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Lassa virus (LV) and Mopeia virus (MV) are closely related members of the Arenavirus genus, sharing 75%
amino acid sequence identity. However, LV causes hemorrhagic fever in humans and nonhuman primates,
whereas MV cannot induce disease. We have previously shown that antigen-presenting cells (APC)—macro-
phages (MP) and dendritic cells (DC)—sustain high replication rates of LV but are not activated, suggesting
that they play a role in the immunosuppression observed in severe cases of Lassa fever. Here, we infected
human APC with MV and analyzed the cellular responses induced. MV infection was productive in MP and
even more so in DC. Apoptosis was not induced in either cell type. Moreover, unlike DC, MP were early and
strongly activated in response to MV, as shown by the increased surface expression of CD86, CD80, CD54,
CD40, and HLA-abc and by the production of mRNA encoding alpha interferon (IFN-�), IFN-�, tumor
necrosis factor alpha and interleukin-6. In addition, MV-infected MP produced less of the virus than DC,
which was related to the fact that these cells secreted IFN-�. Thus, the strong activation of MP is probably a
major event in the control of MV infection and may be involved in the induction of an adaptive immune
response in infected hosts. These results may explain the difference in pathogenicity between LV and MV.

Lassa fever, a hemorrhagic disease caused by Lassa virus
(LV), is endemic in West Africa, where it causes between 5,000
and 6,000 deaths annually (29). LV, an Arenavirus belonging to
the Arenaviridae family, is constituted of two segments of sin-
gle-stranded RNA. The small segment, S, encodes the full-
length envelope glycoprotein (GP) precursor, cleaved into
GP1 and GP2 after translation (22), and the viral nucleopro-
tein (NP). The large segment, L, encodes the RNA polymerase
(L) and a small zinc protein (Z) involved in the regulation of
transcription (34). LV induces persistent and asymptomatic
infections in its natural host, the peridomestic rodent Masto-
mys sp. (29). Humans are infected following cutaneous or
mucosal contact with contaminated blood, feces, or urine from
these rodents. Human-to-human transmission is often ob-
served, particularly during nosocomial outbreaks (29). The se-
verity of the illness in humans may range from asymptomatic
infection to severe hemorrhagic fever. The first symptoms ap-
pear within 10 days: headache, fever, and asthenia are the most
common. A few days later, diarrhea, vomiting, renal or hepatic
disorders, and hemorrhages may appear. In the severe form,
multisystem failure with hypotension and hypovolemia can
lead to death (13). Symptoms disappear 15 days later in sur-
viving patients, but deafness occurs in about one-third of pa-
tients (11). No vaccine is presently available, and treatment
with ribavirin, the only antiviral drug able to cure patients, has
to be initiated as soon as possible, within the first 7 days after

infection to be efficient, limiting its use in countries of ende-
micity (28).

Immune responses to LV are not well understood. Macro-
phages (MP) and dendritic cells (DC) are the main targets of
LV (2, 26), but hepatocytes (38) and endothelial cells (23) can
also be infected. As MP and DC are essential to induce and
regulate immune responses, their early infection may be cru-
cial for the progression of the disease. Specific antibodies
against LV are not correlated with survival in humans or non-
human primates (15, 17). Instead, cellular immune responses
against GP seem important to the control of infection (15).
Conversely, immunosuppression could be at the origin of se-
vere cases of Lassa fever, as described for mice infected with
lymphocytic choriomeningitis virus (LCMV) (6). To improve
our understanding of the immune mechanisms that occur dur-
ing Lassa fever, we compared the responses of antigen-pre-
senting cells (APC) infected with Mopeia virus (MV) to those
recently described for LV-infected APC (2). Indeed, MV is
closely related to LV, sharing 75% amino acid identity (7), and
it is also isolated from the same reservoir. MV is not patho-
genic for humans or nonhuman primates and can protect mon-
keys from a lethal challenge with LV (21). Moreover, unlike
MV, LV suppresses the expression of the proinflammatory
chemokine interleukin-8 (IL-8) (at the mRNA and protein
levels) in endothelial cells and is a stronger down-regulator of
IL-8 than MV in MP (23). Here, we analyzed the in vitro
production of MV particles in MP and DC and the expression
of cell surface molecules. We also determined the levels of
mRNA encoding various cytokines and the amounts of the
corresponding proteins secreted. Finally we studied the role of
alpha/beta interferon (IFN-�/�) or their inducers in the con-
trol of MV replication. Comparison of the results obtained
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with MV and LV revealed differences in innate immune re-
sponses that could explain the different clinical outcomes ob-
served with these two viruses.

MATERIALS AND METHODS

MV. MV strain AN23166, isolated from Mastomys sp. in Mozambique (39),
was kindly provided by C. Clegg and G. Lloyd (National Collection of Pathogenic
Viruses, Centre for Applied Microbiology and Research, Porton Down, Salis-
bury, United Kingdom). MV was grown on Vero E6 cells cultured in Dulbecco’s
modified minimum Eagle’s medium (DMEM) with 2% fetal calf serum (FCS),
1% penicillin-streptomycin, 1% nonessential amino acids (all from Invitrogen,
Cergy Pontoise, France) (full DMEM–2% FCS) at 37°C in a 5% CO2 atmo-
sphere. The culture supernatant was harvested 4 days after infection, and the
viral titer was determined to be 108 focus-forming units/ml. Vero E6 cells and the
MV strain were not contaminated with mycoplasma (data not shown).

