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The P gene of measles virus (MV) encodes the P protein and three accessory proteins (C, V, and R). However,
the role of these accessory proteins in the natural course of MV infection remains unclear. For this study, we
generated a recombinant wild-type MV lacking the C protein, called wtMV(C�), by using a reverse genetics sys-
tem (M. Takeda, K. Takeuchi, N. Miyajima, F. Kobune, Y. Ami, N. Nagata, Y. Suzaki, Y. Nagai, and M. Tashiro,
J. Virol. 74:6643–6647). When 293 cells expressing the MV receptor SLAM (293/hSLAM) were infected with
wtMV(C�) or parental wild-type MV (wtMV), the growth of wtMV(C�) was restricted, particularly during late
stages. Enhanced green fluorescent protein-expressing wtMV(C�) consistently induced late-stage cell round-
ing and cell death in the presence of a fusion-inhibiting peptide, suggesting that the C protein can prevent cell
death and is required for long-term MV infection. Neutralizing antibodies against alpha/beta interferon did not
restore the growth restriction of wtMV(C�) in 293/hSLAM cells. When cynomolgus monkeys were infected with
wtMV(C�) or wtMV, the number of MV-infected cells in the thymus was >1,000-fold smaller for wtMV(C�)
than for wtMV. Immunohistochemical analyses showed strong expression of an MV antigen in the spleen,
lymph nodes, tonsils, and larynx of a cynomolgus monkey infected with wtMV but dramatically reduced ex-
pression in the same tissues in a cynomolgus monkey infected with wtMV(C�). These data indicate that the
MV C protein is necessary for efficient MV replication both in vitro and in cynomolgus monkeys.

Measles virus (MV) is a member of the genus Morbillivirus of
the family Paramyxoviridae. The genome of MV contains six
genes in the following order: 3�-leader-N-P-M-F-H-L-trailer-5�
(reviewed in reference 14). The P gene of MV encodes the P
protein and three nonstructural proteins, namely, C, V, and R
(27). The MV C protein is a small (186 amino acids), highly
positively charged protein and is translated from the P mRNA
in a different open reading frame from that for the P protein
(4). Viruses in the genera Respirovirus, Henipavirus, and Mor-
billivirus and Tupaia paramyxovirus-like viruses express one or
more C proteins, which are all relatively small basic proteins
that are translated from the P mRNA in a different open frame
from that for the P protein (for reviews, see references 25 and
31). The MV C protein is found both in the cytoplasm and in
the nucleus (1, 4). With in vitro studies, the MV C protein has
been shown to regulate viral RNA synthesis (43) and to impair
the alpha/beta interferon (IFN-�/�) response (44, 55).

For investigations of the role of the MV C protein, an MV
Edmonston (Ed) strain that lacks expression of the C protein
(MV C-EdB) has been generated by reverse genetics (41). In in
vitro studies, MV C-EdB replicates normally in Vero, CV-1,
B95-8a, human neuroblastoma SK-N-MC, and primary mouse
neuronal cells but not in human peripheral blood or HeLa cells
(10, 40, 41, 44). In addition, MV C-EdB has exhibited restrict-

ed growth in human thymus tissue transplanted into SCID
mice and reduced titers and mortality in CD46 transgenic mice
(30, 40, 50). These results strongly suggest that the C protein is
closely involved in virulence functions.

However, rodents are not natural hosts of MV, and infec-
tions of transplanted human tissues are of limited use as mod-
els of human infection. Moreover, the Ed strain was isolated
several decades ago, has been passaged in nonlymphoid cell
lines, and has gained the ability to use both CD46 (6, 33) and
SLAM (9, 19, 49) as receptors. More importantly, this pas-
saged virus is no longer pathogenic in monkey models (2, 8, 51,
54). This raises questions about the extent to which the Ed
strain retains the original nature of MV. In contrast, MV
strains that were isolated and passaged in B95a cells use SLAM
as their sole receptor (9, 19, 36, 49) and retain their original
pathogenicities (21, 22). In order to study the function of the C
protein in the context of the natural course of MV pathogen-
esis, we generated an MV strain that lacks expression of the C
protein, based on the highly pathogenic IC-B strain isolated
from B95a cells (46), and designated this strain wtMV(C�).

