








tion were determined by titration using B95a cells and West-
ern blotting, respectively. The distributions of CypA and -B
exhibited similar patterns to those for virus titer and pres-
ence of MeV-N (Fig. 3A and B). To confirm the purity of the
virus particles, trichloroacetic acid was added to fractions
containing MeV-N, and the resultant pellet was subjected to
SDS-PAGE and Coomassie brilliant blue staining (Fig. 3C).
While several bands corresponding to the viral structural
proteins were detected, only a few uncharacterized bands

were detected; this finding suggested that the virus particles
had sufficiently high purity. Furthermore, to exclude the
possibility of contamination by free cyclophilins and re-
leased MeV-N in the fractions, cell lysates of mock-infected
and MeV-infected B95a cells were subjected to 20% to 60%
sucrose density gradient centrifugation, and 8 fractions were
collected in the same manner. Free cyclophilins and re-
leased MeV-N were not detected in fractions 1 to 5, where
most virus particles were distributed, but were detected in

FIG. 3. Evidence of incorporation of CypA and CypB into MeV particles. Culture medium of MeV-infected B95a cells was ultracentrifuged
to pellet down the virus. The resultant pellet was resuspended with TN buffer and placed on a 20% to 60% sucrose layer (the volume of each
sucrose layer was 1 ml). After ultracentrifugation, 600-�l fractions were collected sequentially from the bottom of the tube in the case of MeV-HL.
(A) CypA, CypB, and MeV-N in each fraction of MeV-HL were detected by Western blotting. (B) The virus titer of each fraction was estimated
using B95a cells. The virus titer and relative amounts of CypA, CypB, and MeV-N in each fraction of MeV-HL were graphed. (C) Trichloroacetic
acid was added to fraction 2, and the resultant pellet was analyzed by SDS-PAGE and Coomassie brilliant blue staining. MeV-infected or
mock-infected B95a cells were lysed with PBS containing 0.5% NP-40, and the cell lysates were placed on a 20% to 60% sucrose layer (the volume
of each sucrose layer was 1 ml). After ultracentrifugation, 600-�l fractions were collected sequentially from the bottom of the tube. CypA, CypB,
and MeV-N in each fraction of the MeV-infected cell lysate (D) and CypA and CypB in each fraction of the mock-infected cell lysate (E) were
detected by Western blotting.
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lower-density fractions (Fig. 3D and E). These results
showed that CypA and CypB were actually incorporated
into the MeV-HL virions.

CypA incorporation into MeV is less efficient than that of
CypB. To facilitate the infection assay, we used a recombinant
MeV expressing firefly luciferase (Luc), namely, MeV-luc,
which was constructed using an MeV-HL-based reverse ge-
netic system. When MeV-luc was subjected to sucrose density
gradient centrifugation and then analyzed by Western blotting,
CypA was rarely detected; this finding was different from that
obtained in the case of MeV-HL. To confirm whether the
difference was due to the insertion of a reporter gene into
genomic RNA, we performed Western blotting and compared
the incorporations of CypA and CypB into purified MeV-luc
and MeV-EGFP, which was a recombinant MeV expressing
EGFP (35). The incorporated CypA was observed in the par-
ticles of MeV-EGFP but not in those of MeV-luc, while the
incorporated CypB was clearly observed in each of the viruses
(Fig. 4A).

Since CypA is an abundant cytosolic protein, whereas CypB
is localized mainly in the endoplasmic reticulum, the less-
efficient incorporation of CypA than that of CypB was unpre-

dicted. To elucidate the reason for this observation, the
amounts of CypA and CypB in cytoplasmic fractions of MeV-
infected and mock-infected B95a cells were examined by West-
ern blotting. The cytoplasmic CypA level significantly de-
creased upon infection with MeV, although the cytoplasmic
CypB level was not altered (Fig. 4B). Next, localization of
CypA, CypB, and MeV-N in MeV-infected B95a cells was
examined. MeV-N was localized mainly in the cytoplasm of
syncytia (Fig. 4C and D, second panels). CypB was localized
mainly in the perinuclear region and was also distributed al-
most equally in the cytoplasm and nuclei of syncytia (Fig. 4C,
first panel) and colocalized with MeV-N in cytoplasm (Fig. 4C,
third panel). In contrast, CypA was predominantly translo-
cated into the nucleus (Fig. 4D, first panel). Furthermore, in
the cytoplasm of syncytia, colocalization of CypA with MeV-N
was not significant (Fig. 4D, third panel).