Titration assays. Serial 10-fold dilutions of MV-infected MP, DC, or Vero E6
cell supernatants (500 �l) were incubated in full DMEM–2% FCS for 1 h at 37°C
on Vero E6 cells grown at confluence. Carboxymethyl cellulose (1.6%; BDH
Laboratories, Poole, United Kingdom) in full DMEM–2% FCS was then added,
and plates were incubated at 37°C in a 5% CO2 atmosphere for 6 days. Cells were
fixed with 3.7% formaldehyde (Sigma, St Louis, Mo.) in phosphate-buffered
saline (PBS; Invitrogen), washed, and permeabilized with 0.5% Triton X-100
(Sigma) in PBS. Monoclonal antibodies (MAbs), kindly provided by P. Jahrling
(U.S. Army Medical Research Institute for Infectious Diseases, Fort Detrick,
Md.), specific for MV GP2 (hybridoma L53-237-5), MV NP (hybridoma YQB06-
AE05), or LV NP (hybridoma L52-54-A6, which also recognizes MV NP) were
then added for 3 h at 37°C. Peroxidase-conjugated goat anti-mouse antibody
(Sigma) was then added for 1 h at 37°C, and infected cell foci were revealed with
diaminobenzidine.

Preparation of MP and DC. Monocytes were isolated from the blood of
healthy donors provided by the Etablissement Français du Sang (Lyon, France)
as previously described (2). Purified monocytes were cultured for 6 days in RPMI
with 1% penicillin-streptomycin, 1% nonessential amino acids, 1 M HEPES, and
10% FCS (full RPMI–10% FCS) containing recombinant human macrophage
colony-stimulating factor (20 ng/ml) (PeproTech, Rocky Hill, N.J.) to obtain MP.
To prepare immature DC, purified monocytes were cultured in full RPMI–10%
FCS containing recombinant human granulocyte-macrophage colony-stimulating
factor (2,000 IU/ml) and recombinant human IL-4 (rhIL-4; 1,000 IU/ml) (Pep-
roTech). In both cases, 40% of the culture medium and the initial amount of
cytokines were renewed every 48 h.

Infection of MP and DC with MV. After 6 days of culture, MP and DC were
harvested and then infected with virus-free Vero E6 cell supernatants (mock) or
with MV at different multiplicities of infection (MOI) for 1 h at 37°C. Low MOI
(0.2) were used for titration assays to favor production of viral particles, whereas
MOI of 2 were chosen for other studies. Cells were then washed three times and
cultured at 106 cells/ml. In some experiments, cells were stimulated 2 h after
infection with soluble CD40 ligand (sCD40L) (200 ng/ml) and enhancer (1
�g/ml) (Alexis Biochemical, Lausanne, Switzerland) or lipopolysaccharide (LPS)
(0.5 �g/ml) from Escherichia coli (Sigma). In other cases, cells were cultured in
the presence of rhIFN-�2b (5 ng/ml), IFN-� (10 ng/ml), IFN-� (10 ng/ml)
(PeproTech), neutralizing MAb anti-CD118 (4 �g/ml) (PBL; Biomedical Labo-
ratories, Piscataway, N.J.), or poly(I-C) at 120 �g/ml (Pharmacia).

Flow cytometry. To evaluate the expression of cell surface molecules, MP and
DC were harvested, centrifuged, and incubated for 10 min in PBS containing 5%
AB� human serum. Cells were then incubated for 25 min at 4°C with different
MAbs (0.1 �g/ml) conjugated to fluorescein (FITC) (HLA-DR, CD14, CD16
[Immunotech, Marseille, France], and CD86 [BD Pharmingen, San Jose, Calif.]),
phycoerythrin (PE) (CD25, CD80, CD83 [Pharmingen], CD11c [BD], CD1a, and
CD40 [Immunotech]), Cy5 chrome (Cy5) (HLA-abc, CD54, CD95, and CD40
[Pharmingen]), or PE-cyanin 5 (ILT3 [Immunotech]). Isotypic controls were
performed with the following irrelevant MAbs: FITC-conjugated immunoglob-
ulin G1(�) [IgG1(�)], PE-conjugated IgG2a(�), and Cy5-conjugated IgG1(�) (all
from BD Pharmingen). The purity of monocytes was checked by using the
following lineage-specific MAbs: PE-conjugated CD19 and PE-cyanin 5-conju-
gated CD3 (Immunotech). The differentiation of monocytes into DC was as-
sessed with anti-CD1a (Immunotech). Stained cells were washed in 2.5% FCS in
PBS and resuspended in 3% paraformaldehyde in PBS. To detect apoptosis, cells
were double stained with annexin V-FITC and 7-amino-actinomycin D according
to the manufacturer’s instructions (BD Pharmingen). Finally, cells were analyzed
with a three-color flow cytometer (FacsCalibur; BD). Data were analyzed with

the Expo 32 ADC software (Applied Cytometry Systems, Dinnington, United
Kingdom).

