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The P gene of measles virus (MV) encodes the phosphoprotein, a component of the virus ribonucleoprotein
complex, and two nonstructural proteins, C and V, with unknown functions. Growth of recombinant MV,
defective in C or V expression, was explored in human peripheral blood mononuclear cells (PBMC). The
production of infectious recombinant MV V™ was comparable to that of parental MV tag in simian Vero
fibroblasts and in PBMC. In contrast, MV C~ progeny was strongly reduced in PBMC but not in Vero cells.
Consistently, the expression of both hemagglutinin and fusion proteins, as well as that of nucleoprotein mRNA,
was lower in MV C™-infected PBMC. Thus, efficient replication of MV in natural host cells requires the
expression of the nonstructural C protein. The immunosuppression that accompanies MV infection is asso-
ciated with a decrease in the in vitro lymphoproliferative response to mitogens. MV C™~ was as potent as MV
tag or MV V™ in inhibiting the phytohemagglutinin-induced proliferation of PBMC, indicating that neither the
C protein nor the V protein is directly involved in this effect.

Measles virus (MV), a member of the Morbillivirus genus of
the Paramyxoviridae family, is an enveloped virus with a neg-
ative-strand RNA genome of 15,894 nucleotides. The genome
encodes six structural proteins: the nucleoprotein (N; 60 kDa),
the phosphoprotein (P; 70 kDa), the matrix (M) protein (37
kDa), the hemagglutinin (H) protein (80 kDa), the fusion (F)
protein (made of two subunits, F, [40 kDa] and F, [20 kDa], by
cleavage of the F, precursor [60 kDa]), and the large (L)
protein (250 kDa) (2). The P cistron also encodes the non-
structural proteins C (21 kDa), V (46 kDa), and R (40 kDa),
but their functions are at present unclear (2, 14).

All members of the Paramyxovirus and Morbillivirus genera
express the C proteins, which are relatively small basic proteins
(less than 220 residues). They are expressed from an alternate
open reading frame overlapping the N-terminal portion of the
P gene. The translation of MV C protein is initiated at the
second AUG, which lies 22 nucleotides downstream of the P
start codon (1). The MV C protein has been localized by
immunofluorescence to the nucleus and cytoplasmic inclusions
within infected cells (1). A recombinant MV mutant with ab-
rogated expression of the C protein, MV C™, has been shown
to replicate as efficiently as wild-type MV in simian Vero fi-
broblasts (15).

The V protein, expressed by all members of the Paramyxo-
viridae family except the Pneumovirus genus and human para-
influenza virus type 1, results from an RNA editing mechanism
of the P gene. An insertion of a nontemplated G residue at
position 751 in the MV P cistron leads to the synthesis of the
V protein, which has 231 N-terminal amino acids in common
with the P protein and 68 unique C-terminal amino acids rich
in cysteine residues (4). The V protein is localized in the
cytoplasm and, like the P protein, is phosphorylated (23). Be-
cause of their common sequence with the P protein and their
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well-conserved zinc finger-like cysteine-rich domains, V pro-
teins are suspected to play a role in RNA synthesis. However,
a recombinant MV defective in V protein, MV V™, grows as
well as the wild-type virus in simian Vero cells (19).

To delineate the roles of C and V proteins in other members
of the Paramyxoviridae family, a similar approach using recom-
binant virus with inactivated C or V genes has been under-
taken. The P gene of the Sendai virus, which belongs to the
Respirovirus genus, encodes four C proteins (C’, C, Y1, and
Y2). Although a recombinant Sendai virus with a point muta-
tion in C proteins was found to grow much better than its
progenitor virus in cell culture, it was avirulent when inocu-
lated into mice (8). In this virus, two RNA edition processes of
the P gene result in the synthesis of V and W proteins. A
recombinant V~ W™ Sendai virus replicated normally in BHK
cells and embryonated chicken eggs (6). Replication of recom-
binant Sendai virus defective in both V and W protein is
enhanced in some cell lines but not in others (12) and is
strongly attenuated in vivo (12). A virus encoding V protein
with its unique C-terminal sequence deleted displayed a wild-
type phenotype in vitro and almost the same phenotype as V™~
Sendai virus in vivo (13), suggesting an important role for the
cysteine-rich domain of V in Sendai virus virulence.

