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A major source of in¯ammatory cytokines in the measles virus (MV)-infected
brain are astrocytes, which produce a variety of soluble mediators including
interferons-a/b (IFN-a/b), interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a),
and interleukin-6 (IL-6). Using the MV-strain Edmonston (ED) and the
recombinant MV-strain MGV in which the MV-envelope proteins H and F
have been replaced by the vesicular stomatitis virus (VSV) envelope protein G,
we investigated IL-6 induction in human U-251 astrocytoma cells in the
presence and absence of a MV-speci®c receptor (CD46) interaction. The CD46-
MV interaction did not inhibit the induction of cytokines. Similar multiplicities
of infection of MGV induced generally lower levels of IL-6 than MV-ED. UV-
inactivated replication-incompetent MV-ED induced low levels of IL-6. In
contrast, MGV did not induce IL-6 after inactivation with UV light, indicating
that the MV-ED-receptor interaction or the uptake of viral particles by
membrane fusion induced IL-6, whereas interaction with the VSV-G receptor
and uptake of viral particles by endocytosis did not induce IL-6. Crosslink of the
MV-receptor CD46 with antibodies and treatment of cells with puri®ed viral
glycoproteins led to the induction of small but signi®cant amounts of IL-6. Our
data suggest that triggering of CD46 and associated protein kinases can lead to
the induction of low levels of IL-6, whereas the replication of the negative strand
RNA virus constitutes the major stimulus leading to the synthesis of high levels
of IL-6 in astrocytes.
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Introduction

Measles virus (MV) is the etiologic agent inducing
the slow virus disease subacute sclerosing panence-
phalitis (SSPE) in humans (Grif®n and Bellini, 1996;
Schneider-Schaulies et al, 1995c). In such brains, all
neural cell types including neurons, astrocytes,
oligodendrocytes and microglial cells, as well as
epithelial and endothelial cells can be infected with
MV (Allen et al, 1996; Esolen et al, 1995; Kirk et al,
1991). In brain regions demonstrating perivascular
cell in®ltration and gliosis, activated CD4- and CD8-
positive T lymphocytes and macrophages were
identi®ed within the brain parenchyma. However,
the progression of the disease, the viral spread, and
the accumulation of characteristic mutations and
hypermutations in the viral genome (Baczko et al,

1993; Cattaneo et al, 1987) are not prevented by the
immune response. Both the in®ltrating as well as
infected neural cells express high levels of in¯am-
matory cytokines (Joncas et al, 1976; Hofman et al,
1991; McQuaid et al, 1997; Nagano et al, 1994).
Cytokines such as TNF-a and IL-1 are required for
the initiation of the immune response, IL-2 and IFN-
g to provide help for effector cells as cytotoxic T
cells, and IL-6 for antibody-producing cells. In SSPE
brains, the production of high levels of IL-6 is
associated with characteristically high levels of
oligoclonal anti-MV antibodies (ter Meulen, 1983).
Furthermore, IL-6 may in conjunction with other
cytokines (IL-1 and IFN-g) induce gliosis, the local
synthesis of neurotropic factors and neuronal
degeneration (Campbell et al, 1993; Frei et al,
1989; Giulian et al, 1988; Yong et al, 1991).

In vivo and in vitro results indicated that a major
source for IL-6 are MV-infected astrocytes. In tissue
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culture experiments with rodent and human glial
cells it was found that the acute viral infection
induces the expression of IL-6, interleukin-1 (IL-1),
interferon-a/b (IFN-a/b) and tumor necrosis factor-a
(TNF-a) (Lieberman et al, 1989; Yamabe et al, 1994;
Schneider-Schaulies et al, 1993). The expression of
these cytokines is different when astrocytoma cells
were persistently infected with MV showing con-
tinual synthesis of lower levels of IL-6 and IFN-b
(Schneider-Schaulies et al, 1993). These ®ndings
suggested that also in the CNS of SSPE patients a
percentage of persistently infected astrocytes may
continually synthesize IL-6 and IFN-b. Using
transgenic mice, it could be demonstrated that the
continual intrathecal overexpression of IL-6 per se
can induce a neurologic disease with neurodegen-
eration, astrocytosis, angiogenesis and induction of
acute-phase-protein production (Campbell et al,
1993). These ®ndings indicate that the induction
of IL-6 during acute and persistent viral infections
of the CNS may have a central pathogenic role in
in¯ammatory neurodegenerative disorders.

