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We previously reported that exosomal transfer of hepatitis C virus (HCV) positive-strand RNA from human Huh-7 hepatoma
cells to human plasmacytoid dendritic cells (pDCs) triggers pDC alpha/beta interferon (IFN-�/�) production in a Toll-like re-
ceptor 7 (TLR7)-dependent, virus-independent manner. Here we show that human pDCs are also activated by a TLR7-depen-
dent, virus-independent, exosomal RNA transfer mechanism by human and mouse hepatoma and nonhepatoma cells that repli-
cate the negative-strand lymphocytic choriomeningitis virus (LCMV).

Interferons (IFNs) are key mediators of the innate immune re-
sponse to many viruses, including hepatitis C virus (HCV) (1)

and the prototypic arenavirus lymphocytic choriomeningitis virus
(LCMV) (2). Accordingly, HCV and LCMV have evolved mech-
anisms to block IFN induction in the infected cell (1, 2). Never-
theless, HCV and LCMV infections strongly induce IFN and IFN-
stimulated gene (ISG) expression in vivo (3–7). Recently, we
reported that Huh-7 cells infected with HCV or containing a sub-
genomic HCV replicon can trigger alpha/beta IFN (IFN-�/�) pro-
duction in vitro by exosomal transfer of positive-strand HCV RNA
to cocultured human peripheral blood-derived plasmacytoid den-
dritic cells (pDCs) in a Toll-like receptor 7 (TLR7)-dependent
manner without infecting them (1, 8, 9). Here, we have extended
those observations to a negative-strand RNA virus. The broad
host cell range of LCMV allowed us to show that human pDCs can
be activated by a wide variety of infected human and mouse cell
lineages, a process that required cocultivation of pDCs and in-
fected cells but no infection of pDCs.

LCMV is a noncytolytic enveloped virus with a bisegmented
negative-strand RNA genome (1, 2, 10, 11). LCMV causes a long-
term chronic infection in its natural host, the mouse. Human
infections occur through mucosal exposure to aerosols or by di-
rect contact of abraded skin with infectious material (3–7, 11).
LCMV infection of humans can result in severe disease that in
some cases can be fatal (12). LCMV infection of mice is associated
with an initial burst of type I interferon produced in large part by
infected dendritic cells (DCs) (7, 13–15). However, LCMV nu-
cleoprotein (NP) efficiently blocks interferon regulatory factor 3
(IRF3) activation and thus IFN production in LCMV-infected
cells (16). This might explain why only a small fraction of LCMV-
infected dendritic cells produce IFN in the infected mice (7). In-
terestingly, however, IFN production also occurs in pDCs in the
spleen in the absence of active LCMV replication, suggesting that
pDCs can sense LCMV infection independently of virus produc-
tion (7). Thus, in this study we asked if pDCs can sense LCMV-
infected cells by a mechanism similar to that described for sensing
of HCV-infected cells (8, 9).

Blood was collected from healthy adult human volunteers after
informed consent was obtained according to procedures ap-
proved by the Scripps Research Institute Human Research Com-
mittee. In a first set of experiments, we infected Huh-7.5.1c2 cells,
a subclone of the human hepatoma Huh-7 cell line that is highly