Cyclosporine inhibits CypB incorporation into MeV parti-
cles and reduces MeV infectivity to epithelial cells. Since CsA
inhibits incorporation of CypA into virions, HIV-1 treated with
CsA significantly loses the ability to infect host cells (36). To
examine the effects of cyclophilins on the infectivity of MeV,
MeV-luc was propagated with and without 5 �g/ml of CsA, and

FIG. 4. Incorporation of CypA or CypB into MeV. (A) MeV-HL, MeV-EGFP, and MeV-luc were purified by sucrose density gradient
centrifugation. Virus particles were developed by SDS-PAGE and analyzed by Western blotting with anti-MeV-N, -CypA, and -CypB antibodies.
(B) B95a cells were infected with MeV-luc at an MOI of 0.2. At 18 hpi, the cytoplasmic fraction of infected cells was extracted with hypotonic
buffer. CypA, CypB, and MeV-N in the cytoplasmic fraction were detected by Western blotting. As a control, mock-infected B95a cells were used.
(C and D) Localization of cyclophilins and MeV-N in MeV-luc-infected B95a cells was examined by immunofluorescence staining. CypB (C) and
CypA (D) distributions (green; left panels), MeV-N distribution (red; second panels), their overlay (third panels), and phase-contrast images (right
panels) are shown in striatal sections. Each panel represents sequential confocal scans of the same field. Arrows in the left panel indicate uninfected
cells.
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then virions in culture medium of infected cells were purified by
ultracentrifugation. The resultant pellets were rinsed and resus-
pended with fresh medium. The virus propagated without CsA
was named MeV-luc (�), and that propagated with CsA was
named MeV-luc (�). In this study, HEK293 cells, which are
SLAM-negative cells, and HEK293-SLAM cells, which are
HEK293-derivative cells stably expressing marmoset SLAM, were
used in the infection assay. When HEK293 and HEK293-SLAM
cells were infected with MeV-luc (�) or MeV-luc (�) at an MOI
of 1.0, both MeV-luc (�) and MeV-luc (�) showed identical
infectivities for the HEK293-SLAM cells (Fig. 5A), while the
infectivity of MeV-luc (�) was significantly decreased, by 85%,
compared with that of MeV-luc (�), on HEK293 cells (Fig. 5B).
Since incorporation of CypB but not CypA was observed in MeV-
luc, CypB was considered to be involved in the infection of
SLAM-negative cells with MeV-luc.

To confirm the effect of CsA on the incorporation of CypB
into MeV particles, MeV-luc (�) and MeV-luc (�) were pu-
rified by sucrose density gradient centrifugation, and the puri-
fied MeV-luc (�) and MeV-luc (�) were analyzed by SDS-
PAGE followed by Western blotting. CypB incorporation was
significantly inhibited by CsA treatment (Fig. 5C).

Next, to examine further the involvement of CypB in MeV

infection of epithelial cells, the effect of exogenous addition of
CypB on MeV infection was examined. HEK293 cells were
infected with MeV-luc at an MOI of 1.0 in the presence of 0,
30, or 60 �g/ml recombinant CypB. As a result, CypB inhibited
MeV infection in a dose-dependent manner, by up to 50%, on
HEK293 cells (Fig. 5D). These results indicated that CypB
associating with virions plays a role in MeV infection of epi-
thelial cells.

Contribution of CD147 to MeV infection of epithelial cells.
Since it has been reported that HIV-1 can infect target cells by
using CD147 as a receptor via CypA on HIV-1 virions (25, 26)
and that CypB also binds to CD147 (40), we analyzed the role
of CD147 in MeV infection of epithelial cells. HEK293 cells
express high levels of CD147 and CD46, while they do not
express SLAM (Fig. 6A). HEK293 cells were infected with
MeV-luc at an MOI of 1.0 in the presence of anti-CD147 or
anti-CD46 monoclonal antibody or in the presence of anti-
CD36 monoclonal antibody as a negative control. A total of 50
�g/ml of anti-CD147 antibody significantly reduced MeV-luc
infectivity to HEK293 cells, by 40% (Fig. 6B), while the same
concentration of anti-CD46 or -CD36 antibody showed no
effect on MeV-luc infectivity. These results indicate that
CD147 is involved in MeV infection of HEK293 cells.

