
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

Apr. 1999, p. 3117–3124 Vol. 73, No. 4

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Requirements for Measles Virus Induction of RANTES Chemokine
in Human Astrocytoma-Derived U373 Cells
KATHERINE H. NOE,1 CRISTINA CENCIARELLI,1† SUE A. MOYER,2

PAUL A. ROTA,3 AND MOON L. SHIN1*

Department of Pathology, School of Medicine, University of Maryland, Baltimore, Maryland 212011;
Department of Molecular Genetics and Microbiology, College of Medicine, University of

Florida, Gainesville, Florida 326102; and Centers for Disease Control
and Prevention, Atlanta, Georgia 303333

Received 2 October 1998/Accepted 4 January 1999

Interferons and chemokines play a critical role in regulating the host response to viral infection. Measles
virus, a member of the Paramyxoviridae family, induces RANTES expression by astrocytes. We have examined
the mechanism of this induction in U373 cells derived from a human astrocytoma. RANTES was induced in a
dose- and time-dependent manner by measles virus infection. Inhibition of receptor binding by the anti-CD46
antibody TRA-2.10 and of virus-membrane fusion by the tripeptide X-Phe-Phe-Gly reduced RANTES expres-
sion. Formalin-inactivated virus, which can bind but not fuse, and extensively UV-irradiated virus, which can
bind and fuse, were both ineffective. Therefore, virus binding to the cellular receptor CD46 and subsequent
membrane fusion were necessary, but not sufficient, to induce RANTES. UV irradiation of virus for less than
10 min proportionally inhibited viral transcription and RANTES expression. RANTES induction was decreased
in infected cells treated with ribavirin, which inhibits measles virus transcription. However, RANTES mRNA
was superinduced by measles virus in the presence of cycloheximide. These data suggest that partial transcrip-
tion of the viral genome is sufficient and necessary for RANTES induction, whereas viral protein synthesis and
replication are not required. This hypothesis was supported by the fact that RANTES was induced through
transient expression of the measles virus nucleocapsid gene but not by measles genes encoding P or L proteins
or by leader RNA in A549 cells. Thus, transcription of specific portions of measles virus RNA, such as the nu-
cleocapsid gene, appears able to generate the specific signaling required to induce RANTES gene expression.

Activation of pro- and anti-inflammatory cytokine genes is a
critical host cell response to virus infection. Paramyxoviruses, a
family of negative-stranded RNA viruses, are used extensively
to study cytokine gene induction. This family includes impor-
tant neurotropic pathogens, all with the potential to cause
demyelinating disease, such as measles virus (MV), Newcastle
disease virus (NDV), Sendai virus (SV), and canine distemper
virus. Studies on the induction of beta interferon (IFN-b) gene
transcription by SV revealed a complex promoter element re-
quirement to which activating transcription factor 2 (ATF-2)–
c-Jun, HMG-I(Y), NF-kB, and IRF-family proteins bind (9,
12, 48). Among these transcription factors, NF-kB and IRF
proteins are activated by the double-stranded RNA (dsRNA)-
activated protein kinase PKR (22, 23). Activation of PKR
requires dimerization mediated by the binding of dsRNA (50).
Single-stranded RNA viruses, including paramyxoviruses, pre-
sumably form the required dsRNA during the process of tran-
scription and replication (20). Previous studies using primary
glial cells and glial cell lines have demonstrated that MV,
NDV, and SV induce multiple cytokines, including interleukin
1b (IL-1b), IL-6, tumor necrosis factor alpha (TNF-a), IFN-a
and -b, and the chemokines IP-10 and RANTES (6, 13, 25, 32,
42, 51).

