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ABSTRACT
Attenuated measles virus (MV) is currently being evaluated in clinical trials as an oncolytic therapeutic
agent. Originally used for its lytic activity against tumor cells, it is now admitted that the effectiveness of
MV also lies in its ability to initiate antitumor immune responses through the activation of dendritic cells
(DCs). In this study, we investigated the capacity of oncolytic MV to convert human blood myeloid CD1cC

DCs and plasmacytoid DCs (pDCs) into cytotoxic effectors. We found that MV induces the expression of
the cytotoxic protein TNF-related apoptosis-inducing ligand (TRAIL) on the surface of DCs. We
demonstrate that the secretion of interferon-a (IFN-a) by DCs in response to MV is responsible for this
TRAIL expression. Several types of PRRs (pattern recognition receptors) have been implicated in MV
genome recognition, including RLRs (RIG-I-like receptors) and TLRs (Toll-like receptors). We showed that
CD1cC DCs secrete modest amounts of IFN-a and express TRAIL in an RLR-dependent manner upon
exposure to MV. In pDCs, MV is recognized by RLRs and also by TLR7, leading to the secretion of high
amounts of IFN-a and TRAIL expression. Finally, we showed that MV-stimulated DCs induce TRAIL-
mediated cell death of Jurkat cells, confirming their acquisition of cytotoxic functions. Our results
demonstrate that MV can activate cytotoxic myeloid CD1cC DCs and pDCs, which may participate to the
antitumor immune response.

Abbreviations: APC, antigen-presenting cells; BMDM, bone marrow-derived macrophages; DC, dendritic cells;
dsRNA, double-stranded RNA; DR5, death receptor 5; HIV, human immunodeficiency virus; IFN, interferon; IFNAR,
IFN-a/b receptor; IKK, IkB kinases; IRF, IFN regulatory factor; ISG, IFN-stimulated genes; JAK, Janus kinases; MAVS,
mitochondrial antiviral signaling; Mda5, melanoma differentiation-associated protein; Mo-DC, monocyte-derived
DC; MOI, multiplicity of infection; MV, measles virus; NF-kB, nuclear factor kappa-light-chain enhancer of activated B
cells; pDC, plasmacytoid DC; PRR, pattern recognition receptors; RIG-I, retinoic acid-inducible gene I; RLR, RIG-I-like
receptors; shRNA, short-hairpin RNA; ssRNA, single-stranded RNA; TBK1, TANK-binding kinase 1; TLR, toll-like recep-
tors; TRAF3, tumor necrosis factor (TNF)-receptor-associated factor 3; TRAIL, TNF-related apoptosis-inducing ligand;
UV, ultraviolet

KEYWORDS
Measles virus; myeloid
dendritic cells; oncolytic
virus; plasmacytoid dendritic
cells; type I interferon; TRAIL

Introduction

Among the viruses currently evaluated for their antitumor
properties, attenuated strains of measles virus (MV) display a
potent and spontaneous oncolytic activity against a wide variety
of cancers.1 Indeed, MV Schwarz and Edmonston live-attenu-
ated vaccine strains preferentially infect and kill tumor cells,
which often overexpress CD46, the major receptor for attenu-
ated MV, and present defects in the antiviral innate immune
response.2,3 Phase I clinical trials using MV Edmonston were
conducted against cutaneous T cell lymphoma,4 ovarian can-
cer,5,6 and disseminated multiple myeloma,7 and encouraging

clinical benefits were observed. Although the effectiveness of
oncolytic viruses, including MV, was originally thought to be
mainly based on their lytic activity against tumor cells, growing
evidence now points out their ability to initiate systemic antitu-
mor immune responses.6,8 They are therefore considered as
new immunotherapeutic agents against cancer.9

Oncolytic MV can stimulate antitumor immune responses
through its ability to stimulate dendritic cells (DCs).10–12 DCs
are antigen-presenting cells (APCs) that play a central role in
the establishment of immune responses notably by inducing
antigen-specific T cell responses. In humans, numerous DC
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subsets have been characterized, based on their phenotype,
localization and function.13 In the blood, three main DC subsets
are found: the myeloid CD141CDCs and CD1cC DCs, and plas-
macytoid dendritic cells (pDCs), which are specialized in rapid
and massive secretion of type I IFNs in response to viral nucleic
acids, in addition to displaying APC functions.14 DCs are also
able to exert cytotoxic activity after appropriate activation.15

Indeed, the expression of the TRAIL (TNF-related apoptosis-
inducing ligand) protein on the surface of DCs elicits the death
of target cells that express TRAIL receptors, such as tumor cells
and cells infected by viruses.16,17 Mo-DCs (monocyte-derived
DCs) infected with the wild-type strain of MV,18,19 pDCs
exposed to inactivated influenza virus20 or pDCs from HIV
(human immunodeficiency virus)-infected patients21 express
TRAIL after secreting IFN-a and are responsible for the lysis of
TRAIL-sensitive cells. In addition, exposure of pDCs in vitro to
TLR7/8 and TLR9 agonists endows them with a tumoricidal
activity that relies on their TRAIL expression.20,22,23