permissive for HCV infection (17), with LCMV (Armstrong
strain) (multiplicity of infection [MOI] � 0.1) 3 days before co-
culture with human peripheral blood-derived pDCs as described
previously (9). The supernatant harvested after 24 h of cocultur-
ing LCMV-infected Huh-7.5.1c2 cells (2 � 105) with human
pDCs (2 � 104) contained up to 100 ng/ml of IFN-� (Fig. 1A, lane
5). This was �10-fold higher than the amount of IFN-� produced
by pDCs that had been cocultured with Huh-7.5.1c2 cells infected
by the cell culture-adapted HCV JFH-1 D183 variant (9, 18) (Fig.
1A, lane 4), which correlated with the relative intracellular viral
RNA levels in the HCV- and LCMV-infected cells (Table 1). In-
terestingly, similar amounts of IFN-� were produced in pDC co-
cultures with cells infected with a single-cycle recombinant LCMV
(scrLCMV�GP/GFP [33]) that cannot produce infectious virus
(Fig. 1A, lane 6), suggesting that production of LCMV infectious
progeny was not required to trigger IFN-� production by the
pDCs. Notably, inoculation of human pDCs with a high dose
(MOI � 10) of LCMV for 24 h in the absence of Huh-7 cells did
not trigger IFN-� production in the pDCs (Fig. 1A, lane 7). Like-
wise, pDCs did not produce IFN-� after incubation with the cell
culture supernatant (Fig. 1A, lane 8) of the LCMV-infected Huh-
7.5.1c2 cells used for the coculture shown in lane 5 of Fig. 1A.
These results indicated that production of IFN-� by pDCs did not
require that they be infected by LCMV. Human pDCs incubated
for 3 days with infectious LCMV were negative for LCMV nucleo-
protein (NP) expression by fluorescence-activated cell sorter
(FACS) analysis (data not shown), indicating that human pDCs
are not likely to be productively infected by LCMV in vitro. It is
noteworthy that pDC IFN-� production levels were equally ro-
bust when infected Huh-7.5.1c2 cells or infected parental Huh-7
cells were used (Fig. 1A, lane 10). Importantly, neither Huh-7 cells
nor Huh-7.5.1c2 cells produced IFN-� themselves either before or
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after LCMV infection (Fig. 1A, lanes 11 to 13), suggesting that
IFN-� production reflects activation of the cocultured human
pDCs. This was confirmed by FACS analysis of cocultures of hu-
man pDCs and LCMV-infected Huh-7.5.1c2 cells (9) after stain-
ing for pDC markers HLA-DR (allophycocyanin [APC]-mouse
anti-HLA-DR; eBioscience) and CD123 (phycoerythrin [PE]-
Cy7-mouse anti-CD123; Biolegend) and intracellular IFN-� (PE-
mouse anti-IFN-�; Miltenyi, Auburn, CA). Approximately 20%
of the cocultured HLA-DR-positive (HLA-DR�) pDCs but none
of the LCMV-infected HLA-DR� Huh-7.5.1c2 cells produced
IFN-� (Fig. 1B) even though all of the Huh-7.5.1c2 cells were
infected, as shown by LCMV NP-specific immunofluorescence
(IF) analysis using an anti-NP monoclonal antibody (MAb) (1.1.3
[34]) as described previously (9) (Fig. 1B). Levels of infectious
virus-independent pDC activation were similarly robust for all
four different strains of LCMV tested (Fig. 1C). Together, these
results demonstrate that LCMV-infected human Huh-7-derived
hepatoma cells are sensed by human pDCs that respond by pro-
ducing IFN-� even more strongly than when they are stimulated
by HCV JFH1-infected cells (9). The lack of IFN-� production by
human pDCs directly exposed to infectious LCMV virions
strongly suggested that, in similarity to their response to HCV-
infected cells, they likely responded to something other than the
virus particles themselves.

