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Although only a few blood cells are infected during measles, this infectious disease is followed by acute
immunosuppression, associated with high infant mortality. Measles virus nucleoprotein has been suggested to
contribute to virus-induced inhibition of the immune response. However, it has been difficult to understand
how this cytosolic viral protein could leave an infected cell and then perturb the immune response. Here we
demonstrate that intracellularly synthesized nucleoprotein enters the late endocytic compartment, where it
recruits its cellular ligand, the Fc� receptor. Nucleoprotein is then expressed at the surfaces of infected
leukocytes associated with the Fc� receptor and is secreted into the extracellular compartment, allowing its
interaction with uninfected cells. Finally, cell-derived nucleoprotein inhibits the secretion of interleukin-12 and
the generation of the inflammatory reaction, both shown to be impaired during measles. These results reveal
nucleoprotein egress from infected cells as a novel strategy in measles-induced immunosuppression.

Measles virus (MV) is among the most contagious patho-
gens for humans, still infecting more than 40 million people
and causing the death of around 1 million a year (33). MV is
responsible for an acute childhood disease which is widespread
in developing countries, with sporadic outbreaks in industrial-
ized countries despite vaccination. MV is a morbillivirus with a
single-stranded, negative-sense RNA genome, encoding six
structural proteins. The lipid bilayer contains two envelope
glycoproteins, the hemagglutinin (H) and the fusion protein
(F). The matrix protein (M) supplies an interface between the
envelope and the virion core, composed of viral RNA, the
nucleocapsid protein (N), the phosphoprotein (P), and the
large protein (L). The function of the N protein appears to be
packaging and protection of the viral genomic nucleic acid and
formation of a replication complex, along with the P and L
proteins (20). N is the most abundant of the viral proteins,
synthesized on free ribosomes and folded in the cytoplasm,
where it binds viral RNA and forms intracellular inclusions
(17). This 60-kDa protein has the capacity to self-assemble into
nucleocapsids on cellular RNA as well, in the absence of any of
the other MV gene products (43). MV infection is initiated by
the attachment of the virus via MV H to one of its specific
receptors, CD46 or CD150, followed by virus-cell fusion and
release of the nucleocapsid into the cytoplasm (20, 46).

MV causes a profound suppression of the immune system
that permits opportunistic infections, leading to high infant
morbidity and mortality. The immune abnormalities that are
most evident are in the cellular arm of the immune response
and include disappearance of the delayed-type hypersensitivity
responses (45, 49), impaired proliferation of peripheral blood

lymphocytes (PBLs) (23), and allospecific cytotoxicity (15).
Type 2 polarization of cytokine responses occurs during late
stages of measles: the production of interleukin 4 (IL-4) in-
creases and that of IL-2 and gamma interferon (IFN-�) de-
creases (21). Production of the proinflammatory cytokine IL-
12 is markedly suppressed in patients with measles, providing
a unifying mechanism for many of the immunological abnor-
malities associated with measles (3). Finally, a number of im-
munological alterations observed during natural measles also
occur after vaccination with attenuated MV (25).

In spite of the fact that less than 1% of peripheral blood cells
are infected during the course of acute measles (10), the severe
suppression of immune responses can last for weeks (6). This
observation suggests that, as with human immunodeficiency
virus (HIV) infection (42), MV-induced immunosuppression
may be caused by an indirect immunopathogenic mechanism.
Several recent studies are in agreement with this hypothesis,
suggesting that MV proteins could inhibit the immune re-
sponse in the absence of MV replication in vitro (26, 36, 41) as
well as in vivo (31). It has been demonstrated that MV N binds
via its C-terminal part to the receptor for the Fc portion of
immunoglobulin G (IgG), Fc gamma receptor type II (Fc�RII/
CD32) (31). The binding of recombinant N to Fc�R inhibits
antibody (Ab) production by human B cells in vitro (36) and
impairs dendritic cell function (31). Because N is synthesized
in the cytoplasm of infected cells (17, 20), the availability of
this protein to bind Fc�RII in the extracellular environment
and cause immunosuppression was uncertain, and thus the
pathophysiological significance of this interaction has not been
established.

In this study we analyzed the intracellular mechanism allow-
ing the egress of cytosolic N, which induces immunosuppres-
sion. We demonstrated the existence of the particular intracel-
lular pathway allowing the delivery of MV N to the cell
membrane and its secretion, leading to the inhibition of IL-12
production and inflammatory reactions. These results demon-
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strate the remarkable role of the cell membrane translocation
of MV N in the induction of immunosuppression, providing
new insight into the MV-induced inhibition of the immune
response and a novel concept in the pathogenesis of measles.

