD134Fc

Fig. 1. CD134 interacts with HHV-6B gH/gLgQ1/gQ2 and is expressed on
HHV-6B permissive cells. (A) Purified HHV-6A- or HHV-6B gHFc/gL/gQ1/gQ2
complex was incubated with the lysates from Molt-3 cells whose cell surface
was labeled with EZ-link sulfo-NHS-Lc-Biotin. The complex and its binding
proteins were immunoblotted and detected with streptavidin, anti-CD46, or
anti-CD134 antibody. (B) CD134 or CD46 expression on HHV-6B permissive and
nonpermissive cells. HHV-6B permissive (Molt-3 and MT4) or nonpermissive
(SupT1, JJhan, and HSB-2) cells were stained with anti-CD46 or CD134 anti-
body, followed by staining with secondary antibody for FACS analysis. Gray
shading, isotype control. (C) Down-regulation of CD134 expression from the
cell surface after HHV-6B infection. CD134 or CD46 expression on the surface
of HHV-6B–infected Molt-3 cells was determined as described in B. Gray
shading, isotype control; dark gray line, mock infection; light gray line, 2 h
or 48 h postinfection (p.i.).

Fig. 2. CD134 is necessary for HHV-6B infection. HHV-6B (HST, KYO, or Z29
strain) or HHV-6A (U1102 strain) was incubated with the indicated amounts
(diluted 10-fold from 2.5 μg) of soluble CD134Fc, CD46Fc, or Fc, and then
Molt-3 cells were infected with these viruses. The cell lysates were immu-
noblotted for HHV-6 immediate-early protein (BIE1 or AIE1) and α-tubulin.
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bound to 293T cells expressing BgH/BgL/BgQ1/BgQ2 (Fig. 5 B
and C) or AgH/AgL/BgQ1/BgQ2 (Fig. 5 B and C), indicating
that CD134 specifically bound to complexes containing HHV-6B
gQ1 and gQ2. These data suggest that gQ1 and gQ2 of HHV-6B
but not of HHV-6A in the complex are essential for binding
to CD134.

Discussion
Recently HHV-6B was classified as a separate species. Although
its entry receptor has not been clear, here we found that CD134
is a cellular receptor specific for HHV-6B. Although HHV-6B
and -6A share 90% identity in their nucleic acid sequence, they
show distinct pathogenesis and cell tropism. The discovery of an
HHV-6B–specific receptor supports the idea that the use of
different receptors by HHV-6A and -6B is an important bi-
ological feature underlying their different characteristics and
disease manifestations.
Previously we found that HHV-6A gH/gL/gQ1/gQ2 complex

on the viral envelope is a viral ligand for CD46 (10, 16), which is
a cellular receptor of HHV-6A (14). Here by using the soluble
form of gH/gL/gQ1/gQ2 complex, we identified that the CD134
was a cellular receptor specific for HHV-6B. As predicted, the
soluble form of HHV-6B gH/gL/gQ1/gQ2 complex bound to
CD134, whereas that of HHV-6A did not. In addition, soluble
CD134 could inhibit HHV-6B infection into target cells, whereas
it could not inhibit HHV-6A infection, thus indicating that CD134
is a specific receptor for HHV-6B.

gQ1 and gQ2 in the complex are unique genes that are enco-
ded specifically in HHV-6 and human herpesvirus-7 (HHV-7). In
addition, HHV-6A and HHV-6B share low identity of them.
Therefore we made several chimeric complexes of gQ1 and gQ2
and examined the interaction of chimeric complexes with CD134.
Only the complex with HHV-6B gQ1 and gQ2 could bind to
CD134, showing that gQ1 and gQ2 in the complex are crucial for
the different receptor use between HHV-6B and HHV-6A.
CD134, which is also called OX40, is a member of the TNF

receptor superfamily and is present on activated T lymphocytes,
but it is rarely expressed on glial cells. HHV-6B is well known to
have a cellular tropism for T lymphocytes, as shown in vivo
during viremia from acute infection as well as in vitro (17, 18).
Activated CD4+ T lymphocytes are the preferential target of the
fully permissive infection in vivo (18). Therefore, the present
findings that strongly indicate CD134 is a functional HHV-6B
entry receptor are consistent with the in vivo observations.
As described above, HHV-6B causes exanthem subitum in

infants, and its reactivation causes encephalitis, especially in
immunocompromised patients.
Because effective therapeutic agents for HHV-6B have not been

developed, these findings may lead to new prophylactic and ther-
apeutic approaches for HHV-6B–associated diseases, through the
development of drugs that target CD134 and its regulators.