RANTES is a b-chemokine which attracts monocytes and T
cells, including memory T cells, during inflammation and im-

mune response (40, 41). RANTES is expressed in T cells, as-
trocytes, and microglia in experimental autoimmune encepha-
litis, and its expression correlates with the clinical onset and
severity of demyelination (15, 30). RANTES expression has also
been demonstrated in T cells surrounding multiple sclerosis
lesions of the human brain (19). In addition, RANTES is a po-
tent inhibitor of human immunodeficiency virus type 1 (HIV-
1) replication in CD41 cells through competition for binding to
chemokine receptors, now known to be cofactors for HIV-1
fusion (10, 33). Murine RANTES is induced equally by live and
UV-inactivated NDV in primary rat astrocytes and microglia
through a tyrosine kinase-dependent pathway in the absence of
new protein synthesis (13). Cross-linking of NDV RNA by UV
irradiation does not interfere with murine RANTES induction.
Therefore, RANTES induction may rely on the virus-receptor
interaction and not on the formation of dsRNA.

We have investigated the mechanisms by which MV induces
RANTES in a human astrocytoma cell line, U373. Experi-
ments to inhibit virus-cell interaction showed that the CD46
receptor binding was required, but not sufficient, for RANTES
induction. However, RANTES was induced, at a reduced level,
by MV exposed to limited UV irradiation, which completely
inhibited viral replication but allowed partial transcription of
the viral genome. Ribavirin, an MV transcription inhibitor,
also reduced MV-induced RANTES expression in a dose-de-
pendent manner. Furthermore, transient expression of the MV
nucleocapsid gene, but not of the P or L protein gene, induced
RANTES. These data suggest that, in contrast with the induc-
tion of RANTES by NDV, limited transcription of the viral
genome plays a key role in the induction of RANTES gene ex-
pression by MV.
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MATERIALS AND METHODS

Infection of cultured cells with MV and NDV. All reagents and chemicals were
purchased from Sigma Chemical Co. (St. Louis, Mo.), unless stated otherwise.
The human astrocytoma cell line U373-MG from the American Type Culture
Collection (Manassas, Va.) was grown in Dulbecco’s modified Eagle medium
(DMEM; Gibco-BRL, Gaithersburg, Md.) with 10% heat-inactivated fetal bo-
vine serum (FBS), 25 mM HEPES buffer (pH 7.4), and penicillin and strepto-
mycin (100 U/ml each) at 37°C in 5% CO2. MV Edmonston strain was obtained
from S. Dhib-Jalbut (University of Maryland at Baltimore) and grown in Vero
cells. Virus was titrated by plaque assay according to standard methods. The New

Jersey La Sota strain of NDV (American Type Culture Collection) was grown in
9-day-old fertilized chick eggs and titrated by hemagglutination assay, and the
multiplicity of infection (MOI) equivalent was calculated, as described previously
(45). For UV cross-linking, 1 ml of virus in a 35-mm2 petri dish on ice was
exposed to 400 mW of short-wave UV light/cm2 in a 4°C cold room for the time
periods indicated, with constant shaking. The binding of MV and UV-irradiated
virus to the cell was assessed by fluorescence-activated cell sorter (FACS) anal-
ysis using a monoclonal antibody to the MV hemagglutinin (HA) glycoprotein
(2). Formalin-inactivated MV was prepared by mixing 1 ml of MV with 0.1 ml of
37% formalin for 24 h at 4°C as described elsewhere (3). Cells were infected with
virus in a small volume of serum-free DMEM (1 ml for 24- or 6-well plates and

FIG. 1. RANTES induction by MV in U373 cells. (A) RANTES protein. U373 cells (105/ml of 10% DMEM/well) in 24-well plates were infected with MV at an
MOI of 1, 5, or 10 for 4, 24, 48, 60, or 72 h. Supernatants were then assayed for RANTES by ELISA. RANTES was not detected in mock-infected samples (MV at
an MOI of 0). Data are means 6 standard errors (SE) from three separate experiments performed in duplicate. (B) RANTES mRNA. U373 cells (107/75-cm2 flask)
were infected with the indicated dose of MV for 48 h. Total cellular RNA was isolated and examined for RANTES mRNA by Northern blotting (20 mg of RNA/lane).
MV fusion mRNA was used as an indicator of viral infection, and b-actin was used for normalization. The a-chemokine IP-10 was shown for comparison. Results
represent one of two separate experiments. (C) The mRNA densities on an autoradiogram from panel B were quantitated, as described in Materials and Methods, and
expressed as a ratio of the density of RANTES mRNA to that of b-actin mRNA. (D) Kinetics of RANTES mRNA expression. U373 cells were infected with MV at
an MOI of 2.5, as in panel B, for the times noted. Total RNA was examined for RANTES and MV nucleocapsid mRNAs by Northern blotting (20 mg of RNA/lane).
The mRNA bands on the autoradiogram were quantitated, and results are expressed as ratios of their densities to that of b-actin mRNA. A representative result from
four separate experiments is shown.
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5 ml for 75-cm2 flasks), and plates were rocked every 20 min for 2 h; then
additional DMEM with 10% FBS was added.