It is not well understood how the MV-infection
leads to the induction of cytokines such as IL-6 in
brain cells and on which level the virus-cell
interaction may contribute to triggering signal
transduction pathways. In astrocytes, the induction
of IL-6 can be achieved by the activation of protein
kinase C (PKC) through phorbol myristate acetate
(PMA) and calcium ionophores, and is mediated by
the transcription factor NF-kB (Libermann and
Baltimore, 1990; Norris et al, 1994; Palma et al,
1995). Recently, it was described that the interac-
tion of MV with its receptor CD46, or a crosslink of
CD46 by antibodies has an inhibitory effect on the
IL-12 expression by monocytes (Karp et al, 1996). In
addition, it was found that the cytoplasmic domains
of CD46 can interact with multiple protein kinases
in macrophages (Wong et al, 1997). For other
viruses, such as human immunode®ciency virus
(HIV) or the respiratory syncytial virus (RSV), it has
been described, that the interaction of viral proteins
with cell surface receptors or UV-inactivated
viruses may be suf®cient to induce cytokines
(Gessani et al, 1997; Stadnyk et al, 1997). These
®ndings led us to investigate which steps of the MV-
cell interaction and which components of the virus
induce the IL-6 expression in the human astro-
cytoma cells U-251. In addition, with the help of a
recombinant MV lacking the MV-glycoproteins
(MGV), we analyzed whether the CD46-MV-hae-
magglutinin interaction may have an inhibitory
in¯uence on the induction of IL-6. We investigated
the IL-6 expression at three levels: (1) the interac-
tion of MV (strain Edmonston), or antibodies, with
the cellular receptor CD46, (2) the binding and
uptake of UV-inactivated viral particles including
the release of RNPs (ribonucleoprotein particles) in
the cytoplasm, and (3) the replication of viral RNA
after infection of cells with intact viruses.

Methods

Cells and viruses
The human malignant astrocytoma cell line U-251
(Bigner et al, 1981) was cultured in Dulbecco's
minimal essential medium (MEM) containing strep-
tomycin (100 mg/ml), penicillin (100 U/ml) and
10% fetal calf serum (FCS), at 378C and 10% CO2.

MV strain Edmonston (ED), the recombinant MV
named MGV, in which the MV-glycoproteins were
substituted by the VSV (vesicular stomatitis virus)-
glycoprotein G (Spielhofer et al, 1998; Radecke et
al, 1995; Schlender et al, 1996), and VSV strain
Indiana were grown on Vero cells. For virus
production, cells were infected with a multiplicity
of infection (MOI) of 0.01 and virus was harvested
when maximum giant cell formation was observed
by one cycle of freezing/thawing and two times
pelleting cell debris by centrifugation. Supernatants
were stored at 7808C. The titres of the viruses were
determined by end-point titrations on Vero cells.
For a better recognition of infected cells, MGV was
stained with antibodies against the MV-nucleocap-
sid protein and secondary antibodies.

UV-inactivation of viruses
Aliquots of virus (500 ml in 3 cm ¯asks) were
irradiated with 3 J/cm2 of UV-light (260 nm) using
a UV-crosslinker (Bachhofer). The inactivation was
assessed by infection of Vero cells with dilutions of
irradiated and mock-treated virus. No infectious
virus was detected under these conditions in the
UV-inactivated virus preparations.

Antibodies, ELISA and inhibitors
The mAbs F227 (anti-MV-N) and 13/42 (anti-CD46
SCR1; Schneider-Schaulies et al, 1995a,b) were
produced and puri®ed over protein G sepharose in
our laboratory. The rabbit polyclonal anti-VSV
serum was purchased from Paesel and Lorei GmbH,
Germany. The FITC-conjugated rabbit anti-mouse Ig
and rabbit anti-human IgG antibodies were pur-
chased from DAKO.

The enzyme linked immunosorbant assay (ELI-
SA) for human IL-6 (IL-6 ELISA Kit, Boehringer
Mannheim) was performed as described in the
manufacturers manuals. The evaluation of micro-
titer plates was performed automatically with an
ELISA-reader (Biorad) determining the optical
density at 492 nm and standardized to samples of
cytokines delivered by the manufacturers.