FIG. 5. Effect of CsA treatment on MeV infectivity to epithelial cells. MeV-luc was propagated with and without 5 �g/ml CsA, and then the
culture medium of infected cells was ultracentrifuged to pellet down viruses. The resultant pellets were rinsed and resuspended with fresh medium.
The virus propagated without CsA was named MeV-luc (�), and that propagated with CsA was named MeV-luc (�). MeV-luc (�) and MeV-luc
(�) were titrated using B95a cells. HEK293-SLAM cells (A) and HEK293 cells (B) were infected with the viruses at an MOI of 1.0. At 24 hpi,
the luciferase activity of infected cells was measured. The white and black bars represent the infectivities of MeV-luc (�) and MeV-luc (�),
respectively. Luciferase assays were performed in triplicate. Data are means plus standard errors of the means (SEM). �, P 	 0.003 (Student’s t
test). (C) MeV-luc (�) and MeV-luc (�) were further purified by sucrose gradient density centrifugation and were analyzed by Western blotting
with anti-MeV-N, -CypA, and -CypB antibodies. (D) HEK293 cells (6 � 104 cells) were preincubated with 0, 30, or 60 �g/ml of recombinant CypB
for 30 min at room temperature and then infected with MeV-luc at an MOI of 1.0 in the presence of 0, 30, or 60 �g/ml of recombinant CypB at
37°C for another hour. After incubation, cells were washed three times with medium containing fusion block peptide to stop infection and to
remove viruses and recombinant CypB. The luciferase activity of infected cells was measured at 24 hpi. Luciferase assays were performed in
triplicate. Data are means plus SEM. �, P 	 0.0007 (Student’s t test).
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Effect of overexpression of CD147 on MeV infection in
CHO-K1 cells. CHO-K1 cells are much less susceptible to MeV
infection than are HEK293 cells. Thus, to confirm whether
CD147 acts as an entry receptor for MeV, a CHO cell line that
stably expresses human CD147 (CHO/CD147) was established by
transfection of the human CD147 gene and subsequent selection.
CHO/pCAG cells transfected with only the pCAGGS vector were
used as negative controls. Flow cytometry analysis confirmed that
CHO/CD147 cells expressed high levels of human CD147 (Fig.
7A). When CHO/CD147 and CHO/pCAG cells were infected
with MeV-EGFP at an MOI of 4.0 and observed by confocal
fluorescence microscopy, the number of GFP-positive cells sig-
nificantly increased on CHO/CD147 cells (Fig. 7B and C). Simi-
larly, when CHO/CD147 and CHO/pCAG cells were infected
with MeV-luc at an MOI of 4.0, the luciferase activity of CHO/
CD147 cells was eightfold higher than that of CHO/pCAG cells
(Fig. 7D). Thus, stably expressed human CD147 on CHO cells
facilitated MeV-luc infection. Furthermore, anti-CD147 antibody
significantly inhibited MeV-luc infection of CHO/CD147 cells,
while it had no effect on MeV-luc infection of CHO/pCAG cells
(Fig. 7E). This evidence indicates that CD147 acted as an entry
receptor for MeV.

DISCUSSION

CypA and CypB belong to the cyclophilin family, whose
members are known as CsA binding proteins and possess PPI-
ase activity (18, 24). They are known as the most abundant
cyclophilins in cells and have been implicated in the matura-
tion of host cellular proteins. Recently, they were also reported
to play important roles in the virus life cycle (3, 30, 38). CypA
interacts with several proteins of HIV-1, vaccinia virus, and
vesicular stomatitis virus (VSV) and is specifically incorpo-
rated into their particles (2, 7, 36). On the other hand, CypB is
not incorporated into HIV-1 particles, although it interacts
with the HIV-1 Gag protein, as does CypA (3, 19). In this