MATERIALS AND METHODS

Cells, virus, and recombinant N. PBLs and T lymphocytes were purified from
blood of healthy donors as described previously (13). Tonsillar lymphocytes were
isolated by density gradient centrifugation, using Ficoll/Hypaque, and B lympho-
cytes were purified by rosetting with sheep red blood cells. The IIA1.6 B-cell line
transfected with human Fc�RIIb1 was provided by J. Van De Winkel (48).
P815-N and P815-M cells were obtained by transfection of P815 mastocytoma
cells with MV N and MV M DNA, respectively, and the L-NP line was produced
by transfecting murine L fibroblasts with MV N DNA (5). All cell cultures were
performed in RPMI 1640 medium supplemented with 10% fetal calf serum, 10
mM HEPES, 2 mM glutamine, 5 � 10�5 M 2�-mercaptoethanol, and 50 �g of
gentamicin/ml at 37°C under 5% CO2. For transwell experiments, 2 � 105

P815-M and P815-N cells separated by a 0.4-�m-pore-size membrane (Costar,
Corning, N.Y.) were incubated for 48 h. Treatment with brefeldin A (BFA) and
monensin (BD Bioscience, San Diego, Calif.) was performed according to the
manufacturer’s instructions.

Wild-type MV strains G954, G945, and G943 (28) were propagated on PBLs.
A recombinant MV Edmonston strain in which the H and F glycoproteins were
replaced by G protein of vesicular stomatitis virus (MGV) (44) and the molec-
ularly cloned Edmonston strain (EDtag) were provided by M. Billeter (Zurich,
Switzerland). MV Edmonston (VR-24) from the American Type Culture Col-
lection and recombinant MV Edmonston strains were propagated on Vero
fibroblasts. Viruses were inactivated by UV irradiation at 254 nm. A recombinant
vaccinia virus expressing MV N was produced as described previously (50).

Human PBLs, previously activated with 2 �g of phytohemagglutinin (PHA)
(Sigma, Saint Louis, Mo.)/ml and 5 U of IL-2 (Roche Diagnostics, Mannheim,
Germany)/ml for 48 h, were incubated with the different viruses (0.01 to 1
PFU/cell) for 2 h, and then 106 cells/ml were cultivated in the presence of IL-2
(R&D Systems, Abingdon, United Kingdom) for different times. Tonsillar lym-
phocytes and B cells were infected with MV for 2 h and then activated by
culturing 2 � 106 cells/ml with mitomycin C-inactivated, CD40-L-transfected
fibroblasts (2 � 105 cells/ml) for 48 h.

Recombinant MV N (525 amino acids) was produced in a baculovirus system
and purified on a cesium chloride (CsCl) gradient as described elsewhere (31, 36).

Flow cytometry. For flow cytometry analyses, cells were obtained after Ficoll
separation and labeled with the biotinylated anti-N antibody Cl.25 or Cl.120,
recognizing the C- or N-terminal domain of N, respectively (7), and/or anti-H
Cl.55, or anti-M monoclonal antibody (MAb) 8910 (Chemicon), or fluorescein
isothiocyanate (FITC)-conjugated anti-CD32 (Pharmingen, San Diego, Calif.),
followed by either streptavidin conjugated to phycoerythrin (Pharmingen) or
goat anti-mouse IgG conjugated to FITC (Immunotech, Marseille, France).
Irrelevant biotinylated mouse IgG2a or an FITC-conjugated goat anti-mouse
antibody (Immunotech) was used as a negative control. All flow cytometry
analyses were carried out on a FACScan (Becton Dickinson, Le Pont de Claix,
France).

Confocal and time-lapse microscopy. Cells were fixed in 3.7% formaldehyde
and, where indicated, permeabilized with 0.2% Triton X-100. Coverslips were
mounted with Fluorsave reagent (Calbiochem). Cells were observed under an
LSM 510 laser scanning confocal microscope using a 63� (NA 1.4) Zeiss Plan
Neo Fluor objective. Available illumination sources were the 488-, 543-, and
633-nm lasers. The multitrack recording module was used for sequential acqui-
sition of each channel before merging. Images were processed with Adobe
Photoshop software (version 6.0; Southern Biotechnologies). The following an-
tibodies were used: biotinylated anti-N Cl.25 and Cl.120, followed by rhodamine-
conjugated streptavidin (Pharmingen) or cyanin 5-streptavidin (Caltag); the an-
ti-M MAb 8910 (Chemicon) or anti-major histocompatibility complex (MHC)
class I (34.1.2s), followed by cyanin 5-conjugated donkey anti-mouse IgG (Jack-
son); the anti-mouse Fc�R Ab 2.4G2 (Pharmingen), followed by FITC-conju-
gated donkey anti-rat IgG (Jackson); as anti-human Fc�RII, FITC-conjugated
anti-CD32 (Pharmingen) or MAb KB61 (from K. Pulford Oxford, United King-
dom); as anti-Lamp-1, an anti-CD107a MAb conjugated to Cy-chrome (BD
Biosciences) or a rabbit anti-Lamp1 serum (from S. Meresse, Marseille, France);
as rabbit anti-cathepsin B, Ab-3 (Oncogene); as anti-p23, a rabbit anti-p23 serum
(39) (from M. Rojo), followed by Alexa Fluor 488-conjugated donkey anti-rabbit
IgG (Molecular Probes). Rafts were detected by using the FITC-conjugated B
subunit of cholera toxin (Sigma).