For the present study, we examined the growth of wtMV
(C�) and parental wild-type MV (wtMV) in vitro and in cyno-
molgus monkeys. The present results indicate that the MV C
protein is necessary for the efficient growth of wild-type MV
both in vitro and in macaques.

MATERIALS AND METHODS

Viruses and cells. wtMV, corresponding to the IC-B strain of MV (21), was
recovered from the plasmid p(�)MV323 encoding the antigenomic IC-B se-
quence; this strain was previously designated IC323 (46). B95a cells, which are an
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adherent marmoset B-cell line (21), were grown in Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% fetal calf serum (FCS). Vero (Afri-
can green monkey kidney) cells expressing human SLAM (Vero/hSLAM cells)
(36) were grown in DMEM supplemented with 10% FCS and 400 �g of G418/ml
for stable expression of the transfected hSLAM gene product. HepG2 cells (a
human hepatoma cell line) were grown in DMEM supplemented with 10% FCS.

Plasmid construction and recovery of infectious virus from cDNA. Point mu-
tations were introduced by using the mutagenic primer 5�-CCATGTGAAAAA
CGGACTAGAATGC-3� (the introduced nucleotide changes are underlined),
and the mutated fragment was introduced into the Bpu1102I (antigenome po-
sition 127; numbering according to reference 48) and Bpu1102I (antigenome
position 3146) window of p(�)MV323 after nucleotide sequencing. The resulting
plasmid was designated p(�)MV(C�). The plasmid p(�)MV323-EGFP, which
carries the full-genome cDNA of the IC-B strain and the enhanced green fluo-
rescent protein (EGFP) gene, was described previously (16). To introduce the
EGFP gene into p(�)MV(C�), we replaced the fragment of p(�)MV323-EGFP
from Bpu1102I to Bpu1102I with the corresponding cDNA fragment of p(�)MV
(C�). The resulting plasmid was designated p(�)MV(C�)-EGFP. The infec-
tious recombinant MV strains wtMV(C�) and wtMV(C�)-EGFP were recov-
ered from plasmids p(�)MV(C�) and p(�)MV(C�)-EGFP, respectively, as
reported previously (42, 46).

Establishment of stable transformants. The establishment of 293 cells stably
expressing hSLAM was performed as previously described (47). Briefly, 293 cells
in a 9-cm-diameter dish were transfected with 10 �g of the pCA-SLAM (36) and
pKS336 plasmids by use of a mammalian transfection kit (Stratagene, La Jolla,
Calif.). Two days later, the medium was replaced with DMEM supplemented
with 10% FCS and 2 �g/ml of blasticidin-S (Funakoshi, Tokyo, Japan). Several
colonies were selected and tested for susceptibility to wild-type MV.

Western blotting. Cells were lysed in a lysis buffer (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 0.6% NP-40, 4 mM phenylmethylsulfonyl fluoride) and were disrupted by
sonication for 1 min. After centrifugation, the lysates were electrophoresed in so-
dium dodecyl sulfate-polyacrylamide gels. The proteins in the gel were transferred to
a polyvinylidene difluoride membrane (Millipore, Bedford, Mass.). The C and P
proteins were detected with antisera specific for the C protein (47) or MV strain
Toyoshima (11) and with biotinylated anti-rabbit immunoglobulin (Amersham, Pis-
cataway, N.J.) and streptavidin-alkaline phosphatase (Amersham).

Virus growth and syncytium formation in cell culture. Monolayer cultures of
B95a and 293/hSLAM cells in a 24-well plate were infected with recovered
viruses at a multiplicity of infection (MOI) of 0.01 50% tissue culture infective
doses (TCID50)/cell. At various times, the cells were scraped, and harvested cells
in medium were subjected to three cycles of freezing and thawing. The infectivity
titer was assessed as the TCID50 for B95a cells.