Next, we asked whether production of IFN-� by human pDCs
in response to coculture with LCMV-infected cells was also related
to the exosome-mediated mechanism by which they respond to
HCV-infected cells (8, 9). Human pDC activation by LCMV-in-
fected Huh-7.5.1c2 cells was inhibited by the TLR7-specific antag-
onist IRS661 (Fig. 2A), suggesting that activation of pDCs is me-
diated by TLR7 as we have previously described for HCV (8, 9)
and as has also been observed in the spleen of LCMV-infected
mice (15). Likewise, as previously described for HCV (9), human
pDC activation by LCMV-infected cells was cell-cell contact de-
pendent since cultivation of LCMV-infected Huh-7.5.1c2 cells
and human pDCs in transwell chambers did not result in detect-
able levels of IFN-� production by the pDCs (Fig. 2B). Next, we
performed a series of experiments to determine whether LCMV-
infected cell-mediated pDC activation might be exosome depen-
dent. The two structurally unrelated exosome release inhibitors
GW4869 (10 	M) and spiroepoxide (20 	M) strongly reduced the
ability of LCMV-infected Huh-7.5.1c2 cells to trigger IFN-� pro-
duction by human pDCs (Fig. 2C) without affecting intracellular
LCMV RNA levels in the Huh-7.5.1c2 cells (data not shown).
Furthermore, cytochalasin D (0.1 	g/ml), an inhibitor of actin-
dependent endocytosis (35) that does not affect LCMV infection
(36), completely blocked LCMV-infected cell-mediated IFN-�
production by pDCs (Fig. 2C). In control experiments, GW4869,
spiroepoxide, and cytochalasin D had little or no effect on TLR7
agonist (resiquimod)-triggered IFN-� production by pDCs (Fig.
2C). These results suggest that exosome release from infected cells
and active endocytosis by the pDCs are required for pDC stimu-
lation by LCMV-infected cells. These findings, together with the
observation that supernatants of scrLCMV�GP/GFP-infected
cells that do not produce infectious virus nevertheless contain
membrane-protected LCMV RNA (data not shown), suggest that
LCMV RNA is likely to be transferred to pDCs via exosomes as we
have previously described for HCV (8). These findings are consis-
tent with the notion that, in similarity to the situation described
for HCV (8, 9), human pDCs sensed LCMV-infected hepatoma
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FIG 1 LCMV-infected Huh-7-derived cells trigger IFN-� production in
cocultured human peripheral pDCs. (A) Huh-7.5.1c2 or Huh-7 cells (2 � 105)
infected with LCMV or HCV D183 (18) at MOI � 0.1 3 days earlier were
cocultured with 2 � 104 freshly purified human peripheral pDCs in wells of a
96-well round-bottom plate for 24 h before IFN-� was quantified in the co-
culture supernatant by enzyme-linked immunosorbent assay (ELISA) as de-
scribed previously (9). c2, Huh-7.5.1c2 cells; H7, Huh-7 parental cells. (B)
Cocultures grown as described for panel A were fixed and analyzed by FACS as
described previously (9). All cells are shown in the left panels, and cells gated
for HLA-DR and CD123 (pDCs) are shown in the right panels. Huh-7.5.1c2
cells infected with LCMV as described for panel A were analyzed by immuno-
fluorescence as described previously (9) using an anti-NP MAb (1.1.3 [34])
and a secondary Alexa 555-conjugated goat anti-mouse antibody (Invitrogen).
(C) IFN-� was quantified in the supernatant of cocultures of Huh-7.5.1c2 cells
infected with different LCMV strains (39, 40) with pDCs as described for panel
A. #, below the limit of detection of the IFN-� ELISA (36 pg/ml). Error bars
represent means 
 standard deviations (SD) (n � 3).
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cells by a short-range exosome-mediated and TLR7-dependent
mechanism.

Unlike HCV, LCMV has a broad host cell range in terms of
both type and species, which enabled us to determine if the ability
to trigger IFN-� production by human pDCs could be extended to
other cell types and species. Coculture of human pDCs with either
LCMV-infected human cervical epithelium-derived (HeLa) or
human hepatoma-derived (HepG2 and Hep3B) cells triggered
strong IFN-� production by the human pDCs (Fig. 3A). In con-
trast, coculture of human pDCs with LCMV-infected human em-
bryonic kidney 293T cells did not result in production of IFN-�,
though 293T cells were infected at levels similar to those of all the
other cell lines (Fig. 3B). Importantly, human pDCs did not pro-
duce IFN-� when cocultured with the uninfected cell lines or
when incubated with supernatants of the LCMV-infected cell
lines; neither was it produced by LCMV infection of any of the cell
lines examined (Fig. 3A). Next, we determined whether freshly
prepared cultures of primary human hepatocytes (PHHs) (Life
Technologies, Carlsbad, CA) (1.25 � 105 cells per well in 48-well
plates) infected with LCMV would also be capable of triggering
IFN-� production by cocultured human blood-derived pDCs. As
shown in Fig. 4A, 1.25 � 105 PHHs in a 48-well plate (maintained
according to the manufacturer’s instructions) infected with
LCMV Arm for 3 days (d3) or 4 days (d4) triggered IFN-� pro-
duction by 1 � 105 cocultured human blood-derived pDCs
whereas the uninfected PHHs did not. Importantly, the LCMV-
infected PHH cells did not produce IFN-� despite containing high
levels of LCMV RNA (Fig. 4B) and despite most of the PHH cells