The inhibitors of the protein kinase C (PKC)
staurosporin (SS) and of the protein kinase A
(PKA) H89 were purchased from Calbiochem. For
the analysis of the inhibition of the IL-6 production
in the presence of the protein kinase inhibitors,
cells were treated with H89 or SS for 30 min prior
and during the infection for 1 h with viruses,
washed with PBS, and further incubated in the
presence of PK-inhibitors.
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Glycoprotein preparation
MV preparations were run by ultracentrifugation
through a 25% sucrose cushion in NTE-buffer
(10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA)
at 100 0006g for 90 min at 48C, and puri®ed virus
particles were dissolved in NTE containing 0.3%
Triton X-100. The glycoproteins from solubilized
viruses were puri®ed by centrifugation on a
continuous sucrose gradient (10 ± 40%) in NTE
containing 0.3% Triton X-100 at 100 000 g for
90 min at 48C. The top fraction containing the viral
glycoproteins was dialyzed against PBS and ali-
quots were frozen at 7708C.

RNA preparation and Northern blot
U-251 cells were lysed in situ by 4 M guanidinium
rhodanid buffer and total cellular RNA was pelleted
through a caesium chloride cushion as described
(Chirgwin et al, 1979). Total RNA was separated on
1.5% agarose gels containing 6.3% formaldehyde,
blotted on Hybond-N ®lters (Amersham) and cross-
linked with UV light (0.6 Joule/cm2). The hybridiza-
tion probe for human IL-6 was the 1.1 kb EcoRI
fragment of the human IL-6 cDNA (the plasmid was
a gift from Dr Capalucci, Genetics Institute, Cam-
bridge, Massachusetts, USA). For control of intact
RNA, the 1.4 kb PstI fragment of rat glyceraldhyde
3-phosphate dehydrogenase (GAPDH) cDNA was
used. The hybridization probes were radioactively
labeled with 32P-dCTP using a random primed
labeling kit (Boehringer Mannheim). Blots were
exposed to a screen for qualitative and quantitative
evaluation with a phosphor imager (Molecular
Dynamics).

Flow cytometry
Flow cytometric analyses were performed as
described (Schneider-Schaulies et al, 1993). Brie¯y,
26105 cells were ®xed 10 min with 3.7% parafor-
maldehyde containing PBS and then incubated for
45 min on ice with 2 mg of mAb in 200 ml FACS
buffer (PBS containing 0.4% BSA and 0.02%
sodium azide). Cells were washed twice in FACS
buffer and incubated with 200 ml of a 1 : 100 dilution
of ¯uorescein isothiocyanate conjugated goat anti-
mouse immunoglobulin (Dako) on ice for a further
45 min. After three washes with FACS buffer, ¯ow
cytometric analysis was performed on a FACScan
(Becton Dickinson).

Results

Capacity of the human astrocytoma cells U-251 to
synthesize IL-6
U-251 cells can synthesize IL-1b, IL-6, IFN-a/b, and
TNFa after infection with MV (Schneider-Schaulies
et al, 1993). Of the inducible cytokines, IL-6 was
synthesized to the highest levels, was easily
detectable at the RNA and protein level, and was
therefore selected as an example to study the

induction of cytokines by components of measles
virus (MV). In order to determine the maximal level
of IL-6 inducible in these cells, we treated the cells
either with synthetic dsRNA (Poly I/C) or with
phorbol-myristate-acetate (PMA) and calcium iono-
phore (A23187). Treatment of cells with 100 mg/ml
poly I/C led to a IL-6 induction of 6888 pg/106 cells
after 6 h which decreased at later time points (Table
1). Treatment of cells with PMA (15 nM) and
A23187 (0.5 mM) induced maximally 8500 pg/106

cells after 48 h (Table 1).