The discrepancies observed in vitro and in vivo in the roles
of Sendai virus C and V proteins in virus replication raised the
possibility that their effects are restricted to some tissues. MV
infection of peripheral blood mononuclear cells (PBMC) is
likely to play a crucial role in the MV-induced pathogenesis
observed in humans. Indeed, PBMC are thought to mediate
the in vivo spreading of MV to lymphoid organs (24). In vitro,
the lymphoproliferative response to mitogens of MV-infected
cells is strongly decreased (20). This impaired cellular response
might participate in the immunodepression observed in in-
fected patients (cf. reference 10 for a review). This led us to
investigate the replication of recombinant MV C~ and MV V"~
in human PBMC.

Production of infectious MV C™ particles is restricted in
human PBMC but not in Vero cells. Human PBMC were
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FIG. 1. Kinetics of infectious virus production by human PBMC and Vero
cells infected with MV tag (diamonds), MV C™ (circles), or MV V™ (triangles).
The activated PBMC and Vero cells were infected at MOIs of 1 and 0.01,
respectively.

isolated from heparinized venous blood of healthy donors by
density gradient centrifugation on Ficoll and cultured in RPMI
1640 supplemented with 10% fetal calf serum, 50 pg of gen-
tamicin/ml, and 5 mM glutamine. Cells were infected at a
multiplicity of infection (MOI) of 1 for 1 h at 37°C with either
parental recombinant MV tag (derived from the Edmonston
strain), MV C™, or MV V™ (15, 16, 19). Unadsorbed virus was
washed out once with fresh medium, and the cells were incu-
bated at 37°C in a 7% CO, incubator in the presence of 20 g
of phytohemagglutinin (PHA; Sigma)/ml and 50 U of human
interleukin 2/ml. At the indicated times, the microplates were
frozen and thawed once. After centrifugation at 280 X g for 2
min, the supernatants were collected and titrated by the
method of 50% tissue culture infective doses (TCIDs,) on a
Vero cell monolayer. MV tag and MV V~ showed similar
increases in the number of infectious units and reached 25,000
TCIDsy/ml at 5 days postinfection (p.i.) (Fig. 1). However, MV
C™ reached a maximum production of 39 TCIDs,/ml at day
3 p.i. and then declined. Since no differences in viral produc-
tion of these MV mutants have been reported when Vero cells
are used (15, 19), a parallel experiment using this cell line was
performed. An MOI of 1 TCIDs/cell was used to infect PBMC
in order to obtain an optimal level of virus progeny, but this
concentration of virus induced premature destruction of the
cell monolayer on Vero cells. Therefore, an MOI of 0.01
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TCIDs/cell was used to infect Vero cells. In agreement with
the previous reports, no difference in viral production was
found in Vero cells, and the increase in the number of infec-
tious units was similar no matter which virus was used (Fig. 1).
Because of massive destruction of the monolayer at day 4 p.i.,
the kinetics were analyzed up to day 3. The difference observed
for MV C~ between PBMC and Vero cells was not related to
the different MOIs used, because the infection of PBMC with
an MOI of 0.01 TCIDs/cell recapitulated the results obtained
with an MOI of 1 TCIDs/cell, although with a very low level
of virus progeny (data not shown). A specific block of the entry
of MV C™ particles into PBMC is unlikely because (i) the same
virus stock readily infected Vero cells and (ii) the C protein is
not a component of the mature virion (1). These data indicated
that the lack of C protein expression strongly impaired the
infection of human PBMC, whereas it had no major influence
on the infection of Vero cells.

Restricted virus protein and mRNA synthesis after MV C™
infection in PBMC. To determine whether the differences ob-
served in virus production were correlated with virus protein
synthesis, the cell surface expression of the H protein on acti-
vated PBMC and on Vero cells was analyzed by flow cytometry
at day 2 p.i. The immunofluorescence labelling procedure has
been described elsewhere (9). Infection of PBMC with MV C™
resulted in 9% of cells expressing the H protein, whereas
infection with MV tag and MV V™ resulted in 31 and 43% of
cells expressing the H protein, respectively (Fig. 2A). In con-
trast, 93, 94, and 99% of Vero cells expressed H when infected
with MV C, MV tag, and MV V, respectively (Fig. 2A).
Interestingly, compared to MV tag infection, MV V™ infection
resulted in a consistent 5 to 10% increase in the numbers of
H-expressing cells among both PBMC and Vero cells, suggest-
ing that in the absence of V protein, MV may replicate more
efficiently. Similar results were obtained when F protein ex-
pression was measured (data not shown).