Phagocytosis. The phagocytic capacity of DC was determined by measuring
the internalization of dextran-FITC 3 days after infection. DC were incubated
with 0.1 mg of dextran-FITC/ml for 1 h at 37°C or at 4°C as a control. Cells were
then washed, resuspended in 3% paraformaldehyde in PBS, and analyzed by flow
cytometry.

Analysis of mRNA by RT-PCR. Total RNA was extracted from 5 � 105

MV-infected or control cells with the RNeasy kit (Qiagen, Hilden, Germany).
Genomic DNA was eliminated by DNase I (RNase-free DNase set; Qiagen)
digestion. To synthesize cDNA, reverse transcription (RT) was performed with
100 U of SuperScript II reverse transcriptase, 2.5 U of RNase inhibitor, 0.5 �g
of oligo(dT), 0.1 M dithiothreitol, 5� first-strand buffer (all from Invitrogen), 10
mM deoxynucleotide triphosphate mix (Pharmacia), and one-fifth of the ex-
tracted RNA. The resulting cDNA was subsequently amplified by qualitative or
quantitative PCR (TaqMan; Applied Biosystems, Courtaboeuf, France). Quali-
tative PCR was performed with 1 U of Taq polymerase, 10� PCR buffer (In-
vitrogen), 0.4 �M concentrations of each primer (Applied Biosystems), and 10
mM deoxynucleotide triphosphate mix (Pharmacia). The following primers were
used: for �-actin, 5�-CAGGCACCAGGGCGTGAT-3� and 5�-GCCAGCCAG
GTCCAGACG-3�; for IFN-�, 5�-ACTTTGGATTTCCCCAGGA-3� and 5�-CA
GGCACAAGGGCTGTATT-3�; for IL-6, 5�-AGTTGCCTTCTCCCTGG-3�
and 5�-ATTTGCCGAAGAGCCCTCA-3�. Lack of contamination by genomic
DNA was checked by amplifying RNA without RT. PCR products were visual-
ized by electrophoresis on a 1.5% agarose gel. Real-time PCR was performed
with commercial primers and Taq	an probes for TNF-�, IL-1�, IL-10, IL-12p35,
and CCR-7 (Applied Biosystems). We designed a specific probe and specific
primers for IFN-�: probe, 5�-AACTTGCTTGGATTCCT-3�; forward primer,
5�-TCTCCACGACAGCTCTTTCCA-3�; reward primer, 5�-ACACTGACAAT
TGCTGCTTCTTTG-3�. The �-actin gene was amplified in duplex with a com-
mercial probe and primers (Applied Biosystems) to allow normalization of the
results. TaqMan Universal PCR master mix (Applied Biosystems) was used to
amplify genes. Data were then analyzed as follows: 
Ct � gene Ct � �-actin Ct,
where Ct represents the cycle threshold of the �-actin gene and the amplified
gene. Means were calculated as follows: 2�(
Ct1 � 
Ct2 � . . . � 
Ctn)/n.

Detection of cytokines in supernatants of MV-infected cells. The following
commercial kits were used to determine the amount of cytokines produced by
MP or DC: hIFN-� enzyme-linked immunosorbent assay (ELISA) kit (PBL),
human tumor necrosis factor alpha (hTNF-�) ELISA kit, hIL-10 ELISA kit, and
hIL-1� ELISA kit (Sanquin Reagents, Amsterdam, The Netherlands). The con-
centration of cytokines is expressed in picograms per milliliter, except for IFN-�,
which is expressed in international units per milliliter (with 0.3 IU/pg).

Statistical analysis. The Student t test or the nonparametric Wilcoxon test was
used to compare mRNA levels and virus titers. Differences between two sets of
data were considered to be significant when the P value was 0.05 or 0.01. For
some experiments, the standard deviation (SD) was also determined. Statistic
tests were performed by using the Open Stat, version 3.4.1, software (developed
by W. G. Miller).

RESULTS

MV infection of MP and DC is productive. MOI of 0.01, 0.2,
and 2 were tested for Vero E6 cells, DC, and MP, and each cell
type was infected with the MOI that induced the most impor-
tant release of MV particles (data not shown). Vero E6 cells
were therefore infected with MV at an MOI of 0.01 while an
MOI of 0.2 was used for MP and DC. No cytolytic effect was
observed for any type of cells during the 9-day culture period.
Infection of both MP and DC with MV was productive (Fig. 1).
DC produced 10 to 100 times more viral particles than MP (P
 0.05); the titers almost reached the levels obtained with
Vero E6 cells. In both cell types, virus release was detected as
soon as 24 h after infection. Viral production peaked 24 to 48 h
and 72 h after infection of MP and DC, respectively. Replica-
tion subsequently decreased more rapidly in MP than in DC.
Immunofluorescence was performed 3 days after infection.
Viral NP was detected in MV-infected DC and MP, confirming
that most cells were infected (data not shown).
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MV does not induce apoptosis of MP and DC. To confirm
that MV did not affect the viability of MP or DC, viable cells
were enumerated after trypan blue staining. Cells were double
stained with annexin V and 7-amino-actinomycin D to distin-
guish between early apoptotic cells, late apoptotic or necrotic
cells, and viable cells. Two and four days after infection, the
numbers of control and MV-infected MP were similar regard-
ing viable cells (71 to 86% at day 2 and 78 to 84% at day 4 for
control and MV-infected MP, respectively), early apoptotic
cells (3 to 1% and 4 to 5%), and late apoptotic or necrotic cells
(26 to 13% and 18 to 11%). MV infection seems to slightly
inhibit the apoptosis of MP, but the difference was not signif-
icant. Similar data were obtained for DC for viable cells (80 to
84% at day 2 and 68 to 70% at day 4 for control and MV-
infected DC, respectively), early apoptotic cells (10 to 8% and
14 to 13%), and late apoptotic or necrotic cells (10 to 8% and
18 to 17%). Thus, MV did not induce the apoptosis of MP and
DC.