For time-lapse microscopy, P815-N cells were labeled with Cl.120 and trans-

ferred in polylysine-coated glass-bottom dishes in �-MEM with 10% fetal calf
serum and 20 mM HEPES, without bicarbonate (Life Technologies). Dishes
were placed on a 37°C heated stage, and cells were imaged with a Zeiss 510 laser
scanning microscope (Axiovert 100 M) and a Zeiss Plan-Apochromat 40 � (NA
1.0) objective. Meta Imaging Series 4.5 (Universal Imaging Corporation) was
used to mount AVI movies from image stacks. Images extracted from stacks were
processed with Adobe Premiere 5.1 software.

Electron microscopy. Cells were fixed with periodate–paraformaldehyde–0.2%
glutaraldehyde, washed with 0.4 M saccharose–0.1 M lysine–0.05 M Sorensen
phosphate buffer (pH 7.4), partially dehydrated in graded ethanol, and embed-
ded in LR White. Sections (thickness, 80 to 90 nm) were collected on 200-mesh
nickel grids, incubated with MAb Cl.120 and an anti-mouse IgG antibody con-
jugated with either10- or 20-nm gold particles, contrasted with aqueous uranyl
acetate and lead citrate, and observed with a JEOL (Tokyo, Japan) 1200EX
electron microscope.

Isolation of microvesicles and Western blotting. Microvesicles released in the
supernatants of P815-N and P815-M cells in culture were isolated by differential
centrifugation as described elsewhere (9). Briefly, cells were washed by centrif-
ugation and recultured in fresh medium for 24 h. Cell cultures were centrifuged
for 10 min at 200 � g (pellet P1). The supernatant was removed and centrifuged
for 10 min at 500 � g (pellet P2). This was repeated once (the pooled pellets are
referred to as P2). Supernatants were sequentially centrifuged at 2,000 � g twice
for 15 min (the pooled pellets are referred to as P3), once at 10,000 � g for 30
min (pellet P4), and once at 70,000 � g for 60 min (pellet P5), by using an SW28
rotor (Beckman Instruments, Inc., Fullerton, Calif.). P1 contained the cells,
whereas P5 was enriched in microvesicles. P5 was then washed with phosphate-
buffered saline (PBS) once at 70,000 � g for 60 min. For further purification of
microvesicles, P5 was layered on top of a 0 to 20% linear CsCl–3 mM imidazole
(pH 7.4) gradient in an SW40 tube (Beckman Instruments). Gradients were
centrifuged at 35,000 � g for 20 h. Fractions (1 ml) were collected from the top
of the tube. To collect membranes from these fractions, they were diluted with
12 ml of 3 mM imidazole (pH 7.4) and centrifuged for 60 min at 35,000 � g by
using an SW40 rotor (Beckman Instruments). The pellets were solubilized in
nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading
buffer for Fc�R, CD81, and N detection or submitted to an enzyme-linked
immunosorbent assay (ELISA) for lysobisphosphatidic acid (LBPA) detection.

For Western blotting, proteins were separated by sodium dodecyl sulfate–10%
polyacrylamide gel electrophoresis and transferred to an Immobilon-P mem-
brane (Millipore). The following reagents were used: anti-N Cl.25 or Cl.120
followed by a polyclonal anti-IgG antibody and labeled with 0.1 �g of 125I-
labeled protein G (Zymed Laboratorie)/ml; anti-CD32, anti-CD81 (both from
Pharmingen), and rabbit-polyclonal anti-exosomes (from S. Mecheri, Paris,
France), followed, respectively, by a polyclonal anti-rat, anti-hamster, or anti-
rabbit antibody coupled with horseradish peroxidase (Pharmingen). Labeling
was visualized and/or quantified by using a phosphorimager (Bio-Rad) and/or
enhanced chemiluminescence system.

ELISA. THP-1 or RAW 264.7 cells (106/ml) were activated with 200 U of
human or mouse IFN-� (Roche)/ml, respectively, for 16 h and then stimulated
with lipopolysaccharide (LPS) (1 �g/ml) (Difco Laboraotries) for 36 h. IL-12
(p40) concentrations in the culture supernatants of THP-1 cells were determined
with a Quantikine kit (R&D Systems, Minneapolis, Minn.), and that for RAW
264.7 supernatants was determined by an ELISA performed with reagents sup-
plied by M. Gately, as described elsewhere (16).

LBPA quantification was performed by ELISA. After centrifugation on a CsCl
gradient, fractions were collected and resuspended in 20 mM HEPES (pH
7.4)–150 mM NaCl (HEPES buffer) and incubated overnight on a 96-well plate.
After addition of 3% bovine serum albumin (BSA) in HEPES buffer for 2 h and
washes with Tris buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl), fractions were
incubated with the anti-LBPA Ab 6C4 (27) for 2 h in HEPES buffer supple-
mented with 1% BSA. After extensive washes with Tris buffer, a biotin-conju-
gated anti-IgG Ab was added for 1.5 h, followed by streptavidin-conjugated
alkaline phosphatase in HEPES buffer supplemented with 1% BSA for 1 h. After
washes with Tris buffer, 0.25 mM UMP1 (Sigma-Aldrich) in 1 M diethanol-
amine–1 mM MgCl2 was added as a substrate for 10 to 20 min. Fluorescence was
measured (excitation wavelength, 365 nm; emission wavelength, 450 nm) with a
plate reader (Spectra Max Gemini XS; Bucher).