being positive for LCMV NP (Fig. 4C), suggesting that pDCs,
rather than PHH cells, were the source of IFN-� in the cocultures
(Fig. 4A). These results demonstrated that sensing of virus-in-
fected cells by human pDCs is not restricted to Huh-7-derived
cells but also extends to cells of nonhepatic human origin (i.e.,
HeLa cells), to other human hepatoma-derived cell lines (HepG2
and Hep3B), and, most importantly, to primary human hepato-
cytes.

Since mice are the natural host of LCMV, we asked if LCMV-
infected mouse cell lines would trigger IFN-� production by hu-
man pDCs. Both LCMV-infected murine hepatoma (AML12) and
fibroblast (NIH 3T3) cells triggered IFN-� production by cocul-
tured human pDCs, while the corresponding uninfected cells did
not (Fig. 5A). Furthermore, the LCMV-infected cells themselves
did not produce IFN-�, indicating that the pDCs in the cocultures
were the source of the IFN-� (Fig. 5A). Interestingly, we observed
substantial differences in the magnitude of IFN-� production by
pDCs depending on the LCMV-infected cell type used in the co-
culture, although the levels of LCMV infection were similar in all
cell lines tested (Fig. 5B) as determined by LCMV-NP-specific
immunofluorescence and reverse transcription-quantitative PCR
(RT-qPCR) using LCMV NP-specific primers (LCMV_NP-up [G
TTGCGCATTGAAGAGGTCGG] and LCMV_NP-lo [CCAACC
ACAGAACGGGCAGT]). This suggested that there may be cell
type- and species-specific differences in the efficiency of viral RNA
transfer to pDCs.

Table 1 shows a complete list of the IFN-� responses shown by
human pDCs during coculture with LCMV-infected cells of dif-

TABLE 1 Cell lines and viruses triggering IFN-� production by pDCs

Cell line Reference(s) Species Cell of origin Virus Virus strain/genotype
Infection (log GE/
	g RNA)a

IFN-� log
(ng/ml)b

Huh-7.5.1c2 17, 19, 20 Human Hepatocyte HCV JFH1/2a 7 1
LCMV Armstrong 8 2

Cl13 8 2
WE 8 2
Traub 8 2
rLCMV�GFP 8 2

Huh-7 20, 21 Human Hepatocyte HCV JFH1/2a 7 1
LCMV Armstrong 8 2

HepG2 22 Human Hepatocyte LCMV Armstrong 8 2
HepG2.2.15 23 Human Hepatocyte HBV ayw 7 NDf

HBV � Resc ayw/TLR7-agonist 7 1
HBV � LCMV ayw/Armstrong 7/8 1–2

Hep3B 22 Human Hepatocyte LCMV Armstrong 8 2
HeLa 24 Human Cervix LCMV Armstrong 8 1
HEK293T 25, 26 Human Embryonic kidney LCMV Armstrong 8 ND
PHHd Human Liver LCMV Armstrong 7 1
AML12 27 Mouse Hepatocyte LCMV Armstrong 8 0
NIH 3T3 28 Mouse Embryonic fibroblast LCMV Armstrong 7 1
CV-1 29 Monkey Kidney LCMV Armstrong nte ND
LMH D2 30–32 Chicken Hepatocyte DHBV DHBV3 8 ND