Detection of RANTES protein. Supernatants were stored at 220°C until an
assay for RANTES protein using the human RANTES Quantikine kit (R & D
Systems, Minneapolis, Minn.) was performed according to the manufacturer’s
instructions. Lactate dehydrogenase released into the medium was measured to
assess cell death, as described elsewhere (4).

Northern blot analysis. Cells (0.4 3 107 to 1 3 107) in a 75-cm2 flask were
infected as described above. Total RNA was extracted by the guanidine isothio-
cyanate method, followed by ultracentrifugation through a cesium chloride cush-
ion (7). Northern analysis was carried out as described elsewhere (39) by using
20 mg of RNA per lane. Specific mRNA expression was determined by using the
following probes. For MV, nucleocapsid cDNA as a 1.597-kb SacI/SacII frag-
ment and the fusion protein cDNA as a 0.721-kb SacI/EcoRV fragment were
derived from plasmids (38). The b-Actin probe was a 1.8-kb HindIII fragment of
plasmid provided by P. Pitha (Johns Hopkins Medical School, Baltimore, Md.),
and the cyclophilin probe was a 1.1-kb HindIII/EcoRI fragment provided by D.
Hilt (Amgen, Thousand Oaks, Calif.). The human RANTES probe was from R
& D Systems, and glucose-3-phosphate dehydrogenase (G3PDH) was from
Clontech Inc. (Palo Alto, Calif.). Probes were labeled with [a-32P]dCTP (New
England Nuclear, Wilmington Del.) by using an oligolabeling kit (Pharmacia,
Piscataway, N.J.), T4 polynucleotide kinase (New England Biolabs, Beverly,
Mass.), and 35 to 150 mCi of [g-32P]ATP (New England Nuclear). Labeled probe
was purified on a Sephadex G-50 Pharmacia Biotech Nick Spin column prior to
use. The blots were exposed to X-ray film. mRNA bands on autoradiograms were
quantified on a computing densitometer (Molecular Dynamics, Sunnyvale, Cal-
if.), and the integrated volume was calculated by using ImageQuant software
(Molecular Dynamics). The result was expressed as the ratio of the mRNA
density to that of actin, cyclophilin, or G3PDH.

Inhibition of MV binding and cell fusion. U373 cells were plated at 7.5 3
104/well in a 24-well plate. Twenty-four hours later, cells were incubated with
serial dilutions of monoclonal anti-CD46 immunoglobulin G (IgG) directed to
the SCR-1 domain of CD46 (a gift from J. Atkinson, Washington University, St.
Louis, Mo.) for 1 h at 37°C. Cells were washed with phosphate-buffered saline,
then infected with MV at an MOI of 2 for 24 h. Supernatants were then assayed
for RANTES by enzyme-linked immunosorbent assay (ELISA). To inhibit virus-
cell fusion, 5 3 106 cells were plated on a 10-cm2 dish for 24 h, followed by
incubation with varying doses of the tripeptide X-Phe-Phe-Gly (American Pep-
tide Co., Inc., Sunnyvale, Calif.), which inhibits the fusion protein activity (37),
together with MV at an MOI of 5.