Mice and assay for contact hypersensitivity. Eight-week-old DBA-2 mice were
purchased from Charles River (L’Arbresle, France). Contact hypersensitivity to
dinitrofluorobenzene (DNFB) was determined as described elsewhere (31), and
the protocol was approved by the Institutional Animal Care Committee (ENS-
Lyon, Lyon, France). Briefly, DNFB was applied to shaved ventral skin, and 5
days later, mice received 10 �l of a nonirritant concentration of DNFB applied
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to the left ear and the solvent alone on the right ear. Ear thickness was monitored
before challenge and 24 h after challenge.

RESULTS

MV N is expressed on the surfaces of infected PBLs. Human
PBLs were infected with MV, and the expression of MV pro-
teins N and H was monitored for 3 days (Fig. 1A). Surprisingly,
viable infected cells were found to express at their surfaces not
only the viral glycoprotein H but also N, known as a cytosolic
viral protein (20). This was not the case with the other intra-
cellular protein, M, which has never been detected on the
surfaces of MV-infected cells (data not shown). Although N is
synthesized before H and is synthesized in larger amounts
during the MV replication cycle (20), H arrived on the cell
surface before N. H was expressed on the membranes of 17%
of lymphocytes at 24 h after infection. N was detected on the
cell membrane 48 h after infection, thus suggesting different
kinetics of plasma membrane translocation and indicating that
N and H may use different pathways to reach the cell surface.
When infected PBLs were incubated with BFA, which is capa-

ble of blocking intracellular membrane trafficking, the percent-
age of N-positive cells was dramatically decreased, returning to
the initial level 2 h after the removal of BFA (Fig. 1B). Similar
results were obtained with monensin, another intracellular
transport inhibitor (data not shown), showing that the capacity
of N to reach the cell membrane is associated with intracellular
transport.

MV replication was necessary for the surface expression of
N, as evidenced by the fact that PBLs incubated with UV-
inactivated MV expressed neither N nor H at the cell mem-
brane (Fig. 1C). PBLs were then infected with one of several
different wild-type MV strains—G954 (Fig. 1C), G945, or
G943 (data not shown)–or with the recombinant virus MGV or
the corresponding molecularly cloned control EDtag. In all
cases, N was observed to be expressed on the surfaces of
infected PBLs. Analysis of cells by immunofluorescent micros-
copy revealed that N was clustered in focused regions of the
plasma membrane (Fig. 1D). Identical results were obtained
with two different anti-N MAbs recognizing either the C-ter-
minal or the N-terminal part of N (data not shown), indicating

FIG. 1. MV N is expressed at the cell membranes of infected PBLs. (A) Human PBLs were infected with MV strain Edmonston (MOI, 0.5),
and the cell surface expression of N and H was analyzed by immunocytometry at different times after infection. The percentage of positive cells
is given in the corner of each quadrant. (B) PBLs were infected with MV Edmonston; 48 h later, they were incubated with BFA (1 �g/ml) for 4 h;
afterwards they were either stained or washed thoroughly, incubated for an additional 2 h at 37°C, and stained. (C) PBLs were infected with
wild-type MV strain G954 (MOI, 0.1), previously inactivated or not by UV irradiation, or with the H- and F-deficient recombinant MV strain
(MGV) or its molecularly cloned control (EDtag) (MOI, 0.5). N and H expression was analyzed 48 h postinfection. An isotype control for anti-N
staining was used in all experiments; less than 0.5% of cells were positive with this control. (D) Immunofluorescence staining of N on
nonpermeabilized human PBLs infected with wild-type MV, merged with transmitted light image.
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that epitopes on both domains are accessible at the cell mem-
brane. Taken together, these observations demonstrate that N
is transported from the cytoplasm to the cell membrane inde-
pendently of MV glycoproteins and the type of MV strain used
for infection.

N expression at the plasma membrane requires Fc�RII.
Cytofluorometric studies showed that not all MV-infected
PBLs can express N at the membrane (Fig. 1), and this pro-
portion was related to the percentage of cells expressing the N
receptor, Fc�RII. Analysis of infected human tonsillar lympho-
cytes revealed high N expression at the surfaces of those cells
expressing Fc�RII (Fig. 2A). This prompted us to analyze the
requirement of Fc�RII expression for export of N to the mem-
brane. The murine B-cell line IIA1.6 and its Fc�RIIb trans-
fectant were infected with a recombinant vaccinia virus ex-
pressing MV N, and cells were analyzed for expression of N on
their surfaces (Fig. 2B-C). Expression of N on the cell mem-
brane was detected only for Fc�RIIb-IIA1.6 cells. In accor-
dance with these results, expression of N was not observed on
the surfaces of cells lacking Fc�R (N-transfected murine L
fibroblasts, MV-infected Vero cells, and human T lympho-
cytes) but was readily detected on the Fc�R-expressing human
B-cell lines Raji and Daudi and the human monocyte line
THP-1 when they were infected with MV (data not shown).