IL-6 induction after infection of human astrocytoma
cells with MV-strain ED and recombinant MV MGV
In order to measure the IL-6 levels induced by viral
infections in the presence and absence of the
receptor binding MV-glycoproteins, we infected
the U-251 cells with the MV vaccine strain ED, with
the recombinant MV MGV, in which the MV-
envelope glycoproteins were substituted by the
VSV G protein (Spielhofer et al, 1998), and with
VSV strain Indiana as a control. ED and MGV
induced a dose-dependent synthesis of IL-6,
whereas VSV did not induce IL-6 (Figure 1). After
48 h of infection with ED, the low input multiplicity
(MOI=0.1) led to an accumulated amount of
approximately 750 pg IL-6/106 cells in culture, the
intermediate multiplicity (MOI=1) led to approxi-
mately 1300 pg/106 cells, and the high multiplicity
led to approximately 1650 pg/106 cells (Figure 1,
lanes 3, 6 and 9). In comparison, the infection of U-
251 cells with MGV induced generally lower levels
of IL-6 with approximately 300 pg/106 cells at
MOI=0.1, 700 pg/106 cells at MOI=1 and 1000 pg/
106 cells at MOI=3 (Figure 1, lanes 12, 15 and 18).
Thus, the lack of the MV-glycoproteins was
associated with a decreased capacity of the virus
to induce IL-6. Infection of cells with VSV or mock
infection did not lead to the synthesis of IL-6 above
background levels (20 ± 50 pg/106 cells; Figure 1,
lanes 19 ± 24).

The infection of the U-251 cells was controlled by
¯ow cytometry using a monoclonal antibody (mAb)
against the MV nucleocapsid protein or a polyclonal
serum against VSV (Figure 2). Figure 2 shows that
similar percentages of cells were infected at high
MOIs with MV-ED and MGV, although MGV led to a
slightly slower infection kinetics as compared to

Table 1 Induction of IL-6 in human astrocytoma cells U-251 by
poly I/C, and PMA and calcium ionophore.

Treatment IL-6 in supernatant (pg/106 cells)
of cells with 0 h 6 h 24 h 48 h

poly I/C
PMA+A23187

40+16
40+16

6888+148
6000+170

4741+113
7600+285

3558+95
8500+340

The IL-6 concentration was measured by ELISA with 106 U-251
cells in 5 ml medium.
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ED. Since VSV rapidly leads to the lysis of U-251
cells, we did not use higher input multiplicities
than MOI=1 for VSV. These data indicated that MV-
ED can induce considerably higher levels of IL-6
than MGV in U-251 cells, although similar percen-
tages of cells were infected.

In order to analyze whether similar differences
are detectable on the mRNA level, we performed
Northern blots with RNAs of U-251 cells infected
with ED, MGV (Figure 3A,B), and VSV (Figure 3E).

VSV Indiana did not induce signi®cant levels of IL-6
mRNA. In the case of infection with ED (MOI=1.0),
we found a reproducible characteristic biphasic
pattern of the IL-6 mRNA with high levels at 6 and
24 h, and lower levels at 16 and 48 h p.i. (Figure
3A). This pattern is neither detected at low MOIs
(MOI=0.1), where the IL-6 mRNA is detected only at
later time points, nor at high MOIs (MOI=3 and 5),
where signals are stronger at early time points
(Schneider-Schaulies et al, 1993). After infection of

Figure 1 IL-6 in the supernatants of infected U-251 astrocytoma
cells. U-251 cells were infected with MV-strain ED (lanes 1 ± 9)
and the MV recombinant MGV (lanes 10 ± 18) with MOIs of 0.1,
1 and 3, as indicated, or as control with VSV (Indiana; MOI=1;
lanes 19 ± 21), or mock-infected with medium (lanes 22 ± 24).
After 6, 24 and 48 h post infection the concentration of IL-6 in
the supernatants was measured by ELISA, and is given as pg IL-6
pro 106 cells.

Figure 2 Infection of U-251 astrocytoma cells by MV-ED, MGV
and VSV. Cells were infected with various MOIs as indicated,
incubated for 6, 16, 24 and 48 h, ®xed and stained with
monoclonal antibodies against the MV-nucleocapsid protein or
with an anti-VSV serum and secondary ¯uorescein-conjugated
antibodies. The percentage of positive cells was determined by
¯ow cytometry.