To confirm the lower efficiency of virus protein expression in
PBMC infected with MV C, the kinetics of H expression were
studied. Even after 7 days of culture, fewer than 20% of PBMC
were found to express detectable H at their surfaces after
infection with MV C™ (Fig. 2B). In contrast, MV tag and MV
V" infections resulted in H expression on 18 and 12% of cells,
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FIG. 2. Cell surface expression of the H protein after infection of human PBMC and Vero cells with MV tag, MV C~, or MV V™~ at MOIs of 1 and 0.01, respectively.
(A) Histogram profile of H expression 2 days after mock infection (solid histograms) or MV infection (open histograms). (B) Kinetics of H expression after infection
of PBMC with no virus (open squares), MV tag (solid diamonds), MV C~ (solid circles), or MV V™ (solid triangles).
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FIG. 3. Western blot analysis of the expression of H and F proteins by human
PBMC infected with MV tag, MV C~, or MV V™ at an MOI of 1 at day 3 p.i.
S6K, S6 kinase.

respectively, as early as 1 day p.i.; these levels increased to 58
and 70% at 5 days p.i.

The expression of the H and F proteins was also analyzed by
immunoblotting (Fig. 3). Briefly, the infected cells were lysed
in 1% Nonidet P-40 buffer containing 150 mM NaCl, 50 mM
Tris-HCl (pH 8.5), 5 mM EDTA, 10 mM NaF, and anti-
proteases (20 uM E64, 100 .M DCI, 100 pM phenanthroline;
Boehringer Mannheim and Sigma). After a 15-min incubation
at 4°C, lysates were centrifuged for 15 min at 12,000 X g.
Proteins were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis under reducing conditions and trans-
ferred to polyvinylidene difluoride membranes (Boehringer
Mannheim). Membranes were blocked with 5% nonfat dried
milk in TBS-T (20 mM Tris [pH 7.6], 150 mM NaCl, 0.1%
Tween 20) and incubated for 1 h with specific antibodies in
TBS-T (monoclonal antibody anti-H BH164 [7] or polyclonal
anti-F cytoplasmic tail Pocono [3]). Immunoreactive bands
were visualized by using secondary horseradish peroxidase-
conjugated antibodies (Promega) and enhanced chemilumi-
nescence (Pierce). The expression levels of H and F glycopro-
teins were almost identical in PBMC infected with MV tag and
PBMC infected with MV V™. In contrast, the levels of these
proteins in PBMC infected with MV C™ were lower. Control
immunoblotting with anti-S6 kinase antibody showed that
comparable amounts of protein were loaded in each lane (Fig.
3).

Since the expression of the H and F glycoproteins was re-
duced both at the cell surface (as measured by cytofluorom-
etry) and intracellularly (as measured by Western blotting with
whole-cell extracts), we could exclude any impairment of MV
glycoprotein maturation due to the lack of C protein.