Addition of anti-interferon antibodies. 293/hSLAM cells in a 24-well plate
were infected with wtMV(C�) at an MOI of 0.01. After incubation at 37°C for
1 h, the cells were washed three times and incubated with complete medium
containing either a mixture of 5 �l (12.25 neutralizing units [NU]) of a mouse
monoclonal antibody against human IFN-� (MBL, Nagoya, Japan) and 5 �l (15
NU) of a mouse monoclonal antibody against human IFN-� (Yamasa, Tokyo,
Japan) or a mixture of 10 �l (800 NU) of rabbit polyclonal antisera against
human IFN-� (National Institute of Infectious Diseases, Japan) and 10 �l (1,600
NU) of rabbit polyclonal antisera against human IFN-� (Toray, Tokyo, Japan).
The cells were harvested at 3 days postinfection (dpi), and virus growth was
assessed as the TCID50 for B95a cells.

Reporter assay. An IFN-stimulated response element reporter assay was per-
formed as previously described (47), with a minor modification. Briefly, HepG2
cells were transfected with a pKS336 or pCAGGS vector (34) encoding the C or
V protein of the IC-B strain or with an empty vector, together with the pISRE-
TA-Luc plasmid (Clontech, Palo Alto, Calif.) and the pSEAP-Control plasmid
(Clontech), using standard calcium phosphate procedures. At 20 to 24 h post-
transfection, the cells were incubated with or without 1,000 IU/ml of IFN-� for
6 h. A portion of cell lysates was assayed for luciferase activity by use of a
luciferase assay system (Promega, Madison, Wis.) and a MiniLumat LB9506
luminometer (Berthold, Pforzheim, Germany). To monitor the transfection ef-
ficiency, we assayed a portion of each cell supernatant for secreted alkaline
phosphatase (SEAP), using a SEAP assay kit (Toyobo, Osaka, Japan).

Infection of cynomolgus monkeys with recombinant MVs. Cynomolgus mon-
keys were inoculated intranasally in groups of three animals each with 105

TCID50 of either wtMV or wtMV(C�). Peripheral blood mononuclear cells
(PBMCs) were isolated by using Percoll gradients (Amersham). MV-infected
cells among PBMCs and in tissues were counted as previously reported (46). All
animal experiments were performed in compliance with institutional guidelines.

Immunohistochemistry. Immunohistochemical analysis was performed as pre-
viously described (32). Briefly, tissues were excised, fixed in 10% formalin in

phosphate buffer, embedded in paraffin, and cut into sections. The paraffin
sections were deparaffinized in xylene, rehydrated in ethanol, treated with a
0.25% trypsin solution containing 0.5% CaCl2 for 30 min, and incubated in 1%
hydrogen peroxide in methanol to block endogenous peroxidase activity. The
sections were then incubated with normal goat serum for 5 min, followed by
incubation with a rabbit serum against the MV N protein at 4°C overnight (N.
Nagata, unpublished data). The sections were next incubated with biotin-conju-
gated anti-rabbit immunoglobulin G, followed by the application of streptavidin-
peroxidase. The peroxidase reaction was developed in diaminobenzidine with
hydrogen peroxide. Nuclei were counterstained with hematoxylin.

RESULTS

Recovery of recombinant virus lacking expression of the C
protein. To knock out the expression of the C protein without
changing the amino acid sequences of the P and V proteins, we
introduced two stop codons into the open reading frame en-
coding the C protein. The first point mutation (C to G at po-
sition 1833) converted a UCA codon into a UGA stop codon,
and the second point mutation (G to A at position 1845)