MV activates MP but not DC. Given that MV replicates in
both MP and DC, we evaluated their activation after MV
infection. Thus, we used flow cytometry to determine the ex-
pression levels of several cell surface molecules. The differen-
tiation of monocytes into MP or DC was checked by assessing
the surface expression of CD14 and CD1a. DC were charac-
terized by strong expression of CD1a and no CD14 (Fig. 2A),
whereas MP strongly expressed CD14 (Fig. 2B). The expres-
sion of CD86, CD80, CD40, CD54, HLA-DR, HLA-abc,
CD11c, CD95, CD25, and ILT-3 was not modified by MV
infection of DC in the first 4 days after infection (Fig. 2A). A
small increase in CD86, CD80, and CD11c expression and a
slight decrease in HLA-DR, HLA-abc, CD54, and CD40 ex-
pression were observed 7 days after infection of DC compared
to control cells, but these differences were not significant. Ex-

pression of CD83, a marker of mature DC, was similar in
MV-infected and control DC. Thus, DC were not activated by
MV and did not mature in response to infection. On the
contrary, a marked increase in CD86, CD80, CD40, and HLA-
abc expression was observed in MP just 2 days after infection
and was even greater 2 days later, whereas the synthesis of
CD54 was increased only 4 days after infection (Fig. 2B).
These data indicate that MP are strongly and durably activated
by MV and that this activation occurs early after infection.

DC do not mature in response to MV. We studied the func-
tional properties of DC by using flow cytometry to characterize
their capacity to internalize dextran-FITC. Immature DC have
a strong phagocytic capacity, whereas mature DC lose this
ability. Three days after infection with MV (MOI of 2), DC
internalized dextran-FITC in a similar manner to control DC
(Fig. 3). This result was consistent with the lack of increase of
CD83 and suggested that DC did not mature following infec-
tion with MV. When control DC were cultured with sCD40L,
their phagocytic ability was strongly reduced compared with
nonstimulated control DC (Fig. 3).

MV-infected MP, and to a lesser extent DC, produce mRNA
coding for inflammatory mediators. Qualitative RT-PCR
showed that IFN-� and IL-6 mRNA levels were elevated in
MV-infected MP 24 h after infection (MOI of 2) (data not
shown). IL-6 mRNA levels peaked at this time, whereas IFN-�
mRNA was still present 72 h after infection. Production by
MV-infected DC of mRNA encoding IFN-� was increased
from 48 h after infection.

Real-time RT-PCR data were consistent with these results.
We showed that MV-infected MP produced substantially more
IFN-� mRNA than control MP whatever the time after infec-
tion was (Table 1). The production peaked at 24 h postinfec-
tion (h.p.i.). MV-infected MP also produced significantly more
mRNA encoding TNF-� and IL-12p35 than mock-infected
MP, notably on the first day after infection. No difference was
found between the production of IL-1� and IL-10 mRNA by
MV-infected and control MP. MV-infected DC produced sig-
nificantly more IFN-� mRNA than control DC but 10 times
less than MP. Mock- and MV-infected DC produced similar
levels of mRNA encoding TNF-�, IL-1�, IL-12p35, IL-10, and
CCR-7. Thus, MV-infected MP appear to produce more
mRNA encoding inflammatory cytokines in response to MV
infection than DC, which only produce IFN-�/� mRNA in
small amounts. This confirms that MP are strongly activated by
MV while DC are only slightly activated.

MV-infected MP, but not DC, secrete IFN-�. As several
mRNAs encoding inflammatory cytokines were produced by
MV-infected APC, we determined whether these mRNAs
were translated into proteins. We therefore determined the
quantities of IFN-�, TNF-�, IL-1�, and IL-10 in cell superna-
tants. IL-1�, IL-10 (data not shown), and TNF-� were not
secreted by MV-infected MP, whereas moderate levels of
IFN-� were detected from 24 h after infection in the superna-
tants. Higher levels were detected 48 and 72 h after infection
(Table 2). Mock- and MV-infected DC secreted neither IL-1�
protein nor IFN-� protein (data not shown). Levels of TNF-�
and IL-10 were lower or equivalent in MV-infected DC super-
natants than in mock-infected cell supernatants, whatever the
time after infection was (Table 2).