To confirm the association of these two proteins, MV-in-
fected PBLs and cells of the Fc�R-positive mastocytoma line
P815 that had been transfected with either the MV n or the
MV m gene were analyzed by confocal microscopy. When cells
were labeled for both N and Fc�R, cell surface N colocalized
with Fc�R both in infected PBLs (Fig. 2F) and in P815-N cells

(Fig. 2I), producing the characteristic clusters in focused re-
gions of the plasma membrane. After single labeling for Fc�R,
a similar type of Fc�R staining in clusters was observed, in
contrast to uniform staining in the absence of N (as in Fig. 2L),
confirming the aggregation of N and Fc�R at the cell surface
and excluding the potential effect of the anti-N MAb (data not
shown). When cells were labeled for the expression of other
cell surface structures, such as sphingolipid-rich raft microdo-
mains, no colocalization with N was observed, suggesting that
formation of cell membrane N-Fc�R aggregates does not oc-
cur in the raft microdomains (data not shown). Finally, the
same pattern of uniform cell surface expression of MHC class
I molecules was observed on both P815-N and P815-M cells,
suggesting that formation of N-Fc�R clusters on the cell mem-
brane does not perturb the expression of the other surface
proteins (data not shown). Altogether, these results point to
the critical role of Fc�R for the cell surface expression of N.

N enters the late endocytic compartment and binds Fc�R.
We next analyzed the intracellular distribution of N by electron
microscopy and immunogold labeling. The presence of N was
detected in the cytoplasm and nuclei of P815-N cells, as de-
scribed previously for different infected cell types (20), but also
in the plasma membrane and in some intracellular vesicles
(Fig. 3A and B), indicating translocation of N from the cytosol.
Immunogold labeling for N, performed as a negative control
on P815-M cells, showed a very low level of background stain-
ing (data not shown), confirming specific N expression in
P815-N cells. However, N was not found in the Golgi complex
by either electron or confocal microscopy using an anti-p23 Ab

FIG. 2. Delivery of MV N to the cell surface requires Fc�R expression. (A) Tonsillar lymphocytes were activated by interaction with CD40-L
and infected with MV Edmonston (MOI, 0.5), and cell membrane expression of N and Fc�R was analyzed 48 h postinfection. (B) IIA1.6 cells or
(C) IIA1.6 cells transfected with human Fc�RIIb1 were infected with a recombinant vaccinia virus expressing MV N protein (MOI, 0.01) for 24 h
and analyzed by immunocytometry for expression of N on cell membranes. (D to F) Nonpermeabilized human PBLs, (G to I) P815-N cells, or (J
to M) P815-M cells were analyzed by confocal microscopy for cell surface expression of N (red) and Fc�R (green). (K) M protein expression (blue)
is detected after cell permeabilization. (F and I) Yellow color in the merged panels shows the colocalization of N and Fc�R.
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specific for the transmembrane protein of Golgi complex and
the early secretory pathway (39) (data not shown).

Because transport of N to the cell surface was BFA sensitive
(Fig. 1B) and BFA has been shown to affect endosomes and
lysosomes in addition to the Golgi system (30), we analyzed the
localization of N in the endolysosomal compartment (Fig. 3C).
N colocalized with cathepsin B, an enzyme present in lyso-
somes and late endosomes. Interestingly, Fc�R staining also
colocalized with N and cathepsin B, demonstrating the associ-
ation of N and Fc�R in the late endocytic compartment. More-
over, while in P815-M cells, the majority of Fc�R was ex-
pressed on the cell surface, rarely colocalizing with cathepsin
B, in P815-N cells and infected B cells, most of the Fc�R
staining colocalized with cathepsin B, forming large clusters,
illustrating the capacity of N to drive Fc�R into the endolyso-
somal compartment. Furthermore, analyses of N distribution

in MV-infected T lymphocytes, the majority of which did not
express Fc�R, also revealed the colocalization of N and ca-
thepsin B in similar large clusters. These results were con-
firmed by using MV-infected Fc�R-negative Jurkat cells, and
localization of N in lysosomes in MV-infected T and B lym-
phocytes, as well as in the Raji, Daudi, and THP-1 cell lines,
was also observed by using the lysosomal marker Lamp-1 (data
not shown). Altogether, these results show that N, indepen-
dently of Fc�R, is able to enter into the endolysosomal path-
way and there induce the recruitment of its receptor, required
for N expression on cell membranes.