FIG. 1. Construction and generation of recombinant wtMV lacking
expression of the C protein. (A) Schematic diagram of genomic orga-
nization of wtMV showing the P cistron encoding the P, C, and V
proteins and the mutations in the C open reading frame. Altered
nucleotides are underlined. The expression of the C protein was elim-
inated by placing two stop codons, UGA [p(�)322 position 1832] and
UAG [p(�)MV322 position 1844], downstream in the C open reading
frame. (B) Western blot analysis using rabbit antisera against the MV
C protein and MV virions. Lysates from cells infected with wtMV or
wtMV(C�) or from mock-infected cells were probed with antisera
against the MV C protein and the MV Toyoshima strain.
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converted a UGG codon into a UAG stop codon (Fig. 1A). To
confirm that the introduced mutations silenced the expression
of the C protein, we performed a Western blot analysis using
total protein lysates from 293/hSLAM cells infected with
wtMV(C�) or parental wtMV and detecting proteins with a
rabbit antiserum specific for the C or P protein. The C protein
was detected in wtMV-infected cells but not in wtMV(C�)-
infected cells (Fig. 1B). In contrast, the P protein was detected
in wtMV- and wtMV(C�)-infected cells (Fig. 1B), indicating
that the mutations introduced into wtMV(C�) had no signif-
icant effect on P protein synthesis.

Growth of wtMV and wtMV(C�) in tissue culture cells. In
B95a cells, there was no significant difference in replication ki-
netics between the wtMV and wtMV(C�) viruses (Fig. 2A). In
293/SLAM cells, wtMV replicated efficiently for up to 3 days
postinfection (dpi) and then gradually declined, whereas wtMV

(C�) replicated for up to 2 dpi and then exhibited severely re-
stricted growth (Fig. 2B). After 3 dpi, virtually no virus was de-
tected in wtMV(C�)-infected 293/hSLAM cells (Fig. 2B).

Cytopathic effect in 293/hSLAM cells. During the present
experiments, we noticed a difference in cytopathic effects be-
tween wtMV(C�) and parental wtMV. When 293/hSLAM
cells were infected with wtMV, syncytia developed at 1 dpi
(Fig. 3A), and the syncytia had expanded to cover almost the
entire dish at 3 dpi (Fig. 3B). When 293/hSLAM cells were
infected with wtMV(C�), syncytia developed at 1 dpi (Fig.
3C), but the syncytia did not subsequently expand and had
detached from the dishes due to shrinkage at 3 dpi (Fig. 3D).

Cell rounding and cell death induced by wtMV(C�). To
investigate the mechanism underlying the growth defect of
wtMV(C�), we generated an EGFP-expressing recombinant
virus, wtMV(C�)-EGFP, from the plasmid p(�)MV323-
EGFP (16). When we measured the entry level of EGFP-
expressing MV in the presence of a fusion-inhibiting peptide
(FIP) by a previously presented method (16), we found that the
shapes of infected cells differed between the two viruses. 293/
hSLAM cells infected with wtMV-EGFP in the presence of the
FIP were flat at 3 dpi (Fig. 4A). In contrast, 293/hSLAM cells
infected with wtMV(C�)-EGFP in the presence of the FIP
were spherical at 3 dpi (Fig. 4C). At 7 dpi, 293/hSLAM cells
infected with wtMV-EGFP were still alive (Fig. 4B), whereas
almost all cells infected with wtMV(C�)-EGFP had disap-
peared (Fig. 4D). This suggests that the MV C protein is neces-
sary to prevent the early death of infected cells. To quantify early
cell death, we counted EGFP-expressing cells under a fluores-
cence microscope at 3 dpi and 7 dpi. The percentage of wtMV
(C�)-EGFP-infected cells was reduced to 12%, while that of

FIG. 2. Replication kinetics of wtMV and wtMV(C�). B95a cells
(A) and 293/hSLAM cells (B) were infected with wtMV (circles) or
wtMV(C�) (triangles) at an MOI of 0.01 TCID50/cell. Cells and media
were harvested at 1, 2, 3, and 4 dpi, and infectivity titers were assessed
as TCID50 using B95a cells.

FIG. 3. Cytopathic effects of wtMV and wtMV(C�) in 293/hSLAM cells. 293/hSLAM cells were infected with wtMV (A and B) or wtMV(C�)
(C and D), and cells were photographed under a microscope at 1 dpi (A and C) and 3 dpi (B and D).
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wtMV-EGFP-infected cells increased to 216%, indicating the oc-
currence of cell division of wtMV-EGFP-infected cells.