FIG. 1. Production of viral particles by MV-infected MP and DC.
The production of viral particles in supernatants of MP (gray circles)
and DC (black circles) infected with MV (MOI � 0.2) is represented
as the mean � SD of the results from five and six independent exper-
iments for MP and DC, respectively. The production of MV by Vero
E6 cells (MOI � 0.01) is also indicated (white circles). Results are
expressed as the number of viral particles (focus-forming units [FFU])
per million cells, and the day zero time point represents the virus titer
2 h after the infection of cells.
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FIG. 2. Expression of surface molecules on MV-infected MP and DC. The expression of several molecules at the surface of DC (A) and MP
(B) was analyzed by flow cytometry 2, 4, and 7 (DC only) days after infection. Control DC or MP are represented by gray lines, and MV-infected
cells (MOI � 2) are represented by black lines. Isotype controls are shown as gray histograms. Data are representative of the results from five
independent experiments for DC and four independent experiments for MP.
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Role of IFN-�/� in control of MV replication. To determine
whether IFN-�/� could be involved in the control of viral
replication, DC and MP were infected with MV (MOI of 0.2)
or mock infected and were stimulated 2 h after infection with
LPS, rhIFN-�, IFN-�, IFN-�, poly(I-C), or neutralizing MAb
anti-CD118. The production of viral particles by DC and MP
was strongly inhibited when cells were cultured with IFN-�
(Fig. 4) or IFN-� (data not shown) (P  0.05). The drop in
virus production was even greater when DC and MP were
stimulated with poly(I-C) (P  0.05). In contrast, virus titers
were not altered when DC and MP were infected in the pres-
ence of IFN-� (data not shown). LPS reduced the release of
viral particles by DC (P  0.05) but had only a transient effect
at 24 h on MP. The neutralization of IFN-�/� receptors did not
modify the release of the virus by DC, whereas it significantly
(P  0.05) enhanced viral production by MP. These results

confirmed that IFN-�/� is not secreted by MV-infected DC
despite the synthesis of the respective mRNAs; this differs
from the situation for MV-infected MP. This experiment high-
lights the role of endogenous IFN-�/� produced by MV-in-
fected MP in the control of virus replication.

Production of mRNA encoding cytokines and a chemokine
receptor by MV-infected MP and DC activated by different

FIG. 3. Phagocytosis of dextran-FITC by MV-infected DC. Flow
cytometry was used to analyze the internalization of dextran-FITC by
DC 3 days after infection. Control cells incubated at 4°C are repre-
sented by the gray histogram, mock-infected DC are represented by
the gray line, and MV-infected DC (MOI � 2) are represented by the
thick black line. Control cells stimulated with sCD40L 2 h after infec-
tion are also shown (thin black line).

TABLE 1. Expression of mRNAs in MV-infected MP and DCa

Cell
type

Time
(h.p.i.)

Infection
type

Expression of:

IFN-� (10�4) TNF-� (10�2) IL-1� (10�1) IL-10 (10�2) IL-12p35 (10�4) CCR-7 (10�2)

MP 6 Mock 1.9 (0.9–4) 10 (3.3–25) 8.7 (1.7–150) 4.7 (1.7–11) NDb ND
MV 7.4 (1.5–28) 20 (2.4–103) 15 (1.4–170) 8.2 (2.5–19) ND ND

12 Mock 3.2 (2.6–4) 5.8 (3.3–11) 16 (6.2–40) 22 (8.8–58) ND ND
MV 52 (20–140) 22 (5.4–93) 9.3 (3.5–26) 14 (5.4–38) ND ND

24 Mock 0.6 (0.2–1.9) 2.4 (0.3–7.2) 0.9 (0.5–2.9) 3.8 (0.7–14) 0.6 (0.3–2.1) ND
MV 170*c (73–630) 15** (5.4–54) 0.8 (0.2–3.5) 6.7 (3.3–10) 26* (4.6–55) ND

48 Mock 0.7 (0.2–2.4) 3.4 (3.3–3.6) 0.8 (0.3–2.9) 3.1 (2.9–3.3) 14 (14–14) ND
MV 130* (96–180) 10 (7.7–13) 1.4 (1.1–1.9) 8.2 (3.6–20) 16 (16–16) ND

DC 6 Mock 4.6 (1.9–12) 76 (47–132) 1.6 (1.4–2) 0.6 (0.2–2.1) ND ND
MV 7.9 (7.4–8.5) 81 (38–174) 2 (0.8–5) 1.2 (1.2–1.3) ND ND

12 Mock 2.1 (0.5–9.8) 54 (20–152) 1.3 (0.8–1.9) 0.5 (0.1–1.9) ND ND
MV 5.6 (3.7–9.1) 47 (25–87) 1.1 (0.5–2.3) 1.1 (1–1.2) ND ND

24 Mock 0.3 (0.2–0.6) 2.2 (1.3–3.1) 0.2 (0.02–0.9) 1.1 (0.4–9.5) 0.9 (0.05–6) 4.4 (0.8–25)
MV 4.9* (1.4–14) 3.1 (1.7–6.7) 0.2 (0.01–1.3) 1.4 (0.2–9.5) 1.4 (0.08–9.1) 8.2 (1.6–38)

48 Mock 0.9 (0.4–4.9) 4.7 (0.8–107) 0.4 (0.1–1.3) 1.3 (0.5–2.4) 4.9 (4–7.9) 5.4 (1.8–9.5)
MV 11* (4.3–28) 6.7 (1–152) 0.7 (0.2–6.2) 2.5 (0.7–12) 4.3 (1.2–2) 11 (7.7–15)

a Averages of the results from six or five independent experiments at 24 and 48 h.p.i. are given for DC and MP, respectively. Averages of the results from two
independent experiments at 6 and 12 h.p.i. are also given for both MP and DC. Results represent the number of copies of the respective mRNA per the number of
copies of �-actin mRNA. The ranges of the results from the independent experiments are indicated in parentheses.

b ND, not determined.
c Significant differences between control cells and MV-infected cells at 24 and 48 h.p.i. are indicated by an asterisk (*) (P  0.01) or a double asterisk (**) (P  0.05).