Transient transfection of expression vectors encoding single MV genes. The
A549 cell line, derived from a human lung carcinoma, was infected at an MOI of
2.5 with recombinant vaccinia virus expressing T7 polymerase for 1 h at 37°C. After
a wash, the cells were transiently transfected with 2 mg of cDNA by using Lipo-
fectin reagents (Gibco-BRL), according to the manufacturer’s instructions. The
pBS vector, containing cDNA of single MV genes, and the pGEM vector, con-
taining the SV NP or P gene, were used as described elsewhere (17). Expression
of the genes in these vectors is under the control of the T7 promoter. After over-
night incubation, RANTES protein in supernatants was determined by ELISA.

RESULTS

RANTES induction by MV in U373 cells. U373 cells infected
with MV produced RANTES protein (Fig. 1A) and expressed
RANTES mRNA (Fig. 1B and C). The induction was depen-
dent on the viral dose and correlated with MV fusion (F) gene
mRNA accumulation. Expression of the a chemokine IP-10 is

shown for comparison. Expression of this chemokine corre-
lates with data from a previous study in which IP-10 induction
by MV was examined (32). RANTES mRNA expression in-
creased from 24 to 72 h postinfection in parallel with increased
viral load, determined by MV nucleocapsid (N) mRNA (Fig.
1D). At a low dose of MV (an MOI of 2.5), RANTES was
produced continuously for up to 100 h (data not shown). Lipo-
polysaccharide (LPS), NDV, and UV-irradiated NDV, known
to induce RANTES in primary murine astrocytes, microglia,
and macrophages, also induced RANTES in human U373
cells. LPS at 1 mg/ml was 100-fold less effective than MV at an
MOI of 2.5 (data not shown). RANTES was induced by NDV
earlier than by MV, and live NDV at an MOI of 30 was about
10-fold less effective then NDV irradiated for 10 min (Fig. 2).

Requirement of receptor binding and membrane fusion of
MV for RANTES induction. The role of the MV cellular re-
ceptor CD46 in RANTES induction was examined by prein-
cubation of cells with serial dilutions of TRA-2.10, a monoclo-
nal antibody directed to the SCR1 domain of CD46 which
blocks MV binding (1, 29). RANTES production was inhibited
in a dose-dependent manner by anti-CD46 antibody (Fig. 3A),
indicating that binding of the viral HA protein to CD46 is

FIG. 2. RANTES induction by NDV and UV-irradiated NDV in U373 cells.
U373 cells (3 3 105/ml of 10% DMEM/well) in 24-well plates were incubated
with increasing doses of NDV for 6 (E), 24 (h), or 48 (■) h (A) or with NDV
that had been irradiated with UV for 10 min, at an MOI of 10 or 30, for 48 h (B).
Supernatants were assayed for RANTES protein by ELISA. Data are means 6
SE from two experiments performed in duplicate. Cells infected with NDV at an
MOI of 30 or 60 for 48 h showed significant cell death (data not shown).

FIG. 3. Inhibition of MV binding to CD46 receptor and of virus-cell mem-
brane fusion. (A) U373 cells (7.5 3 105) were first incubated with serial dilutions
of monoclonal anti-CD46 IgG for 1 h, then infected with MV at an MOI of 2 for
24 h. Inhibition of RANTES production by anti-CD46 IgG was calculated by
taking the amount of RANTES produced in the absence of antibody (;370
pg/ml) as indicating 0% inhibition. (B) U373 cells (5 3 106) were incubated with
varying concentrations of the tripeptide X-Phe-Phe-Gly together with MV at an
MOI of 5 for 48 h. Supernatants were assayed for RANTES expression by
ELISA (left panel), and cell pellets were examined for MV nucleocapsid and
fusion protein mRNA expression by Northern blotting (right panel). The amount
of RANTES protein produced in the absence of the tripeptide (TP) (12,000
pg/ml) was taken as indicating 0% inhibition (left panel). The band densities of
MV nucleocapsid and fusion mRNAs expressed without tripeptide treatment
were taken as indicating 0% inhibition (right panel). The nucleocapsid and
fusion mRNAs were similarly inhibited by the tripeptide.
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necessary for the induction. To assess the role of virus-cell fu-
sion, cells were infected with MV in the presence of the synthe-
tic tripeptide X-Phe-Phe-Gly, which inhibits MV membrane
penetration and virus-induced cell fusion (37). Expression of
RANTES protein (Fig. 3B, left panel) and mRNA (data not
shown) decreased proportionally with increasing doses of the
peptide. Increases in the peptide dose also correlated with de-
creased levels of MV fusion and nucleocapsid mRNA expres-
sion (Fig. 3B, right panel). Since formalin inactivation blocks
MV fusion but allows virus uptake through an endocytic path-
way (3), formalin-inactivated MV was used to determine
RANTES induction. The U373 cells exposed to formalin-inac-
tivated virus showed no cytopathic effect by plaque assay and
failed to produce RANTES (data not shown).