Examination of the effect of IFN-�/�. Because it has been
reported that the MV C protein inhibits the IFN-�/� response
(44), we first examined whether IFN-�/� was responsible for
the restricted growth of wtMV(C�) in 293/hSLAM cells. For
this purpose, the growth of wtMV(C�) in 293/hSLAM cells
was examined based on the presence of antibodies against
IFN-�/�. However, neither mouse monoclonal antibodies
against IFN-�/� nor antisera against IFN-�/� restored the
growth of wtMV(C�) (Fig. 5A). Next, we examined the growth
of wtMV and wtMV(C�) in the presence of IFN-�. For this
purpose, 293/hSLAM cells were infected with wtMV or wtMV
(C�) and incubated in the presence or absence of IFN-� for 2
days. However, exogenously added IFN-� did not inhibit the
growth of wtMV or wtMV(C�) (Fig. 5B). These results indi-
cate that IFN-�/� is not responsible for the growth restriction
of wtMV(C�) in 293/hSLAM cells, and they are consistent
with our previous observation that the MV C protein did not
block IFN-�/� signaling in a cell line constitutively expressing
the MV C protein (47). Since Shaffer et al. (44) reported that
the C protein blocked IFN-�/� signal transduction in a tran-
sient expression system with MV C expression plasmids, we
reexamined our previous data (47). We used HepG2 cells in
those experiments, because HepG2 cells produced the most
consistent results among the several cell lines tested. When
HepG2 cells were transfected with the IFN-�/�-responsive
plasmid pISRE-TA-luc and the empty plasmid pKS336 and
were then incubated with IFN-�, the relative luciferase activity
increased 20-fold compared to that of unstimulated cells (Fig.
5C). Under those conditions, cotransfection of a pKS336 plas-
mid expressing the MV V protein almost completely blocked

IFN-�/� signaling (37, 47), while a pKS336 plasmid expressing
the MV C protein did not strongly block IFN-�/� signaling, as
reported previously (46). When the MV C protein was ex-
pressed by a different expression vector (pCAGGS), a similar
result was obtained (Fig. 5C). We obtained almost the same
results using 293T cells (data not shown). These data indicate
that the MV C protein of the wild-type IC-B strain does not
function as an IFN antagonist.

Experimental infection of cynomolgus monkeys with wtMV
and wtMV(C�). Because wtMV(C�) exhibited a specific
growth defect in vitro, we examined its replication and patho-
genesis in vivo. For this purpose, groups of three 3-year-old
cynomolgus monkeys were inoculated intranasally with 105

TCID50 of wtMV or wtMV(C�), and the number of MV-
infected cells per 105 PBMCs was counted at 3, 7, and 11 dpi,
as reported previously (46). In addition, one animal from each
group was autopsied at 3, 7, and 11 dpi, and the number of
MV-infected cells per 105 tissue cells was counted. Koplik
spots developed at 7 to 9 dpi in monkeys infected with wtMV
but not in those infected with wtMV(C�). Lymphopenia and
maculopapular rashes (46) were not observed at this time, even
in wtMV-infected monkeys. The number of MV-infected cells
was below the detectable level for all monkeys at 3 dpi (Table
1). At 7 dpi, up to 1,024 MV-infected cells/105 cells were
detected in PBMCs or tissues from wtMV-infected monkeys.
In contrast, �128 MV-infected cells/105 cells were detected in
PBMCs or tissues from wtMV(C�)-infected monkeys. At 11
dpi, up to 16,384 MV-infected cells/105 cells were detected in
PBMCs or tissues from wtMV-infected monkeys, whereas �64
MV-infected cells/105 cells were detected in PBMCs or tissues
from wtMV(C�)-infected monkeys. Next, we used immuno-
histochemistry to examine the distribution of MV antigens in