Statistics were not calculated at 6 and 12 h.p.i. due to the low number of experiments.

TABLE 2. Production of inflammatory cytokines by MV-infected
MP and DCa

Cell
type

Time
(h.p.i.)

Infection
type

Amt of IFN-�
or IL-10b

Amt of
TNF-�

MP 6 Mock 3 7
MV 3 6

12 Mock 3 6
MV 3 6

24 Mock 30 6
MV 45 6

48 Mock 36 6
MV 76 6

72 Mock 3 6
MV 120 6

DC 6 Mock 10 110
MV 10 70

12 Mock 10 147
MV 8 47

24 Mock 34 46
MV 12 14

48 Mock 8 6
MV 6 10

72 Mock 12.8 24
MV 12 6

a Results are expressed in picograms per milliliter, except for those for IFN-�,
which are expressed in international units per milliliter. Results are averages of
those from two independent experiments.

b IFN-� was measured for MP, and IL-10 was measured for DC.
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stimuli. To assess whether the reduction of viral replication
observed with some stimuli was linked to the production of
IFN-�/�, MP and DC were infected at an MOI of 2 and
stimulated with the same molecules used in the previous ex-
periments. The level of IFN-� mRNA was determined by qual-
itative RT-PCR (data not shown). Only DC, infected or not,
produced consistent amounts of IFN-� mRNA after stimula-
tion with poly(I-C). MV-infected MP produced more IFN-�
mRNA than control cells in the presence of each stimulus
except poly(I-C), which induced strong levels of mRNA in both
control and MV-infected MP (data not shown). Data obtained
with MP and DC by quantitative RT-PCR demonstrated that
LPS was a very strong inducer of TNF-�, IL-1�, and IL-10 for

MP, as early as 6 h.p.i. (Table 3). Then the production of these
mRNAs rapidly decreased. The same results were obtained for
DC, even if the production of these mRNAs was always less
important than that of MP. poly(I-C) and, to a lesser extent,
IFN-� were very strong inducers of IFN-�, IL-12p35, and
TNF-� mRNAs in MP and DC, without a decrease after
6 h.p.i. for MP. It seems important that, concerning a majority
of cytokines, the production of mRNA was higher in mock-
infected APC at 6 h.p.i., whereas production was higher
in MV-infected APC at 24 h after infection (Table 3).
Thus, MV infection could probably interact early with the
stimuli, and this effect slowly disappears, being negligible at
24 h after infection. At this time, stimuli and MV infection may

FIG. 4. Replication of MV in stimulated DC and MP. The production of MV in DC (A) and MP (B) (MOI � 0.2) is represented as a function
of time after infection. DC and MP were stimulated 2 h after infection with medium (gray circles), LPS (white circles), rhIFN-�2b (black circles),
poly(I-C) (white squares), or neutralizing anti-CD118 (black squares). Results are expressed as the number of viral particles (focus-forming units
[FFU]) per million cells (mean � SD of the results from three independent experiments). The day zero time point represents the virus titer 2 h
after the infection of cells.

TABLE 3. Production of mRNA by MV-infected MP or DC stimulated with various molecules

Cell type and
stimulatory
molecule

Infection
type

Expression of mRNA at time (h.p.i.)a

IFN-� (10�4) TNF-� (10�2) IL-1� (10�1) IL-10 (10�2) IL-12
(10�4),

24
CCR-7,

246 12 24 6 12 24 6 12 24 6 12 24

MP
Medium Mock 1.9 3.2 0.6 10 5.8 2.4 8.7 16 0.9 4.7 22 3.8 0.6 NDb

MV 7.4 52 170 20 22 15 15 9 0.8 8.2 14 6.7 26 ND
LPS Mock 110 11 2.8 650 54 18 43,900 7,240 70 8,450 750 31 2.4 ND

MV 55 20 160 430 44 40 27,000 20,500 110 1,970 860 100 42 ND
IFN-� Mock 17 2.4 7.4 300 7.7 44 2.3 0.7 1.9 160 13 13 34 ND

MV 28 330 310 90 57 66 1.5 1.5 7.6 13 27 31 90 ND
poly(I-C) Mock 5,000 13,200 24,600 920 750 985 65 4.1 37 81 27 62 2,330 ND

MV 8,120 16,300 40,000 370 860 610 140 3.5 98 87 17 22 2,330 ND

DC
Medium Mock 4.6 2.1 0.3 76 54 2.2 1.7 1.3 0.2 0.6 0.5 1.1 0.9 0.04

MV 7.9 5.6 4.9 81 47 3.1 2 1.1 0.2 1.2 1.1 1.4 1.4 0.08
LPS Mock 310 28 1.1 1,300 57 6.3 520 35 0.9 22 11 1.3 9.8 1.1

MV 130 42 4.9 430 110 10 600 150 2 15 25 0.7 16 2
IFN-� Mock 45 3.7 6.4 265 62 15 3.8 0.3 0.2 6.3 3.1 2.4 2.4 0.2

MV 110 59 20 430 41 13 3.3 0.5 0.2 7.7 4.1 6.3 9.8 0.3
Poly(I-C) Mock 6,600 1,170 1,090 1,600 160 123 40 1.9 1.8 5.1 1.8 9.5 96 5.3

MV 1,650 880 1,650 350 130 57 7.1 1.5 4 1.5 1.8 2.7 136 1.4

a Results are expressed as means of the results from two independent experiments and represent the number of copies of the respective mRNA per the number of
copies of �-actin mRNA.

b ND, not determined.
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act in synergy to produce mRNA encoding inflammatory cy-
tokines.