MV N is secreted and binds to neighboring cells. We next
studied whether N can be secreted from viable cells, and we
analyzed its presence in different fractions obtained by differ-
ential centrifugation of cell culture supernatants. While Fc�R
was found enriched in fractions corresponding to exosomes

FIG. 3. Intracellular localization of MV N. (A and B) Representative examples of ultrathin sections of P815-N cells, analyzed by electron
microscopy. Immunogold labeling revealed N in the cytoplasm, plasma membrane, and cytoplasmic vesicles (arrows). v, vesicle; m, cell membrane.
Bars, 200 nm. (C) P815-N or P815-M cells or infected (G954; MOI, 0.1) human B lymphocytes or T lymphocytes were permeabilized and analyzed
by confocal microscopy for intracellular expression of N (red), Fc�R (green), or cathepsin B (blue). Yellow in merged panels, colocalization of N
and Fc�R; purple, colocalization of N and cathepsin B; white, all three markers.
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(Fig. 4A) and immunostained with either the exosome-specific
tetraspan protein CD81 (Fig. 4B) or anti-exosomal polyclonal
antibodies (data not shown), the majority of N was found in
subsequent fractions with higher density (Fig. 4C). This disso-
ciation of N from Fc�R may be favored by decreasing concen-
trations of N, once it has reached an extracellular environment.
Antibodies specific to either the N-terminal or the C-terminal
region of N recognized secreted N, suggesting that both do-
mains were preserved after secretion (data not shown). The
fractions containing N were not associated with LBPA, a lipid
linked to late endosome-derived microvesicles and exosomes
(27) (Fig. 4D and E), demonstrating that secreted N is not
associated with microvesicles and Fc�R.

A potential consequence of N dissociation from Fc�R would
be the ability of secreted N to reach neighboring cells and bind
their cell surface Fc�R. P815-N and P185-M cells were there-
fore cultured in adjacent compartments separated by a mem-
brane and then analyzed by confocal microscopy. After cocul-
ture with P815-N cells, some P815-M cells stained for N (Fig.
4F), and N colocalized with Fc�R (Fig. 4H), demonstrating
that N can be secreted and bind to the Fc�R of neighboring
cells. In addition to cell surface binding, N could also be in-
ternalized in P815-M cells, as revealed by confocal microscopy
(Fig. 4). Finally, secretion of N was monitored by time-lapse
imaging of P815-N cells labeled for N, showing the transit of N

from the cytosol to the membrane and its release outside the
cell (Fig. 4I; see also Movie S1 in the supplemental material).
Similarly to the observation with immunofluorescence staining
in Fig. 1D, the majority of membrane N staining is localized to
one pole of the cell. One particular labeled N molecule was
monitored for 9 min, from its appearance in the cytoplasm to
its release in the extracellular environment. Thus, in addition
to its cell membrane localization, N can be also liberated into
the extracellular compartment and bind neighboring cells.

Cell-derived N inhibits IL-12 p40 secretion and the hyper-
sensitivity reaction. Finally, we analyzed whether cell-derived
N could affect the secretion of IL-12, the central cytokine in
the development of cell-mediated immunity. Cells of the hu-
man monocyte line THP-1 were stimulated with IFN-� and
LPS in order to induce IL-12 secretion and were then incu-
bated with P815-N or P815-M cells. Coculture with P815-N
cells, but not with P815-M cells, decreased the production of
IL-12 p40 from monocytes (Fig. 5A). Further, inhibition of
IL-12 p40 secretion was observed when recombinant MV N
was incubated for 24 h with either monocytes (Fig. 5B) or
murine macrophages (RAW 264.7) (Fig. 5C). These results
demonstrate that cell-derived N, as well as exogenous recom-
binant N, inhibits IL-12 secretion.

Since inhibition of IL-12 secretion was observed with both
human and murine cells, we analyzed the immunopathological

FIG. 4. MV N is secreted and binds to neighboring cells. P815-N supernatants were subjected to CsCl gradients. After centrifugation, fractions
were collected and analyzed by Western blotting for (A) Fc�R, (B) CD81, and (C) N. (D) LBPA content in different fractions was determined
by ELISA. (E) N content in different fractions was evaluated by phosphorimager. (F-H) P815-M cells, cultured 48 h with P815-N cells in transwell
cultures (F and H) or alone (G), were analyzed for expression of Fc�R, MV N, and MV M protein by confocal microscopy. N and Fc�R expression
is visualized by red and green, respectively. (F, G) M expression was analyzed after cell permeabilization and is visualized in blue. (H) Yellow in
merged panels shows colocalization of N and Fc�R. (I) Dynamics of cellular transit of N. Images are extracted from time-lapse video analysis of
P815-N cells stained by an anti-N MAb, merged with a transmitted light image. Arrowheads follow a representative N-labeled spot up to its release
from the cell surface and dispersion in the extracellular milieu.
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importance of cell-derived N in vivo in mice. We used the IL-
12-dependent hypersensitivity reaction to an allergen, DNFB.
P815-N or P815-M cells were injected into syngeneic mice, and
mice were sensitized to DNFB. Mice were then challenged by
DNFB applied to the ear, and the inflammatory reaction, in
the form of ear swelling, was measured 24 h later (Fig. 5D). In-
jection of P815-N cells, like injection of recombinant N, inhib-
ited the inflammation. These results demonstrate that cell-de-
rived N induces immunosuppression in vivo, revealing a novel
mechanism for immune abnormalities observed during measles.