FIG. 4. Cell rounding and cell death observed in 293/hSLAM cells infected with wtMV(C�)-EGFP. 293/hSLAM cells were infected with
wtMV-EGFP (A and B) or wtMV(C�)-EGFP (C and D) and incubated in the presence of the FIP. The expression of EGFP was monitored by
using a fluorescence microscope at 3 dpi (A and C) and 7 dpi (B and D).
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tissues from monkeys autopsied at 11 dpi. Large amounts of
MV antigen were detected in the spleen, lymph nodes, tonsils,
and larynx of a monkey infected with wtMV (Fig. 6), which is
similar to the findings for human measles cases (56). In con-
trast, only a small amount of MV antigen was detected in tis-
sues from a monkey infected with wtMV(C�) (Fig. 6), indicat-
ing that the replication of wtMV(C�) was strongly attenuated.

DISCUSSION

Previous studies indicated that paramyxovirus C proteins are
multifunctional proteins. Sendai virus (SeV) C proteins inhibit
both viral transcription and replication (5, 18), inhibit the IFN-
�/� response (12, 13), and are required for virus assembly and
budding (15, 45). The human paramyxovirus type 3 (HPIV3) C
protein inhibits viral transcription (29). The Nipah virus C
protein has IFN-antagonist activity (39). It has been reported
that the MV C protein regulates viral RNA synthesis (43) and
inhibits the IFN-�/� response (44).

Previous studies have shown that the MV C-EdB strain has

a growth defect in human peripheral blood cells and HeLa
cells (10, 44) but not in Vero, CV-1, B95-8a, human neuro-
blastoma SK-N-MC, or primary mouse neuronal cells express-
ing CD46 (40, 41, 44), indicating that the growth of MV C-EdB
is cell type specific. This is consistent with the present finding
that wtMV(C�) grows normally in B95a cells but not in 293/
hSLAM cells (Fig. 2 and 3). A cell-specific factor appears to
regulate the growth of MV and appears to be more strictly
necessary for the replication of MV lacking expression of the C
protein. In this respect, it is interesting that a cellular 58-kDa
protein has been shown to bind to the MV C protein (28). The
identification of the 58-kDa protein may help to elucidate the
function of the MV C protein.

Several reports have indicated that mutant paramyxoviruses,
such as SeV lacking expression of the C protein or containing
a mutation in the C protein, simian virus 5 lacking the SH gene
or containing mutations in the P/V gene, and Newcastle dis-
ease virus lacking the V protein, induce apoptosis (17, 20, 23,
26, 38, 52, 53). These results suggest that the replication of
paramyxoviruses induces apoptosis and that paramyxoviruses
have evolved to encode a specific protein(s) that blocks apo-
ptosis. It would be interesting to know whether the cell death
induced by wtMV(C�) (Fig. 4) is apoptotic cell death. Exper-
iments are under way to elucidate this point.

Although the C protein of the Ed strain has been shown to
inhibit IFN-�/� signaling (44), we did not clearly detect an
inhibition of IFN-�/� signaling by the C protein of the wild-
type IC-B strain (Fig. 5C). In addition, we did not detect a
strong inhibition of IFN-�/� signaling by the C protein of the
Ed-tag strain under our experimental conditions. Shaffer et al.
(44) used Vero cells, 100 U of recombinant IFN-�, pISRE and
pGAS reporter plasmids made by R. E. Randall, and a C
protein expression plasmid synthesized based on the Ed wild-
type strain. On the other hand, we used HepG2 and 293T cells,
1,000 IU/ml of IFN-�, the pISRE-TA-Luc reporter plasmid
(Clontech), and C protein expression plasmids based on the
IC-B wild-type strain. At present, we cannot provide any rea-
sonable explanations for the discrepancies between their re-
sults and our results. The possibility cannot be ruled out that
these differences in materials might have affected the results.
Recently, Ohno et al. (35) detected weak IFN-antagonist ac-