Figure 3 IL-6 mRNA on Northern blots of RNA from U-251
astrocytoma cells. Cells were infected with MV-ED (A) and
MGV (B) with MOIs of 1 for 0, 6, 16, 24 and 48 h. The same
amounts of MV-ED and MGV as used for infection were
irradiated with UV-light to completely inactivate the infectivity
and used for mock-infection of U-251 cells for the same times
(C, D). As control, cells were infected with VSV MOI=1 for the
same times. Total cellular RNA was isolated, blotted and
hybridized with 32P-labeled speci®c probes for the IL-6 mRNA
and GAPDH as control for the amount of RNA in each lane.
The signals were visualized and quanti®ed using a phosphor
imager.
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U-251 cells with MGV (MOI=1), the IL-6 mRNA was
detected after 16, 24 and 48 h p.i. In contrast to ED,
higher MOIs of MGV did not induce high levels of
IL-6 mRNA at 6 h p.i. Since the difference between
MV-ED and MGV is the lack of the MV-glycopro-
teins F and H in MGV, these data indicated that the
presence of the MV glycoproteins is associated with
the early IL-6 induction by MV.

Interaction of UV-irradiated MV-particles with
U-251 cells induces low levels of IL-6
The glycoproteins F and H of MV-ED are necessary
for the proper interaction of virus particles with its
cellular receptor CD46 and subsequent pH inde-
pendent fusion of MV with the cellular membrane.
In contrast, MGV infects cells by using a different
cellular receptor and a different uptake mechanism
via receptor-mediated endocytosis (Mastromarino
et al, 1987). In order to separate early effects of the
interaction of the two viruses with the cell surface
(attachment, fusion, and release of nucleocapsids)
from viral replication, we used replication-incom-
petent UV-inactivated MV-ED and MGV. After
irradiation of the viruses with 3 J/cm2, no residual
infectious virus particles were detected. The North-
ern blot analysis of U-251 cells treated with UV-
inactivated MV-ED and MGV with an amount of
virus corresponding to a MOI of 1 of untreated
viruses is shown in Figure 3C and D, respectively.
UV-inactivated MV-ED induced a transient IL-6
mRNA synthesis after 6 h with declining levels
afterwards. In contrast, IL-6 mRNA could not be
detected after treatment of cells with UV-inacti-
vated MGV.

Similar results were observed by measuring IL-6
levels in the cell supernatant (Figure 4). UV-
inactivated MV-ED (corresponding to MOIs of 1
and 3) induced 200 ± 300 pg IL-6/106 cells after 6 h.
This level did not increase at later time points
indicating that only the initial interaction between
UV-inactivated viruses and the cell led to a transient
induction of IL-6 (Figure 4, lanes 4 ± 9). The
treatment of cells with UV-inactivated MGV led to
a slightly increased IL-6 signal above background
levels (Figure 4, lanes 10 ± 18). These data indicated
that the early interaction of MV-ED with the cell
surface led to the induction of a low but signi®cant
level of IL-6 mRNA and protein. This effect could be
due to the attachment of the MV glycoproteins with
cellular receptors, to the fusion process, or due to the
release of viral nucleocapsids into the cytoplasm.

Interaction of the MV envelope glycoproteins F and
H with U-251 cells, and crosslink of CD46 by
antibodies induce low levels of IL-6
To investigate the possibility that the interaction of
MV-ED with cellular receptors is responsible for the
induction of the detected low levels of IL-6, U-251
cells were treated with the anti-CD46 mAb 13/42
alone or in the presence of a crosslinking secondary

mAb for 6, 24 and 48 h (Figure 5A). The anti-CD46
mAb alone and the secondary antibody alone did
not induce IL-6 above background (Figure 5A, lanes
4 ± 6 and 10 ± 12). However, the crosslink of the
CD46 antibody with the secondary antibody led to a
signi®cant induction of IL-6 after 48 h (Figure 5A,
lane 9). With approximately 130 pg/106 cells, this
induction was not as ef®cient as treatment of cells
with UV-inactivated MV (approximately 250 pg/106

cells; Figure 4). This might be due to the much
stronger crosslinking activity of the viral surface, or
the additional steps of fusion and release of
nucleocapsids.