Requirement of viral transcription for RANTES induction
studied by using UV irradiation and ribavirin. MV irradiated
with UV for 60 min was unable to induce RANTES mRNA
expression, although the binding of irradiated virus to U373
cells was not affected (Fig. 4A and B). UV irradiation for 2.5
min was sufficient to inhibit MV growth, as determined by
plaque assay (data not shown). Therefore, MV irradiated for
limited periods was used to determine whether UV dose-de-
pendent inhibition of viral transcription would affect RANTES
induction. Levels of MV nucleocapsid mRNA were decreased
in cells infected with MV irradiated for 2.5 min, and it was no
longer detected when MV was irradiated for 7.5 min or longer
(Fig. 4C). The RANTES mRNA (Fig. 4C) and protein (data
not shown) levels were affected similarly. The requirement of
MV transcription for RANTES induction was further deter-
mined by using ribavirin, which inhibits paramyxovirus tran-
scription (34). In cells infected in the presence of ribavirin,
both RANTES expression and MV nucleocapsid mRNA ac-
cumulation were inhibited in a dose-dependent manner (Fig.
5A). This was not due to the inhibition of RANTES transcrip-
tion by ribavirin directly, as shown by its failure to inhibit
RANTES induction by LPS (Fig. 5B).

Effect of CHX on RANTES induction by MV. To determine
whether RANTES induction requires viral and/or host protein
synthesis, U373 cells were treated for 30 min prior to infection
with cycloheximide (CHX) at 100 mg/ml, a concentration that
inhibits more than 95% of protein synthesis in U373 cells
without causing cell death (data not shown). In the presence of
CHX, RANTES mRNA was superinduced by MV at 24 and
36 h (Fig. 6). RANTES was not induced by CHX alone. Ac-
cumulation of MV nucleocapsid mRNA was below the level
detected by Northern blotting, although low levels of primary
viral gene transcription occur in the presence of CHX.

RANTES induction by transient expression of MV tran-
scripts. To examine the hypothesis that transcription of just
a portion of the MV genome may be sufficient to induce
RANTES, cells were transiently transfected with MV gene
expression vectors. Transient expression of the MV nucleocap-

FIG. 4. Failure to induce RANTES expression by infection with UV-irradi-
ated MV. (A) MV was exposed to UV irradiation for 60 min. U373 monolayers
were treated with UV-irradiated MV at the equivalent of an MOI of 2.5 for 24,
36, or 48 h. RANTES mRNA expression was then assessed by Northern blotting