Because of its high positive charge at physiological pH and
its colocalization with the nucleoprotein in infected cells (1),
the C protein was proposed to interact with RNA and play a
role during viral transcription and/or replication (11). There-
fore, the synthesis of MV N mRNA and MV genome RNA was
evaluated in PBMC infected with MV tag or MV C™. By using
the SV Total RNA Isolation System kit (Promega), total RNA
was extracted from activated PBMC and either left uninfected
or infected for 4 days with MV tag or MV C". MV N mRNA
and MV genome RNA were specifically quantified by densi-
tometry of a dot blot. After hybridization with digoxigenin
(DIG)-labelled N riboprobes of negative and positive polari-
ties, the dot blot was revealed with anti-DIG-alkaline phos-
phatase conjugate and CDP-Star substrate (Roche Diagnos-
tic). These probes were done by using the DIG RNA labelling
kit SP6/T7 (Roche Diagnostic) from the plasmid pGEM-N in
which the N nucleotide sequence 825 to 1676 was cloned be-
tween the initiation sites of SP6 and T7 polymerase (5). A
control DIG-labelled actin RNA probe (Roche Diagnostic)
was used. The contribution of the antigenome to the N mRNA
signal was found to be negligible when the negative-polarity
riboprobe was used. In the absence of C protein, the amounts
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FIG. 4. MV-induced inhibition of PBMC proliferation. PBMC were stimu-
lated with PHA and interleukin 2 and infected with the indicated virus at an MOI
of 1. The proliferation level was determined by [*H]thymidine incorporation, and
results are expressed as counts per minute (means of triplicates *+ standard
deviations).

of MV genome RNA and N mRNA were reduced by 25 and
66%, respectively. Thus, in PBMC, the MV C protein seemed
to be required for optimal transcription, whereas it affected
viral genome replication only modestly.

Almost no virus progeny was recovered from MV C -in-
fected human PBMC, and this correlated well with the low
expression level of the viral proteins. Since the infection of the
PBMC was performed at a high MOI of 1 TCIDs/cell, most,
if not all, virus protein expression was from the initial infec-
tious virus input. Indeed, when the secondary cell-to-cell virus
spreading was inhibited by the addition of a fusion tripeptide
inhibitor, Z-p-Phe-L-Phe-Gly, 2 h after the infection (17), no
significant decrease was observed in the percentage of PBMC
expressing H and F glycoproteins or in their expression levels,
no matter which recombinant MV was used (data not shown).

The reductions in virus protein synthesis and virus progeny
after MV C™ infection observed in human PBMC but not in
Vero cells suggest that the C protein function might be re-
stricted to certain cell types. Restriction of the replication of
Sendai V™ recombinant virus in some, but not all, cell lines has
also been observed (12). A role for certain accessory proteins
might then be to compensate for a missing cellular function in
some cells. Importantly, PBMC are responsible for the MV
spreading into the lymphoid organs (24). Therefore, our find-
ings predict an essential role of the MV C protein for the
virulence of MV in humans.

Inhibitory effect of recombinant MV on the proliferative
response of PBMC. The reduced replication of MV C™ in
activated PBMC led us to explore the role of the C protein in
MV-induced inhibition of PHA-stimulated PBMC prolifera-
tion. Infected and mock-infected human PBMC were cultured
in 0.2 ml (final volume) (5 X 10* cells/well) in 96-well flat-
bottom microwell plates at 37°C. After 48 h of incubation, cells
were pulsed with ["H]thymidine for 12 h and then harvested on
glass fiber filters. The radioactivity was counted in a liquid
scintillation beta counter. Surprisingly, MV C™ infection was
as inhibitory as parental MV tag infection (Fig. 4), leading to
an average of 50% inhibition of thymidine uptake in three
independent experiments. MV V™ was consistently more effi-
cient in inhibiting PBMC proliferation, leading to an average
of 65% inhibition of proliferation. Thus, the C and V proteins
are dispensable for the MV-induced inhibition of the PBMC
proliferative response. These results further indicate that pro-
liferation inhibition by MV does not require maximum virus
replication. In support of this are the observations that even a
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small number of MV-infected PBMC can inhibit the prolifer-
ation of uninfected PBMC (18).

In conclusion, the infection of human PBMC with recombi-
nant MV C™ resulted in impaired synthesis of viral proteins
and infectious virus production, indicating an important role
for C in the natural host cells. In contrast, and as previously
reported, no differences were observed in Vero cells. Further
studies on the role of the C protein would allow us to deter-
mine whether any cellular components can compensate for the
function of C in Vero cells, and whether the C protein plays a
crucial role during an in vivo infection, as recently suggested by
the reduced replication of MV C™ in human thymic xenografts
(22). The V protein does not seem to play a major role in MV
replication in PBMC. However, this does not preclude the
importance of V in the in vivo replication of MV, as illustrated
by the reduced replication of MV V™~ observed in human
thymic xenografts (22) and in cotton rats (21).
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