In a further set of experiments we treated the cells
with the puri®ed viral glycoproteins H and F. Using
the MV-glycoproteins in an amount corresponding
to a MOI of 1 of infectious virus as determined by
Western blot (not shown), also a low but signi®cant
induction of IL-6 could be detected (Figure 5B).
These data suggest that CD46 may play a role in the
early signal transduction leading to the low level
induction of IL-6.

Participation of protein kinase in the induction of
IL-6 by MV
To investigate the role of protein kinases for virus
induced signal transduction, we used the inhibitors

Figure 4 IL-6 in supernatants of U-251 cells treated with UV-
inactivated viruses. U-251 cells were treated with the UV-
inactivated viruses MV-ED and MGV (as indicated) in amounts
corresponding to MOIs of 0.1, 1.0 and 3.0 under similar
conditions as in Figure 1. The IL-6 concentration in the
supernatants was measured after 6, 24 and 48 h by ELISA. A
virus free cell supernatant (virus pelleted by ultracentrifugation)
from MV-infected Vero cells was used as mock-infection control
(lanes 19 ± 21).
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staurosporin, an inhibitor of protein kinases, mainly
PKC, and H89, an inhibitor of PKA. In comparison
to 6 and 24 h MV-ED infected U-251 cells (Figure 6,
lanes 15 and 16), the IL-6 accumulation was
inhibited in the presence of H89 by approximately
50% and by staurosporin by 80 ± 90% after 6 and
24 h (Figure 6). Similar results were observed on the
mRNA level. Low concentrations of staurosporin
alone (0.1 mM) could induce low levels of IL-6
mRNA (Figure 7A) as described earlier (Palma et al,
1995). The MV-ED infection in the presence of
0.1 mM staurosporin led to low levels of IL6 mRNA.
Only the mRNA level after 6 h was signi®cantly
different from staurosporin treatment alone (factor
2.2 over background in comparison to 1.4 with
staurosporin alone, the control in Figure 7B, lane 9
is 10.6 above background, as determined by the
phosphorimager). Higher concentrations of staur-
osporin (1 mM) completely inhibited the induction
of IL-6 mRNA (Figure 7B). In the presence of the
inhibitor H89, the MV-ED infection led to an IL-6
mRNA signal after 16 h (very weak) and 24 h (factor
2.0 above background; Figure 7C). These signals
resembled the IL-6 induction observed after infec-
tion of cells with MGV (Figure 3B). The induction of
IL-6 mRNA with UV-inactivated MV-ED was com-
pletely inhibited by H89 (Figure 7C).

Discussion

In tissue culture, the infection of human glial cells
with MV induces the expression of a set of
in¯ammatory cytokines including IL-1, IL-6,
IFN-a/b, and TNF-a (Liebermann et al, 1989;
Schneider-Schaulies et al, 1993). For other viral
systems it has been shown that the interaction of
cells with viral glycoproteins at the cell surface can
induce the synthesis of various cytokines. For
example in case of the human immunode®ciency
virus (HIV) or respiratory syncytial virus (RSV), it
has been described that the interaction of viral
proteins or UV-inactivated viruses with cell surface
receptors may be suf®cient to induce cytokines
(Gessani et al, 1997; Stadnyk et al, 1997). In
addition, the induction of IFN by viral glycopro-
tein(s) according to a lectin-like mechanism was
found for lymphoid cells (for review see: Ito, 1994).
In this system, UV-irradiated Sendai virus (SV),
Newcastle Disease virus (NDV), and also in¯uenza
virus could induce IFN in mouse spleen cells. The
hemolytic and neuraminidase activities of the
viruses were not required, and the hemagglutinating
activity was suf®cient to induce IFN. In contrast to
these para- and orthomyxoviruses, the hemaggluti-
nin of MV-ED does not act as a lectin-like molecule,
but uses CD46 as cellular receptor (DoÈ rig et al,
1993; Manchester et al, 1994; Naniche et al, 1993).
Recently, Karp et al, described that the IL-12
production in monocytes and macrophages was

Figure 5 IL-6 induction by crosslink of CD46 and treatment of
cells with MV-glycoproteins. (A) U-251 cells were incubated
without antibody (lanes 1 ± 3), with anti-CD46 mAb 13/42
(100 mg/ml; lanes 4 ± 6), with anti-CD46 and secondary anti-
bodies against mouse IgG (lanes 7 ± 9), and with secondary
antibodies alone (lanes 10 ± 12) for 6, 24 and 48 h as indicated.
(B) U-251 cells were treated with glycoproteins prepared from
MV-ED, the protein concentration of which corresponded to
MOIs of 0.1 and 1.0, for 6, 24 and 48 h (lanes 1 ± 6). As control,
the cells were mock treated with glycoprotein-free buffer (lanes
7 ± 9). The concentration of IL-6 in the supernatants was
measured by ELISA.