DHBV � Resc DHBV3/TLR7-agonist 8 1
DHBV � LCMV DHBV3/Armstrong 8/8 1

a Approximate magnitude of intracellular viral RNA content in log genome equivalents per 	g of total cellular RNA (log GE/	g RNA) at the start of the coculture with human
pDCs.
b Approximate magnitude of IFN-� production [in log(ng/ml)] after 24 h of coculture of the infected cell line with human pDCs.
c Cocultures of HepG2.2.15 and LMH D2 cells and human pDCs were simultaneously treated with 50ng/ml of the TLR7 agonist resiquimod (Res).
d Freshly isolated primary human hepatocytes (PHH); Life Technologies, Carlsbad, CA.
e nt, not tested.
f ND, not detected (�36 pg/ml).
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ferent origins and species. Interestingly, human hepatoma cells
(HepG2.2.15 [37]) that replicate hepatitis B virus (HBV) and se-
crete infectious virions did not trigger IFN-� production by
pDCs, and the same was true for chicken hepatocyte-derived cells
(LMH D2 [38]) that replicate the duck hepatitis B virus (DHBV)
(Table 1). For both systems, however, the failure to trigger pDC
activation seemed to be virus specific, since superinfection of the
same cells with LCMV resulted in strong IFN-� production by
human pDCs. Furthermore, pDCs cocultured with HBV- and
DHBV-producing HepG2.2.15 and LMH D2 cells were fully able
to produce IFN-� in response to the TLR7 agonist resiquimod
(Table 1) compared to resiquimod stimulation of human pDCs
only (data not shown), suggesting that neither HBV- nor DHBV-
infected cells impaired the ability of pDCs to produce IFN-� in
response to TLR7 ligation.

While we were unable to detect IFN-� production in in vitro
cocultures of murine splenic pDCs and LCMV-infected mouse or
human cell lines (data not shown), it is well documented that
LCMV infection triggers IFN-� production by pDCs in vivo in
mice (7, 15). Interestingly, it has recently been shown in vivo that
the majority of IFN-�-producing pDCs in the mouse spleen early
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after LCMV Cl13 infection are not productively infected and it
was suggested that those pDCs might sense infected cells by a
mechanism that is independent of intrinsic virus replication in
pDCs, e.g., by the sensing of LCMV-infected cells (7). The results
reported here might explain how those pDCs sense LCMV infec-
tion in vivo in the mouse spleen. Together with our previous stud-
ies employing analysis of the responsiveness of human pDCs to
activation by HCV-infected cells (8, 9), the results presented here
support the concept that the ability of noninfected pDCs to direct
a strong IFN-� response upon sensing infected cells might be a
general mechanism by which the host can circumvent the ability
of viruses to block innate signaling in productively infected cells
and thus mount efficient innate immune responses that have the
potential to control viral infection.
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cellular LCMV RNA levels were determined by LCMV-specific RT-qPCR and
normalized to GAPDH mRNA levels as described previously (9). #, below the
limit of detection of the IFN-� ELISA (36 pg/ml). (C) LCMV-infected PHHs
were visualized by LCMV NP-specific immunofluorescence 7 days postinocu-
lation.
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FIG 5 LCMV-infected murine cell lines trigger IFN-� production in cocul-
tured human peripheral pDCs. (A) IFN-� production in cell culture superna-
tants of uninfected or LCMV Armstrong-infected cells (LCMV �/�) cocul-
tured with human peripheral pDCs (pDC �/�) set up exactly as described for
Fig. 1A. Alternatively, pDCs were incubated with the supernatants of LCMV-
infected cells collected 3 days after LCMV inoculation and set up exactly as
described for Fig. 1A. #, below the limit of detection of the IFN-� ELISA (36
pg/ml). Error bars represent means 
 SD (n � 3). (B) Analysis of LCMV
infection 3 days after LCMV Armstrong inoculation (MOI � 0.1). LCMV-
infected cells were visualized by LCMV NP-specific immunofluorescence. In-
tracellular LCMV RNA levels were determined by LCMV-specific RT-qPCR
and normalized to GAPDH mRNA levels as described previously (9).
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