study, we revealed that MeV-N also interacted with CypA and
CypB (Fig. 2) and that the cyclophilin inhibitor CsA prevented
CypA binding completely but CypB binding only partially,
which indicated that CypA bound to MeV-N in a PPIase do-
main-dependent manner, while CypB bound in both a PPIase
domain-dependent and -independent manner. Western blot
analysis of MeV-HL particles purified by sucrose density gra-
dient centrifugation showed that both CypA and CypB were
incorporated into MeV particles, unlike the case for HIV-1
(Fig. 3). However, MeV-HL and other recombinant MeVs
incorporated CypA less efficiently than CypB. Immunofluores-
cence staining of MeV-infected B95a cells showed that CypA
was translocated into the nucleus and that MeV-N seemed
colocalized more efficiently with CypB than with CypA in the
cytoplasm of syncytia (Fig. 4C and D). In fact, the amount of
CypA was much lower than that of CypB in the cytoplasmic
fraction of MeV-infected B95a cells (Fig. 4B). A recent study
reported that CypA interacted with AIF and was translocated
into the nucleus at the early stage of apoptosis (5). Because
MeV infection induces apoptosis in infected cells (10), it might
trigger CypA translocation into the nuclei of MeV-infected
cells. These pieces of evidence may be among the reasons that
CypA incorporation into MeV was less efficient than that of
CypB. In this study, we examined cyclophilin incorporation
into strains MeV-luc, MeV-EGFP, and parental MeV-HL; in-
terestingly, we found that the incorporation rates of CypA and
CypB were different (Fig. 4A). Although the exact reason
underlying this finding is still unclear, we speculate that this
difference can be attributed to a difference in the growth rates
of the three strains. Because of the differences in the growth
rates of the three strains, the reasons for which are unknown,
the time points of virus harvest were different. MeV-luc was
harvested at 18 hpi, MeV-HL at 32 hpi, and MeV-EGFP at 48
hpi. As described above, CypA was translocated into the nu-
cleus at 18 hpi in most syncytia (Fig. 4D); however, in older
syncytia, nuclear accumulation of CypA was not significant,

FIG. 6. Contribution of CD147 to MeV infection of epithelial cells. (A) HEK293 cells (1 � 106 cells) were incubated with 1 �g of anti-CD147,
-CD36, -CD46, or -SLAM mouse monoclonal antibody for 1 hour. After being washed, cells were incubated with 0.5 �l of Alexa Fluor
468-conjugated goat anti-mouse IgG polyclonal antibody for 1 hour. After being washed, cells were analyzed by flow cytometry. (B) HEK293 cells
(6 � 104 cells) were preincubated with 50 �g/ml of anti-CD147, -CD36, or -CD46 antibody for 30 min at room temperature and then infected with
MeV-luc at an MOI of 1.0 in the presence of 50 �g/ml of each antibody at 37°C for another hour. After incubation, cells were washed three times
with medium containing fusion block peptide to stop infection and to remove viruses and antibodies. The luciferase activity of infected cells was
measured at 24 hpi. Luciferase assays were performed in triplicate. Data are means plus SEM. �, P 	 0.020 (Student’s t test).
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which may be attributed to redistribution into the cytoplasm
(data not shown). Because of the localization of MeV-N in the
cytoplasm of the syncytia and the delay in harvesting, CypA
could have bound with MeV-N in the cytoplasm of the syncytia
and could have been incorporated into the virus particles.

In the case of HIV-1, virus particles which are generated in
the presence of the cyclophilin inhibitor CsA lack CypA incor-
poration because CsA abolishes the interaction between Gag
protein and CypA (40). Similar to this, CypB incorporation
into MeV-luc particles was significantly prevented by CsA
treatment, which indicated that CypB was specifically incorpo-
rated into MeV particles by binding to MeV-N (Fig. 5C).
Furthermore, MeV propagated in the presence of CsA signif-
icantly lost infectivity to HEK293 cells, by 90% (Fig. 5B), while
the virus retained the same infectivity to HEK293-SLAM cells
(Fig. 5A). SLAM-positive cells have a much higher suscepti-

bility to MeV than do SLAM-negative cells. In fact, the ratio of
the infectivity of MeV for SLAM-negative HEK293 cells to
that for HEK293-SLAM cells was approximately 1 to 100.
Thus, since SLAM is a strong receptor for MeV infection, the
effect of CypB on SLAM-independent infection may not have
appeared on HEK293-SLAM cells. In addition, recombinant
CypB inhibited MeV infection by 50% on HEK293 cells (Fig.
5D). In these SLAM-negative cells, CypB is considered to play
an essential role in MeV infection.

It is known that CypA incorporated into HIV-1 particles
translocates to the surfaces of virions by an unknown mech-
anism (22). We tried to confirm the existence of CypB on
MeV virions by immunoelectron microscopy, but commer-
cially available anti-CypB antibody failed to detect CypB on
the virions. This may have been due to the quality of the
antibody or to the limited amount of CypB on the virions,