Figure 6 Inhibition of the MV-ED-infection mediated IL-6
induction by protein kinase inhibitors. U-251 cells were treated
with Vero cell supernatants (lanes 1, 2), the PKA inhibitor H89
(10 mM, lanes 3, 4), and the PKC inhibitor staurosporin (SS, 0.1
and 1 mM, lanes 7, 8 and 11, 12) in the absence of viral infection
as negative controls. Cells were infected with MV-ED after
30 min pretreatment with, and in the presence of the inhibitors
H89 (lanes 5 and 6) and staurosporin (0.1 and 1 mM, lanes 9, 10
and 13, 14), or infected with MV-ED without inhibitors as
positive controls (lanes 15, 16). The concentration of IL-6 in the
supernatants was measured by ELISA.
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speci®cally inhibited by MV-infection, as well as
after interaction of CD46 with the complement
factor C3b, or crosslinking of CD46 by antibodies.

The IL-6 induction was not negatively affected in
these cells (Karp et al, 1996). These ®ndings
strongly suggested that the induction of a signal
transduction cascade takes place through the MV-
receptor CD46.

In order to investigate a possible involvement of
CD46 in the inhibition or induction of cytokines in
human astrocytoma cells (U-251), we analyzed the
expression of the cytokine IL-6, which is easily
detected in SSPE brains and in vitro after MV-
infection. We found that the interaction of UV-
inactivated MV-ED with the cells, the interaction of
puri®ed viral glycoproteins with the cells, and the
crosslink of CD46 with antibodies, induced small
amounts of IL-6. In contrast, high levels of IL-6 were
induced after infection of cells with replication
competent MV. Using the recombinant measles
virus MGV containing the VSV-G protein instead
of the MV-envelope proteins H and F, we found no
induction of IL-6 by UV-inactivated virus. After
infection with replication-competent MGV, IL-6
was strongly induced, however to lower levels than
after infection with MV-ED. Thus, absence of the
MV-glycoproteins was associated with a lower
virus-induced IL-6 production. It was clearly not
associated with a greater capacity to induce IL-6,
which could have been the case if the MV-
glycoproteins had exerted an inhibitory effect on
the IL-6 induction in these cells. The biphasic
induction of IL-6 after infection with MV-ED can
be interpreted according to the occurrence of
reinfection in tissue culture by newly synthesized
viruses after 24 h. The IL-6 synthesis after 6 h of
infection was stronger with replication competent
ED than using UV-inactivated virus, presumably
because of the immediate start of transcription and
the emergence of dsRNA intermediates. We cannot
exclude that the observed low induction of IL-6
after virus-cell surface interaction is only a side
effect of an ef®cient signalling cascade acting on
unknown functions of the cells. Since crosslink of
CD46 by antibodies led to a weaker IL-6 induction
than treatment of cells with UV-inactivated MV-ED,
it is also possible that unknown receptors in
addition to CD46 may play a role in the virus-
induced signal transduction.

In the presence of an inhibitor of PKA (H89), UV-
inactivated MV-ED did not induce IL-6 after 6 h.
Thus, the receptor-mediated induction of low
amounts of IL-6 may require the action of this
kinase. In comparison, after infection of cells with
replication-competent MV-ED for 6 ± 48 h, H89
reduced the IL-6 mRNA and protein synthesis by
approximately 50% and the PKC inhibitor staur-
osporin by 80 ± 90%. H89 completely inhibited the
induction of IL-6 by UV-inactivated MV-ED. Our
results support the ®ndings of Wong et al, 1997 that
kinases are associated with the cytoplasmic domain
of CD46. However, since these substances are
relatively unspeci®c inhibitors of several kinases