Materials and Methods
Plasmids. An Fc fragment of human IgG1 with L266A and L267E mutations to
reduce its binding affinity to cellular Fc receptors was used (19). The IL-2
signal sequence (amplified from pFuse-hIgG1-Fc2; Invivogen) was used in

Fig. 3. Anti-CD134 antibody blocks HHV-6B infection. MT4 cells were infected
with HHV-6B in the presence of anti-CD134 antibody (guinea pig serum) or
control antibody (preimmune serum). The infection was examined by indirect
immunofluorescence antibody assay using BIE1 antibody.

Fig. 4. SupT1 cells overexpressing CD134 become permissive for HHV-6B in-
fection. (A) SupT1 cells were transduced with lentivirus or CD134-expressing
lentivirus. CD134 expression on the SupT1 cells was confirmed by FACS anal-
ysis using an anti-CD134 antibody before HHV-6B infection. Gray shading,
isotype control. (B) Four days later, the cells were infectedwith HHV-6B (HST or
KYO strain), followed by immunoblotting with anti-HHV-6B IE1, -U27, -gQ1,
and -α-tubulin antibodies.

Fig. 5. HHV-6B-gQ1 and -gQ2 are the key molecules for HHV-6B’s binding with
CD134. (A and B) 293T cells were transfected with plasmids harboring individual
molecules (indicated as different colors in histograms) or control plasmid (gray
shading) and harvested 24 h later. The cells were incubatedwith soluble CD134Fc
at 4 °C for 2 h and stained with Alexa Fluor 488 goat anti-human IgG antibody at
4 °C for 1 h for FACS analysis. (C) The intensity of immunofluorescence of the
stained cells shown in A and B was quantified. A, HHV-6A; B, HHV-6B.
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place of the original signal sequence in each of the Fc fusion protein-
expressing plasmids. In the CD46-expressing plasmid, the original signal se-
quence was used. To generate gHFcHis-expressing plasmids, the nucleic se-
quence for the ectodomain of gH (base pairs 46–2067) was amplified from
the HHV-6A and -6B genomes by PCR, ligated with the Fc fragment con-
taining a 6× histidine sequence at its 3′ end, and cloned into the pCAGGS-
MCS plasmid (20). Similarly, FcHis, CD46FcHis (base pairs 1–1029 of the CD46
sequence), and CD134FcHis (base pairs 85–642 of the CD134 sequence) were
cloned into pCAGGS-MCS (provided by J. Miyazaki, Osaka University, Suita,
Japan). We cloned the full-length CD134 sequence into CS-CA-MCS (pro-
vided by RIKEN: the Institute of Physical and Chemical Research; Japan)
plasmid. The plasmids for expressing gQ1, gQ2, gH, and gL of HHV-6A and
-6B were described previously (21, 22).

Antibodies. Mouse monoclonal antibodies to CD46 (J4. 48) and CD134 (Ber-
ACT35) were purchased from Immunotech and BioLegend, respectively. The
antibodies to IE1, U27, gH/gL, gH, gL, gQ1, and gQ2 of HHV-6A and HHV-6B
were described previously (21–23). Anti-CD134 antibody was obtained by
immunizing the purified CD134 protein to guinea pigs. Preimmune sera of
guinea pigs were used as control antibody.

Fc-Fusion Protein. The plasmids for expressing Fc-fusion proteins were
transfected into 293T cells using Lipofectamine 2000 (Invitrogen), according
the manufacturer’s instructions. Two days after transfection, the soluble Fc-
fusion proteins in the culture medium were purified by Ni-NTA (Qiagen)
affinity chromatography.