DISCUSSION

One of the major difficulties in understanding the mecha-
nism of MV-induced immunosuppression is to reconcile the
small number of MV-infected cells with the development of a
profound immunosuppression persisting for several weeks af-
ter the peak of infection. This study reveals the important role
of MV nucleoprotein in the pathogenesis of this phenomenon.
Recombinant MV N has been shown previously to bind both
human and murine cell surface Fc�RII and to inhibit antibody
synthesis (36) and dendritic cell activity (31). However, the
mechanism used by this cytosolic protein to reach the extra-
cellular environment and bind Fc�R remained elusive. Al-
though release of N after the death of infected cells is one
possibility, this study demonstrates another, complementary
mechanism, whereby N translocates to the plasma membranes

of infected cells, is secreted into the extracellular milieu, and
therefore becomes directly available to interact with unin-
fected cells and induce immunosuppression.

N has been reported to associate with MV phosphoprotein
(24) as well as with cellular heat shock protein (34) and the
interferon regulatory factor IRF-3 (47). However, delivery of
N to the cell surface has not been reported before. This study
demonstrates the requirement of Fc�R for the plasma mem-
brane expression of N; Fc�R is expressed principally on B
lymphocytes, monocytes, mastocytes, and dendritic cells (1),
which are not the common cell types used to propagate MV in
the laboratory, making the observation of the cell surface ex-
pression of N less evident.

The capacity of the cytosolic protein N to translocate to the
plasma membrane raised many intriguing questions concern-
ing its intracellular transport mechanism. In contrast to the
MV matrix protein, which targets the inner cell membrane only
in the presence of some component(s) provided by the MV-
infected cell (38), our results demonstrate that N does not
require any other viral protein to reach the cell surface, sug-
gesting some other mechanism of intracellular transport. It is
tempting to speculate that MV N translocates to the plasma
membrane using a nonclassical transport mechanism, as has
been reported for some other virus proteins (35). This study
revealed that recruitment of N into the late endocytic com-
partment is associated with the formation of large vesicular
structures, strongly suggesting the capacity of N to accumulate

FIG. 5. MV N inhibits IL-12 secretion and the contact hypersensitivity reaction. (A and B) THP-1 or (C) RAW 264.7 cells were activated by
IFN-� and then stimulated with LPS in the presence of different numbers of P815-N or P815-M cells (A) or soluble recombinant N (rN) (B and
C). IL-12 p40 production was analyzed by ELISA. Error bars correspond to standard deviations from duplicate samples. (D) Groups of five DBA-2
mice were injected intraperitoneally with either 2 � 106 P815-N cells or 2 � 106 P815-M cells, or with 100 �g of rN or PBS. Mice were sensitized
5 days later (P815-N and P815-M groups) or 6 h later (N and PBS groups) with DNFB, or were left unsensitized, and were challenged after 5 days
with DNFB. Results are expressed for each mouse at 24 h after challenge, and the mean for each group is illustrated by a horizontal line. *, P �
0.05 by Student’s t test; **, P � 0.01 by Student’s t test.
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in late endosomes and lysosomes, as has been shown for the
HIV protein Nef (40). Furthermore, the strong increase in
Fc�R localization in the endolysosomal compartment in in-
fected B lymphocytes and P815-N cells demonstrates that N is
able to drive Fc�R into the endocytic pathway. This is partic-
ularly surprising in the case of Fc�RIIb1, the major Fc�R
isoform expressed in B cells, known to be inefficient at inter-
nalization even after the binding of a polyvalent ligand (1), and
suggests the remarkable difference between N and other Fc�R
ligands. Finally, colocalization of N with cathepsin B and
Lamp-1 in T lymphocytes, but lack of N expression on the
membranes of these Fc�R-negative cells, confirms the trans-
location of N after its cytosolic synthesis into the late endocytic
compartment and consequent Fc�R-mediated binding to the
plasma membrane (Fig. 6). Interaction of N with Fc�R in
endolysosomes may protect N from proteolytic cleavage in this
compartment and allow its expression on the cell surface.

The secretion of N, revealed by this study, was not associated
with the exosomal microvesicle fraction, in contrast to the
immunosuppressive LMP1 protein, shown to be secreted in the
form of exosomes in Epstein-Barr virus-infected B cells (8).
Since lysosomal exocytosis has been demonstrated to be im-
portant for removing excessive undigested material from the

cell (2), our results suggest that this pathway may be a part of
a process of export of excess N from MV-infected cells. Alto-
gether, these results open new avenues toward further analysis
of the intracellular fate of N and the modulation of cellular
pathways induced by this protein.