Figure 7 IL-6 mRNA on Northern blots of RNA from U-251
cells treated with protein kinase inhibitors. U-251 cells were
treated with 0.1 mM (A) and 1.0 mM (B) staurosporin either in the
absence of virus as negative control (lanes 1 ± 5), or 30 min
before, during and after infection of cells MV-ED (MOI=1) for
0.5, 6, 16 and 24 h as indicated (lanes 6 ± 8). In (B) an additional
lane (lane 9) with RNA from 24 h MV-ED infected U-251 cells
without inhibitor was used as positive control for the hybridiza-
tion with the IL-6 probe. In (C), U-251 cells were treated with the
PKA inhibitor H89 alone (lanes 1 ± 5), treated with H89 and
infected with MV-ED (lanes 6 ± 8), and treated with H89 and
with UV-inactivated MV-ED (MOI corresponding to 1.0, lanes
9 ± 11). Total cellular RNA was isolated, blotted and hybridized
with a 32P-labeled IL-6 mRNA speci®c probe. The signals were
visualized and quanti®ed using a phosphor imager.
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and inhibit many cell functions including prolifera-
tion and viral replication, we cannot conclude
whether the observed effects on the IL-6 synthesis
are direct or rather indirect. Nevertheless, the
results show that the action of these kinases is a
prerequisite for the induction of IL-6 either via
receptors or intracellularly. These data suggest that
possibly also in vivo already the surface interaction
of (inactivated) MV or infected cells with receptor
bearing cells may induce the synthesis of low levels
of the in¯ammatory cytokine IL-6, and that induc-
tion of high levels of IL-6 requires the active
replication of MV.

The strong induction of IL-6 by actively replicat-
ing MV may be due to the presence of double
stranded RNA-intermediates in the cytoplasm of
infected cells. In the astrocytoma cells MV-replica-
tion induced up to 1700 pg/ml IL-6, whereas the
addition of arti®cial double stranded RNA (poly IC)
induced approximately 7000 pg/m IL-6 and PMA
plus A23187 induced even higher amounts of IL-6
up to 8500 pg/ml (Table 1). Thus, also the infection
of cells with a high MOI of MV-ED could not induce
the full capacity of the U-251 cells to produce IL-6,
and may re¯ect the limited accessibility of double-
stranded RNA intermediates during the replication
of negative-strand RNA viruses. In comparison to
such high levels of IL-6, it is not clear whether the
low levels induced by the virus-CD46 interaction
are of any signi®cance. A possible reason for the
observed differences after infection with replica-
tion-competent MGV and MV-ED may be the usage
of different receptors for the entry of these viruses
and the subsequent localization in intracellular
compartments. Determined by the VSV-G protein,
MGV is taken up by receptor-mediated endocytosis
in acidic endosomes (Spielhofer et al, 1998), a
pathway which may not be ideal for the MV-speci®c
replication. This may be re¯ected by the slightly
lower synthesis of viral proteins (Figure 2) and by

the generally lower level of IL-6 detected after
infection of the cells with same MOIs as used for
MV-ED (Figure 1).

What conclusions can be drawn for the in vivo
situation? In tissue culture, the level of IL-6
synthesis correlates with the level of MV-replica-
tion. In persistently infected cells, which produce
less virus, the extent of the IL-6 synthesis is
drastically reduced (Schneider-Schaulies et al,
1993). It is likely that also in MV-infected brains
the level of the IL-6 correlates with the extent of
viral replication. In comparison to the high amounts
of IL-6 synthesized in response to replication, the
small amounts of IL-6 induced by MV-CD46
interaction may play only a marginal role. This
suggestion is supported by the ®ndings in SSPE
brains, where usually very little virus-speci®c
glycoprotein is detected due to the restriction of
the viral glycoprotein expression by antiviral
antibodies and the steep transcriptional gradient
in neural cells (Cattaneo et al, 1987; Liebert et al,
1990; Schneider-Schaulies et al, 1992). In addition,
only little CD46 is expressed by neurons and
astrocytes in the human brain in comparison to
levels of CD46 on endothelial cells or lymphocytes
(Gordon et al, 1992; Ogata et al, 1997). Therefore,
we suggest that in the infected brain the intracel-
lular viral replication is the main mechanism
regulating the induction and the level of IL-6.
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