(20 mg of total RNA/lane). The mRNA bands on the autoradiogram were quan-
titated, and results are presented as density ratios of RANTES mRNA to b-actin
mRNA. Unstim, unstimulated. (B) Binding of UV-irradiated and live MV to
U373 cells. Cells were incubated on ice for 2 h with live MV or MV exposed to
UV for 60 min, each at an MOI of 10. Cells were reacted with monoclonal
anti-MV HA IgG or IgG isotype and then with fluorescein isothiocyanate-
conjugated anti-IgG, followed by FACS analysis. The increases in specific mean
fluorescence in cell-bound MV and UV-irradiated MV (UV-MV) were 60.10
and 56.77, respectively. (C) MV irradiated by UV for 2.5 to 15 min was used at
an MOI of 2.5 to infect U373 cells for 48 h in 75-cm2 flasks. Expression of
RANTES and MV-nucleocapsid mRNAs was determined by Northern blotting
(20 mg of total RNA/lane). Representative results from one of three experiments
are shown as RANTES/b-actin or MV nucleocapsid/b-actin mRNA density ratios.
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sid gene was sufficient for RANTES induction in A549 cells
(Fig. 7). Transfection with vectors carrying the MV leader gene
linked to chloramphenicol acetyltransferase (p107CAT) (46)
or the P or L protein gene failed to induce RANTES. Vectors
expressing the SV nucleocapsid or phosphoprotein gene were
also ineffective. These vectors have been shown to express each
gene transcript at similar levels in A549 cells (17). U373 and
other astrocytoma cell lines were not infected by the recombi-
nant vaccinia virus; therefore, the transfected genes were not
expressed, and no RANTES was induced (data not shown).

RANTES expression in neonatal rat brains infected with
virus. To determine whether RANTES is induced in brains
infected with MV in vivo, Northern analysis was performed
with total RNA derived from brains of 3-week-old Lewis rats
inoculated intracerebrally with 4 3 103 50% tissue culture in-
fective doses (TCID50) of the CAM/RB strain of MV, as de-
scribed elsewhere (26, 49). Expression of RANTES and IP-10
mRNAs was observed on days 10 and 13 postinfection, which
paralleled the accumulation of MV nucleocapsid mRNA (Fig.
8).

DISCUSSION

MV induces RANTES gene expression in U373 cells; induc-
tion requires binding to the MV cellular receptor CD46, mem-
brane fusion, and viral transcription. MV induced RANTES
mRNA and protein expression within 48 h after infection of
U373 cells derived from a human astrocytoma. LPS at 1 mg/ml
was far less effective than MV or NDV. This is similar to the
inefficient induction of TNF-a by LPS in primary rat astro-
cytes, which is in part astrocyte specific (8, 25, 45). RANTES
induction was inhibited by anti-CD46 antibody and by the
tripeptide X-Phe-Phe-Gly, which inhibits viral fusion (37). Fur-
thermore, formalin-treated MV, which binds to CD46 but can-

not fuse with the host cell and internalizes by endocytosis (3),
failed to induce RANTES expression. MV exposed to UV ir-
radiation for 60 min, which can still bind to CD46 and fuse with
the host cell membrane (14), was also ineffective in inducing
RANTES expression. These data strongly suggest that while
receptor binding and membrane fusion of MV are essential,
they are not sufficient, and cytoplasmic delivery of the MV
genome may be required. This is not due to an inability of MV
binding to CD46 to activate signaling, as this binding has been
shown to regulate IL-12 induction (21).

To determine whether viral transcription is required,
RANTES induction was examined by using UV-irradiated MV
and ribavirin. Since UV does not inhibit MV binding to CD46
or fusion with the host cell membrane (14), the effect of the
length of UV exposure is expected to be correlated with the
level of cross-linking in the viral genome. UV irradiation for 10
min was sufficient to block MV nucleocapsid gene transcrip-
tion, while infection with MV irradiated for less than 7.5 min
allowed the accumulation of significantly reduced levels of
nucleocapsid and RANTES mRNAs. This is distinct from the
efficient induction of RANTES by UV-irradiated NDV (13),
another member of the Paramyxoviridae family. In fact, UV-
irradiated NDV was more potent at higher doses than the
cytopathic live NDV. Ribavirin, which selectively inhibits the
RNA polymerase of paramyxoviruses (34), blocked nucleocap-
sid gene expression and RANTES mRNA accumulation in-
duced by MV, but not by LPS. These findings suggest that
RANTES induction requires viral transcription, and partial
transcripts present at minimal levels appear sufficient. This is
in agreement with the way vesicular stomatitis virus induces