The relative importance of different MV proteins in the
induction of immunosuppression has been suggested in several
different studies. The interaction of the MV glycoproteins H
and F expressed on the cell membranes of infected PBLs with
an unknown receptor expressed on the surfaces of different types
of hematopoietic cells has been shown to inhibit cell-prolifer-
ation (41) and disrupt Akt kinase activation in T lymphocytes
(4), and MV envelope proteins have been demonstrated to
limit the capacity of mouse B cells to produce MV-neutralizing
antibodies (12). Further, cell membrane-associated MV com-
ponents have been reported to inhibit antigen processing of
mononuclear cells to antigen-specific T cells (32). The exis-
tence of a soluble factor, capable of inhibiting lymphocyte
proliferation, produced by infected PBLs or B-cell lines has
been demonstrated (14, 19). Whether N or its fragments may
have some of the immunosuppressive effects seen in these
studies remains to be analyzed. In contrast to MV membrane
glycoproteins, which could express their immunosuppressive
action only in the context of the infected cell membrane, N can
in addition be secreted and contribute to the immunosuppres-
sive effect of MV glycoproteins. In this manner, N can increase
its ability to bind distant, uninfected Fc�R-expressing cells
essential for the immune response, such as macrophages or
dendritic cells, and consequently to perturb their function. In
addition, secreted N may carry out its immunosuppressive ac-
tivity via a recently identified, widely expressed receptor dis-
tinct from Fc�RII (29). Furthermore, the circulation of the few
MV-infected blood cells could be a way to deliver N to a wide
number of uninfected cells and affect their function.

In children infected with MV, production of IL-12 is de-
creased (3). Inhibition of IL-12 secretion has been suggested to
be an important mechanism of suppression of cellular immu-
nity during measles, induced by interaction of MV H (vaccine
strain) with the MV receptor CD46 (26). However, the recent
identification of CD150 (SLAM) as a receptor for wild-type
MV made this hypothesis less likely, since the majority of wild
type MV strains do not seem to use CD46 (46). Regulation of
IL-12 production is Fc�R dependent (19), and inactivated MV
was unable to inhibit IL-12 production by dendritic cells in
Fc�R-deficient mice (31). The results presented in this study
demonstrate that N inhibits IL-12 secretion. Thus, the N-Fc�R
interaction might play a double role in MV-induced immuno-
suppression, allowing (i) expression of N on the cell membrane
after the translocation of N from the endocytic compartment in
the infected cell and (ii) a direct immunosuppressive effect
after binding of either the membrane or secreted N to Fc�R on
uninfected cells. Because infection with both wild-type and
vaccine strains of MV produces N capable of interacting with
Fc�R, this mechanism could play an important role in the
immunological alterations observed during natural measles as
well as after anti-measles vaccination.

Surprisingly, N induces a good anti-N immune response, and
the most abundant and the most rapidly produced antibodies
in measles patients are those specific to N (18). It has been
demonstrated that buccal application of recombinant N with-

FIG. 6. Proposed model for delivery of MV N to cell membranes.
N is synthesized in the cytosol of MV-infected cells and participates in
the formation of new virus particles (step 1). In addition, excess N
translocates directly into the endolysosomal compartment, where it
interacts with Fc�R, forming large clusters (step 2); then N is exported
to the cell surface and/or released extracellularly (step 3). Finally, due
to its oligomeric structure, cell surface-expressed N could induce the
capping of free Fc�R and facilitate its endocytosis and further local-
ization in the late endocytic compartment (step 4). Cell surface-bound
N may interact with neighboring cells expressing Fc�R and induce
immunosuppression, while secreted N could, in addition, modulate the
immune response in distant targets.
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out any adjuvant induces dendritic cell migration and cytotoxic
responses in mice (11). Thus, immunosuppression during mea-
sles is accompanied by a strong anti-measles immune response,
particularly against N, presenting an “immunological paradox”
(20, 22). Interestingly, the Fc�R-mediated internalization of
immune complexes by dendritic cells has been shown to be
associated with efficient cross-priming (37), as well as the en-
hancement of MHC class II antigen presentation (1). There-
fore, the internalization of the Fc�R-N complex shown in this
study may play a role in the generation of a good anti-N
immune response during measles infection (Fig. 6). The mo-
lecular mechanism of the apparent paradox of measles is not
yet understood, but the results presented in this work offer
some clues for future studies of the intracellular processing of
N, which may be important for its immunosuppressive action
as well as for immunostimulatory action.

Altogether, this study provides compelling evidence that a
small number of MV-infected cells are able to induce immu-
nosuppression via cell-derived MV N, suggesting a major role
of this protein in the perturbation of the immune response
during measles and revealing a novel viral strategy in measles
pathogenesis. Future studies should define the sites of inter-
action between N and Fc�R and allow the design of specific
inhibitors of this interaction, providing a framework for inter-
vention during measles. Finally, N or its fragments may have
potential therapeutic application in immunomodulatory pro-
tocols aimed at treating IL-12-mediated inflammatory diseases
or preventing graft rejection in transplanted patients.
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