FIG. 5. Effect of IFN on wtMV(C�) replication in 293/hSLAM
cells and effect of the MV C protein on IFN-responsive reporter gene
assay. (A) 293/hSLAM cells were infected with wtMV(C�) and incu-
bated in the presence of a mixture of monoclonal antibodies against
IFN-� and IFN-� (��	b) or a mixture of polyclonal antisera against
IFN-� and IFN-� (PoAb). The cells were harvested at 3 dpi, and virus
titers were assessed as TCID50 for B95a cells. Black bars represent the
average titers obtained from triplicate samples. Standard deviations
are also indicated. (B) 293/hSLAM cells in a 24-well plate were in-
fected with wtMV or wtMV(C�) at an MOI of 0.01. After incubation
at 37°C for 1 h, the cells were washed three times and incubated with
complete medium containing 1,000 IU/ml of IFN-�. The cells were
harvested at 2 dpi, and virus growth was assessed as the TCID50 for
B95a cells. Black bars represent the average titers obtained from trip-
licate samples. Standard deviations are also indicated. (C) HepG2 cells
were transfected with a plasmid containing an IFN-responsive lucif-
erase reporter gene, the control pSEAP plasmid, and the pKS336 plasmid
(pKS), the pKS336 plasmid expressing the MV V (pKS-V) or C (pKS-C)
protein, the pCAGGS plasmid (pCA), or the pCAGGS plasmid express-
ing the MV C protein (pCA-C). After transfection, the cells were stimu-
lated with 1,000 IU/ml of IFN-� or were left unstimulated. Relative
expression levels were normalized to the SEAP activity and expressed
as changes in activation. Black bars represent the average titers ob-
tained from triplicate samples. Standard deviations are also indicated.

TABLE 1. Distribution of infected cells in monkey tissues after
inoculation of wtMV and wtMV(C�) viruses

Days after
inoculation Virus Monkey

no.

No. of MV-infected cells/105 cells

PBMC
Cervical
lymph
node

Mesentric
lymph
node

Spleen Thymus

3 wtMV 4426 
1 
1 
1 
1 
1
wtMV 4427 
1
wtMV 4430 
1
wtMV(C�) 4423 
1 
1 
1 
1 NAa

wtMV(C�) 4424 
1
wtMV(C�) 4425 
1

7 wtMV 4427 16 1,024 1,024 362 
1
wtMV 4430 362
wtMV(C�) 4424 
1 128 
1 
1 
1
wtMV(C�) 4425 64

11 wtMV 4430 362 5,793 2,896 2,896 16,384
wtMV(C�) 4425 8 64 8 45 8

a NA, not applicable.
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tivities from the C proteins of MV strains. This is consistent
with our present results.

Although a previous study indicated that MV EdB and MV
C-EdB have similar viral spreads and viral loads in the central
nervous systems of transgenic mice (40), the present results
indicate a large difference between wtMV and wtMV(C�) in
the spread of MV antigens in the spleens, lymph nodes, tonsils,
and larynxes of cynomolgus monkeys. Large amounts of MV

antigens were detected in tissues infected with wtMV but not
in tissues infected with wtMV(C�) (Fig. 6). The finding that
infectious wtMV viruses were isolated from PBMCs, lymph
nodes, spleens, and thymuses of cynomolgus monkeys but that
virus recovery was severely restricted in tissues from monkeys
infected with wtMV(C�) is consistent with this (Table 1). It is
interesting that �10% of the cells in the thymus were infected
in a monkey infected with wtMV (Table 1). A massive infec-
tion of lymphocytes and the subsequent loss of infected cells
may be one of the causes of the immune suppression that has
been reported for human measles.

Several recombinant paramyxoviruses lacking the C protein
have been generated by reverse genetics and analyzed in vitro
and in vivo. A SeV virus lacking all four C-derived proteins
replicated extremely inefficiently in vitro and in an attenuated
manner in mice (24). HPIV3 lacking the C protein exhibits
attenuated replication in LLC-MK2 cells and in rodents and
primates (7). A rinderpest virus lacking the C protein showed
specific growth defects in primary bovine skin fibroblasts (3).
These findings are in good agreement with the present results
and support the hypothesis that the C proteins are categori-
cally nonessential gene products that greatly contribute to the
in vitro replication capacity and in vivo multiplication and
pathogenesis (31).
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