FIG. 5. Inhibition of MV transcription and RANTES induction by ribavirin.
(A) U373 cells (5 3 106/75-cm2 flask) were infected with MV at an MOI of 2.5
for 2 h. Twenty milliliters of medium containing varying doses of ribavirin was
added to yield the indicated final concentration. Cells were further incubated for
24 h, and then RANTES and MV nucleocapsid mRNA levels were examined by
Northern blotting (20 mg of total RNA/lane). G3PDH was used for normaliza-
tion. Results are representative of findings from two separate experiments. The
background density of the nucleocapsid blot (an MOI of 0 for MV) was not
subtracted. (B) Effect of ribavirin on RANTES induction by LPS. U373 cells as
above (panel A) were stimulated with LPS at 1 mg/ml for 48 h, with or without
ribavirin at 1,000 mg/ml. Supernatants were examined for RANTES expression
by ELISA. Results are means 6 SE from two separate experiments, performed
in duplicate. The level of RANTES produced by LPS in the absence of ribavirin
was taken as 100% induction.

FIG. 6. Effects of CHX on RANTES mRNA induction by MV in U373 cells.
U373 cells (107/25 ml of 10% DMEM/75-cm2 flask) were treated with CHX at
100 mg/ml for 30 min and were then infected with MV at an MOI of 10 in the
presence of CHX for the times noted. The dose of CHX was predetermined by
assessing the maximum level of protein synthesis inhibition by CHX in U373 cells
in the absence of cell death, as described in Results. RANTES and MV nucleo-
capsid mRNAs were examined by Northern blotting (20 mg of RNA/lane).
Cyclophilin was used as a control. Results are representative of findings from
four separate experiments. The mRNA bands on the autoradiogram were quan-
titated, and the ratio of the density of RANTES or MV nucleocapsid mRNA to
that of cyclophilin mRNA is shown as a histogram.
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IFN-b, which requires transcription of minimally two-thirds of
the viral nucleocapsid gene (29, 43). It was proposed that this
amount of transcription may allow the mRNA transcript to
pair with the encapsidated RNA genome to generate dsRNA.

RANTES induction by MV does not require new protein
synthesis or viral replication. In U373 cells infected with MV
in the presence of CHX, RANTES mRNA was detected by
Northern blotting in cells expressing only the very low levels of
viral mRNA produced by primary transcription. Synthesis of
viral proteins is required to shift the viral RNA polymerase
from transcription to replication of the genome (24). Viral
replication also requires the presence of host factors such as
tubulin (31). Therefore, treatment of cells with CHX for 24 h
is expected to prevent viral replication, secondary transcrip-
tion, and accumulation of significant viral mRNA, none of
which were required for RANTES induction. RANTES is also
induced in the presence of CHX in a variety of primary and
transformed cells stimulated with LPS or cytokines, indicating
that RANTES is induced in response to activation of preexist-
ing transcription factors (13, 35, 44). Interestingly, RANTES
mRNA was superinduced by MV in the presence of CHX. In
rat glia, the half-life of RANTES mRNA was estimated to be
;3 h (13), which is consistent with the absence of AU-rich
motifs associated with unstable mRNA (5) in its 39 and 59
untranslated regions (41). Superinduction of RANTES mRNA
by CHX may also reflect transcriptional activity, possibly me-
diated by CHX-induced NF-kB activation (48), which en-
hances RANTES promoter activity (36).

Partial expression of the MV genome is sufficient for
RANTES induction. Induction of RANTES in A549 cells tran-
siently transfected with vectors carrying the MV nucleocapsid

gene is consistent with the hypothesis that limited transcription
of the genome is sufficient for MV to induce RANTES. Since
these vectors express each gene transcript similarly in A549
cells (17), it is significant that expression vectors other than
that carrying the MV nucleocapsid gene were ineffective. Since
UV-irradiated NDV and SV are as effective as live NDV and
SV in inducing the RANTES and IP-10 chemokine genes (6,
13), the failure of SV nucleocapsid gene expression suggested
a specific requirement for the MV nucleocapsid transcript. The
SV nucleocapsid transcripts may not deliver the required sig-
naling. The effect of differences in nucleocapsids of different
MV strains was examined by using two wild isolates (the Chi-