Identification of Proteins Associated with the BgH/BgL/BgQ1/BgQ2 Complex.
293T cells were transfected with BgHFcHis-, BgL-, BgQ1-, and BgQ2-
expressing plasmids or with AgHFcHis-, AgL-, AgQ1-, and AgQ2-expressing
plasmids. The culture medium was harvested 48 h after transfection, in-
cubated with Ni-NTA at 4 °C for 8 h, and then the Ni-NTA was spun down.
Molt-3 cells (T-cell line) (1 × 108 cells per sample) were labeled with EZ-link
sulfo-NHS-Lc-Biotin (Thermo Scientific) according to the manufacturer’s
protocol and lysed with TNE buffer [10 mM Tris·HCl (pH 7.8), 0.15 M NaCl,
1 mM EDTA, and 1% Nonidet P-40 (Nacalai Tesque)]. After centrifugation,
the supernatant was incubated with the glycoprotein complex-bound Ni-
NTA described above at 4 °C for 16 h. The proteins that bound to the Ni-NTA
were eluted with 250 mM imidazole, and the buffer was changed to PBS
using centrifugal filter devices (Millipore). Finally, the protein solution was
incubated with protein G Sepharose at 4 °C for 8 h. The eluates were pre-
pared for immunoblot analysis [using streptavidin-HRP (GE Healthcare) and
silver staining (Invitrogen)]. The positive bands in the silver-stained gel
(corresponding to the position of the positive band in the Western blot)
were excised for in-gel digestion and LC-MS/MS analysis (24).

Preparation of Virus Solution. To prepare virus stocks, the viruses (HHV-6A
and -6B strains) were propagated in umbilical cord blood mononuclear cells
[CBMCs; provided by K. Adachi (Minoh Hospital, Minoh, Japan) and H. Yamada
(Kobe University Graduate School of Medicine, Kobe, Japan) and purchased
from the Cell Bank of the RIKEN Bioresource Center], which had been stimu-
lated with 5 μg/mL phytohemagglutinin and 2 ng/mL IL-2 for 3 d. When more
than 80% of the cells showed cytopathic effects, the cultures were frozen and
thawed twice, then centrifuged at 1,500 × g for 5 min. The supernatants were
collected and stored at −80 °C as cell-free virus stocks. We used CBMCs to titer
the viruses by the 50% tissue culture infectious dose assay (25).

Infection Inhibition Assay. Cell-free HHV-6A or HHV-6B virus was incubated
with soluble Fc, CD46Fc, or CD134Fc (diluted 10-fold from 2.5 μg) at 37 °C for
30 min, and then the virus was used to infect Molt-3 cells (5 × 105) at 37 °C
for 1 h. The cells were cultured in 1 mL of medium for 24 h and then lysed
with RIPA buffer [50 mM Tris (pH 7.4), 150 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, and 0.1% SDS] and used for immunoblotting analysis.

Cell-Surface Expression Assay. Cells were incubated with isotype control, anti-
CD46, or anti-CD134 antibody at 4 °C for 1 h, followed by a secondary an-
tibody. The cells were fixed with 4% (wt/vol) paraformaldehyde for 10 min
before being analyzed on a FACSCalibur (BD).

Cell-Surface Binding Assay. Fc or soluble Fc-fusion proteins were incubated
with a T-cell line (Molt-3 or SupT1) or with 293T cells transfected with gly-
coprotein-expressing plasmids (24 h after transfection) at 4 °C for 2 h, then
the cells were washed with 3% (wt/vol) BSA/PBS and stained with an Alexa
Fluor 488 goat anti-human IgG antibody (Invitrogen) at 4 °C for 1 h. The cells
were washed with PBS, fixed with 4% (wt/vol) paraformaldehyde for 10 min,
and then subjected to FACS analysis.

Overexpression of CD134 in SupT1 Cells and Infection with HHV-6B. CD134-
expressing lentivirus and its control were constructed by transfecting 293T
cells with CS-CA-MCS-CD134 (or its control, CS-CA-MCS) and packaging
plasmids (pCAG-HIV-gag and pCMV-VSV-G-RSV-Rev provided by RIKEN). The
culture media containing the viruses were harvested 3 d after transfection.
SupT1 cells were transduced with the lentiviruses for 4 d and then infected
with HHV-6B viruses. The cells were harvested and prepared for immu-
noblot analysis.
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