DISCUSSION

This in vitro model of human MP and DC allowed us to
analyze the responses of these cells to infection with MV, an
Arenavirus that is not pathogenic for humans or nonhuman
primates. Comparison of these results with those obtained in
similar experiments with LV (2), a highly pathogenic Arenavi-
rus, offered an opportunity to understand the mechanisms as-
sociated with immunosuppression and pathogenesis in Lassa
fever.

MP and DC were highly permissive to MV infection which
was productive but not cytolytic. These results are consistent
with those of previous experiments demonstrating the ability of
MV to infect MP and endothelial cells in vitro (23). MV rep-
licated more rapidly in DC than in MP. Virus production
rapidly decreased in MP, whereas viral release remained al-
most constant in DC over time. These results are similar to the
kinetics of viral particle production observed during the infec-
tion of MP and DC by LV (2). MV-infected MP and DC
produced as many viral particles as their LV-infected counter-
parts (2), indicating that the attenuation of MV is not linked to
the intensity of the initial viral replication or to the tropism for
APC.

We showed that MV, like LV (2), did not induce the apo-
ptosis of MV-infected MP or DC, even if we could note a slight
nonsignificant inhibition of MP apoptosis. This is coherent
with the suggested role of the Z protein of the arenaviruses to
inhibit apoptosis by interacting with the proapoptotic promy-
elocytic leukemia protein (4, 5). These results are also consis-
tent with the lack of up-regulation of surface expression of
CD95 in MV-infected cells.

The cutaneous or mucosal location of MP and DC, together
with the probable cutaneous or mucosal mode of contamina-
tion, means that MP and DC are likely to be the first cells
encountered by the virus. The elevated production of MV
particles by DC and MP combined with the lack of cell death
suggests that these cells are early and crucial reservoirs, per-
mitting the replication and spread of the virus from the initial
site of infection to the whole body.

DC were only weakly activated by MV; we observed a low
but nonsignificant increase in the expression of CD86 and
CD80 7 days after infection. MV-infected DC did not mature,
as demonstrated by the strong internalization of dextran-FITC
and the lack of expression of CD83. The production of cyto-
kines by DC is in accordance with these results. No difference
was found between mock- and MV-infected DC concerning
the mRNA and protein contents of TNF-�, IL-1�, IL-6, and
IL-12. These results are consistent with those obtained with
LV, as DC were not activated in response to LV infection and
did not produce inflammatory cytokines (2). In contrast, the
synthesis of mRNA encoding IFN-�/� was induced in response
to MV infection, demonstrating that these cells are weakly
activated during the first days after infection.

In striking contrast, the MP surface expression of CD86,
CD80, CD54, and HLA-abc is rapidly and strongly up-regu-
lated by MV. MP activation was confirmed by the induction in
response to MV of the synthesis of moderate levels of mRNA