FIG. 7. RANTES induction in A549 cells transiently expressing MV genes.
Approximately 80% confluent A549 cell monolayers in 35-mm2 dishes were
infected for 60 min at an MOI of 2.5 with recombinant vaccinia virus expressing
T7 polymerase. Cells were then transiently transfected with 2 mg of pBS vectors
containing the individual MV genes: the nucleocapsid (N), phosphoprotein (P),
or large protein (L) gene or p107CAT, expressing the MV leader gene linked to
(2) sense chloramphenicol acetyltransferase. Cells were also transfected with
pGEM vectors containing the SV nucleocapsid (NP) or phosphoprotein (P)
gene. In both vectors the genes were under the control of the T7 promoter, which
allows transcription by the vaccinia virus-encoded T7 polymerase. Cells infected
with MV at an MOI of 2.5 were used as a positive control. Transfection with pBS
and pGEM empty vectors (pBS and pGEM) was used as negative controls. After
overnight incubation supernatants were examined for RANTES protein by
ELISA. Results are shown as means 6 SE from two separate experiments, with
transfections performed in duplicate.

FIG. 8. RANTES mRNA expressed in rat brains following MV infection.
Lewis rats, 21 to 24 days old, were infected with 4 3 103 TCID50 of the MV
CAM/RB strain by intracerebral inoculation as described elsewhere (26). (A)
Brain tissues obtained 3 to 13 days postinfection were examined for the expres-
sion of murine RANTES and MV nucleocapsid mRNAs by Northern blotting
using total RNA isolated from the tissue (20 mg of RNA/lane). IP-10 mRNA
induced by MV is shown for comparison, and aldolase A was used for normal-
ization. (B) Quantitation of the mRNA bands is shown as a histogram.
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cago-1 and New Jersey strains) and two additional vaccine
strains (Edmonston-Zagreb and Moraten) to infect U373
cells at comparable viral doses, determined by Vero cell
plaque assay. RANTES was induced by all strains tested, but
at widely varying levels, which correlated with nucleocapsid
mRNA expression, except in cells infected with the Chicago-1
strain (data not shown). Although the use of receptors other
than CD46 by wild isolates (18) was not examined, the potency
of RANTES induction was not restricted to vaccine strains,
and all strains tested were able to infect Vero cells and U373
cells. Therefore, studies to correlate each of the strain-specific
nucleocapsid genes may provide further information on the
role of MV nucleocapsid gene transcripts in inducing
RANTES gene expression.

RANTES induction by MV infection in vivo. RANTES mRNA
was expressed in Lewis rat brain tissue infected with neuroad-
apted CAM/RB MV (26). This experiment was performed in
order to demonstrate that MV can induce RANTES within the
brain compartment, as does experimental autoimmune en-
cephalomyelitis (15, 30). The appearance of RANTES mRNA
on day 10 correlates with the development of acute MV en-
cephalitis 10 to 12 days postinoculation in this model (26).

Expression of RANTES in glial cells by MV infection is
induced by limited transcription of the MV genome. Since
RANTES induction by MV does not require viral and host
protein synthesis, or replication of MV, RANTES can function
as an early host response factor immediately following MV
infection of the brain. RANTES may play a critical role in the
response to viral infection by recruiting virus-specific memory
T cells, monocytes, and macrophages to the infection sites with-
in the central nervous system (41, 47). IFN-b, concomitantly
produced by infected glial cells and infiltrating inflammatory
cells, induces the expression of major histocompatibility com-
plex class I molecules on infected cells (11, 16). Subsequent
activation of cytotoxic T cells at the site of infection may lead
to recognition and removal of infected brain cells. Limitation
of infective virus would result in effective viral clearance, where
a higher viral dose and/or defective host response may produce
tissue damage mediated by virus replication and proinflamma-
tory cytokines and chemokines.
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