FIG. 7. Effect of overexpression of CD147 on MeV infection in CHO-K1 cells. (A) Expression of human CD147 on CHO/CD147 cells was
confirmed by flow cytometry with anti-human CD147 antibody. (B) CHO/CD147 and CHO/pCAG cells (3 � 104 cells each) were incubated with
MeV-EGFP at an MOI of 4.0 at 37°C for 1 hour. The MOI corresponded to that estimated for B95a cells. After the incubation, cells were washed
three times with medium containing fusion block peptide. At 48 hpi, cells were observed by confocal fluorescence microscopy. (C) CHO/CD147
and CHO/pCAG cells (3 � 104 cells each) were incubated with MeV-EGFP at an MOI of 1.0 at 37°C for 1 hour. After incubation, the cells were
washed thrice with a medium containing fusion block peptide. At 48 hpi, we counted the number of GFP-positive cells by using a confocal
fluorescence microscope. Data are means plus SEM. �, P 	 0.0004 (Student’s t test). (D) CHO/CD147 and CHO/pCAG cells (3 � 104 cells each)
were incubated with MeV-luc at an MOI of 4.0 at 37°C for 1 hour. After the incubation, cells were washed three times with medium containing
fusion block peptide. The luciferase activity of infected cells was measured at 48 hpi. The white and black bars represent the infectivities to
CHO/pCAG and CHO/CD147 cells, respectively. Luciferase assays were performed in triplicate. Data are means plus SEM. �, P 	 0.022 (Student’s
t test). (E) CHO/CD147 and CHO/pCAG cells (3 � 104 cells each) were incubated with MeV-luc in the presence of anti-CD147 antibody at an
MOI of 4.0 at 37°C for 30 min. After the incubation, cells were washed three times with medium containing fusion block peptide. The luciferase
activity of infected cells was measured at 48 hpi. The white and black bars represent the infectivities to CHO/pCAG and CHO/CD147 cells,
respectively. (�), infection without antibody, as a negative control; (�), infection with anti-CD147 antibody. Luciferase assays were performed in
triplicate. Data are means plus SEM. ��, P 	 0.035 (Student’s t test).
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because the sensitivity of immunoelectron microscopy is
rather low.

CD147 is a transmembrane glycoprotein (1) expressed by
various cell types, including epithelial, endothelial, and neuro-
nal cells. CD147 is known to act as a signaling receptor for
extracellular CypA and CypB, and it regulates lymphocyte
responsiveness (39). It has been reported that the interaction
between CypA and CD147 enables HIV-1 to infect target cells
via CD147, independently of the binding of gp120 and CD4
(25). Additionally, severe acute respiratory syndrome corona-
virus (SARS-CoV) is proposed to use CD147 as a receptor in
the same manner as HIV-1, because its nucleocapsid binds to
CypA and a CD147-blocking peptide inhibited SARS-CoV
infection (8). In this study, although the neutralizing activity of
the anti-CD147 antibody used in the present study was not
high, showing only 50% inhibition of HIV-1 infection (25), it
inhibited MeV infection by 40% on HEK293 cells (Fig. 6),
showing that MeV also uses CD147 as a receptor, similar to
HIV-1. However, unlike HIV-1 and SARS-CoV, MeV seems
to use CypB instead of CypA for binding to CD147. This
finding is the first among viruses belonging to the order
Mononegavirales and shows a new infection mode of MeV
which is independent of H protein. Furthermore, since the
infection mode in this study has been reported for other vi-
ruses, it can be extended beyond families of enveloped viruses.

Although we recently reported that a heparin-like molecule
is involved in morbillivirus infection in various cells (12, 35),
thus far no specific protein on the surfaces of epithelial cells
has been identified as a receptor for morbilliviruses. It has
been reported that CypB interacts with two types of cell sur-
face binding sites on T lymphocytes (6). The first site is CD147,
and the second site is cell surface heparan sulfate, which was
recently identified as syndecan-1 (23). It has been reported that
syndecan-1 physically associates with CD147 and is required
for CypB-mediated signaling, and it was proposed that CypB
binding to the heparan sulfate moiety of syndecan-1 would
complement a low-affinity interaction with CD147 (23). Syn-
decan-1 is also expressed by various cell types, including epi-
thelial cells and endothelial cells. These reports strongly sup-
port the new infection mode of MeV, in which CypB and
CD147 are involved.

Since CD147 is expressed on various cells, including epithe-
lial and neuronal cells, our finding may provide a clue to
understanding the mechanisms by which MeV causes severe
symptoms of respiratory and gastrointestinal infections and
central nervous system complications. Other mammals, such as
mice, also express CD147; however, the CD147 proteins in
mice and humans exhibit very little homology. The amino acid
identity between mouse and human CD147 proteins is only
65%. Therefore, CD147-mediated infection may show species
specificity. Establishment of a human CD147-expressing
mouse model would be beneficial to reveal this point and to
reveal the contribution of the infection mode to MeV patho-
genicity.
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