coding for TNF-� and IL-6 (23). Nevertheless, this low amount
of mRNA did not lead to a significant release of TNF-� in the
supernatant. More importantly, MV-infected MP produce
large amounts of mRNA coding for IFN-�/�, and significant
levels of IFN-� were detected in the supernatant. Thus, the
response of MP to MV infection differs strikingly from the
response of MP to LV. Indeed, LV infection of MP induces
neither cell activation nor the expression of inflammatory cy-
tokines, except for a modest synthesis of IFN-�/� mRNA (2; S.
Baize, D. Pannetier, C. Faure, P. Marianneau, I. Marendat,
M.-C. Georges-Courbot, and V. Deubel, submitted for publi-
cation). The activation of MP and their synthesis of inflamma-
tory cytokines could be primordial in the rapid clearance of
MV infection, as activated MP are known to possess strong
microbicidal functions (32). Indeed, a study on the new world
Arenavirus Pichinde, a model for Lassa fever, suggested that
virulence is negatively correlated with the activation of MP
(14): two strains of this virus were able to infect MP but only
the less virulent strain activated these cells. These results sug-
gest that during Arenavirus infection, viruses that are not
pathogenic for humans may activate MP. The difference in MP
responses to LV and MV infections is thus probably crucially
involved in the control of viral infection. MV and other arena-
viruses, such as LV, Mobala virus, Oliveros virus, and LCMV,
infect host cells, notably DC, via �-dystroglycan (�DG) (8, 37).
In LCMV-infected mice, the virulence of the different strains
of LCMV is related to their affinity for �DG. In fact, strains
that have a high affinity for �DG present a tropism for splenic
white pulp DC, leading to immunosuppression and viral per-
sistence. In contrast, strains with low affinity replicate in splenic
red pulp MP, leading to the control of infection (36). However,
the binding affinity for �DG seems to be unrelated to human
pathogenicity, since LV and MP are both high-affinity binders
(8, 37). Before reaching distinct splenic compartments, all
LCMV strains replicate primarily in splenic marginal zone MP
(36), which play a crucial role in the control of the infection. In
fact, depletion of metallophilic and marginal zone MP in
LCMV-infected mice leads to uncontrolled infection (35).
Thus, we can speculate that both LV and MV also have an
initial tropism for marginal zone MP before infecting DC of
the white pulp. The ability of MP to be strongly activated and
to release significant amounts of IFN-�/� in response to MV
infection probably allows an early control of MV release. This
may finally result in less extensive infection of splenic white
pulp DC. Moreover, in the environment of secondary lym-
phoid organs, the weak activation of DC observed early after
infection could be enhanced either by contact with MP, which
are strongly activated by MV, or by the inflammatory cytokines
produced by these MP. Indeed, IFN-� strongly activated MV-
infected DC, as shown by the synthesis of mRNA coding for
IFN-�, IL-1�, IL-6, IL-12p35, and CCR-7. This may result in
mature and activated DC, the most efficient cells to induce
primary T lymphocyte responses (3). Conversely, antigens pre-
sented by immature DC can induce a tolerance state, impeding
the activation of T lymphocytes (16). Thus, our results agree
with previous experiments suggesting that the absence of acti-
vation of LV-infected DC could explain the immunosuppres-
sive nature of Lassa fever (2). Interestingly, during human
Lassa fever, survival is correlated with the presence of inflam-
matory cytokines in plasma (25).
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IFN-� is well known for its major antiviral properties (20,
31). This IFN-�/� production could be linked to the recogni-
tion of double-stranded RNA by Toll-like receptor 3 or by
protein kinase receptor (1, 18). On the other hand, Toll-like
receptor 7 may also be crucially involved, considering its ability
to recognize single-stranded RNA, as recently described (24).
We demonstrated that MV is sensitive to IFN-�/� and their
inducers. In fact, the addition of IFN-� or IFN-� to MV-
infected MP and DC strongly reduced virus production. The
synthetic double-stranded RNA poly(I-C), a strong inducer of
IFN-� (19, 27), was even more efficient than IFN-� at inhib-
iting viral production. poly(I-C) probably induces a strong syn-
thesis of IFN-� and of many IFN-� subclasses able to act on
virus replication.

MV induced stronger IFN-�/� responses in DC and MP
than did LV. MV-infected DC produced IFN-� mRNA, unlike
LV-infected DC (Baize et al., submitted). However, the pro-
duction of IFN-�/� by MV-infected DC was very weak, as
evidenced by the absence of detection of IFN-� in superna-
tants and by the lack of increase of viral titers when the IFN-
�/� receptor was neutralized. Similarly, MV-infected MP pro-
duced large amounts of IFN-�/� mRNA and protein, whereas
LV-infected MP only produced modest amounts of IFN-�
mRNA after some delay, with low levels of the protein in the
supernatant. Moreover, the important production of IFN-�/�
by MV-infected cells is reminiscent of the observed differences
in the responses of mice infected with LCMV and murine
cytomegalovirus. In fact, unlike murine cytomegalovirus, a
massive release of IFN-�/� occurred during LCMV infection
(9, 12). This response favors the induction of cytotoxic T-cell
responses and induces proliferation and cytotoxic functions of
NK cells. Thus, the important IFN-�/� release by MV-infected
MP may contribute to the induction of protective CD8� T
cells.

The strong decrease in virus replication in MP from the
second day after infection was probably linked to the produc-
tion of IFN-�/�. In fact, neutralization of the IFN-�/� receptor
increases virus release to almost the level detected in MV-
infected DC. This confirms the presence of endogenous IFN-
�/� in supernatants from MV-infected MP and highlights their
functional role in the control of MV replication. Conversely,
the very low level of IFN-� produced by DC in response to MV
infection may explain the strong and durable viral replication
in these cells. These data are in agreement with the role of
IFN-�/� during LCMV infection. In fact, a correlation be-
tween the resistance of LCMV strains to IFN-�/� and their
capacity to establish persistent infections in mice has been
described previously (30). Other studies have demonstrated
that IFN-� and IFN-� may reduce the LCMV load during the
initial stages of infection (10, 33). Thus, IFN-� and IFN-�
seem to play a fundamental role in the control of MV infec-
tion, as they do during LCMV infection, and are probably
involved in the attenuation of MV in comparison to LV.

MV-infected MP are probably not involved in the initiation
of primary T-cell responses, but they may play a crucial role in
the early control of virus replication by their strong activation
and production of inflammatory cytokines. Even if DC are
weakly activated in vitro after MV infection, their ability to
mature in response to the inflammatory cytokines produced by
MP probably allows them to induce T-cell responses in sec-

ondary lymphoid organs. The relevance of this hypothesis will
be further assessed by using an in vitro model of T cells, DC,
and MP coculture.

Thus, in contrast to LV, the activation of MP by MV could
favor the control of the virus and prevents the immunosup-
pression observed in Lassa fever. It seems, therefore, that APC
and, more particularly, MP are crucially involved in the differ-
ence in pathogenicity between the two viruses and that the
IFN-�/� response is essential in the control of Arenavirus in-
fections.
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