Several types of PRRs (pattern recognition receptors) are
found in DCs, such as the ubiquitously expressed RLRs (RIG-I-
like receptors) or the TLRs (toll-like receptors) whose expression
is more restricted. These receptors allow DCs to recognize invad-
ing pathogens.24 Among the PRRs, the cytosolic RLRs RIG-I (reti-
noic acid-inducible gene I) and Mda5 (melanoma differentiation-
associated protein 5) are able to recognize MV replication inter-
mediates.25,26 After activation of these RLRs, the signal transduces
through MAVS (mitochondrial antiviral signaling) proteins,
allowing the activation of TBK-1 (TANK-binding kinase 1) and
different IKKs (IkB kinases, IKK-a, -b and -e), responsible for the
activation of the transcription factors IRF-3 and ¡7 (IFN regula-
tory factor) and NF-kB (nuclear factor kappa-light-chain
enhancer of activated B cells).27 These activated transcription fac-
tors drive the expression of genes encoding for type I IFNs, as
well as other pro-inflammatory cytokines and antiviral proteins.
Stimulation of pDCs can also occur via recognition of incoming

viral ssRNA by TLR7 in the endosomal/lysosomal compart-
ment.12 After the detection of viral ssRNA by TLR7, the MyD88
pathway induces the activation of NF-kB and IRF-7 that leads to
the secretion of large amounts of IFN-a.24

We have previously shown that MV-infected tumor cells
induce a strong IFN-a secretion by pDCs.12 Furthermore, wild-
type MV is able to generate cytotoxic Mo-DCs.18 In this study,
we addressed the in vitro ability of MV Schwarz to induce cyto-
toxic functions in human blood pDCs and CD1cC DCs. We
show that upon exposure to MV, pDCs and CD1cC DCs secrete
IFN-a and express TRAIL on their surface. We then analyzed
the sensors involved in the recognition of MV by DCs. Our
data suggest that in pDCs, both TLR7 and RLR pathways are
activated and responsible for the secretion of massive amounts
of IFN-a and the subsequent expression of TRAIL. On the
other hand, in CD1cC DCs, MV triggers only the RLR signaling
pathway, resulting in the production of a modest amount of
IFN-a that is sufficient to induce TRAIL expression. Using the
pDC-like cell line Gen2.2, we confirmed the ability of RIG-I to
sense MV dsRNA. We finally assessed the functional cytotoxic
activity of these two subsets of DCs against TRAIL-sensitive
Jurkat cells. Our results showed that MV-activated pDCs and
CD1cC DCs become efficient cytotoxic effectors that can cause
lysis of TRAIL-sensitive cells.

Results

MV induces TRAIL expression and IFN-a secretion by pDCs
and CD1cC DCs

First, we exposed pDCs and CD1cC DCs to the virus at a MOI
(multiplicity of infection) of 10 and assessed expression of the
maturation marker CD83, the expression of TRAIL and the
secretion of IFN-a. pDCs expressed CD83 and TRAIL on their
surface after exposure to MV and IL3, compared with pDCs

Figure 1. MV induces TRAIL expression and IFN-a secretion by pDCs and CD1cC DCs. pDCs were cultured with IL3, IL3CMV or the TLR7 agonist R837 (A). CD1cC DCs were
cultured alone (¡), with MV or R837 (B). The expression of surface markers by the indicated cells was determined by flow cytometry. IFN-a secretion was measured by
ELISA. #, values are below the limit of detection of the kit (7 pg/mL). Results are expressed as the mean § SEM of three independent experiments. �p < 0.05, one-way
ANOVA (Kruskal–Wallis).
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cultured with the survival factor IL3 alone (Fig. 1A). As previ-
ously reported,12 MV also induced the secretion of large
amounts of IFN-a by pDCs (Fig. 1A). pDC activation can also
be reached without IL3 when a higher MOI of MV is used
(Fig. S1). Like pDCs, myeloid CD1cC DCs expressed CD83 and
TRAIL after exposure to MV, but they secreted around
250 times less IFN-a than pDCs (Fig. 1B). The two subsets of
DCs responded differently to the TLR7-specific agonist R837.
R837-treated pDCs expressed CD83, TRAIL and secreted IFN-
a, although to a lesser extent than in response to MV (6-fold
difference) (Fig. 1A). CD1cC DCs exposed to R837 also
expressed the maturation marker CD83, but only around 5% of
cells expressed TRAIL. Moreover, they failed to secrete detect-
able amounts of IFN-a (Fig. 1B). We also measured the expres-
sion of two other markers involved in the cytotoxic activity:
granzyme B and perforin. Neither pDCs nor CD1cC DCs
secreted perforin in response to MV and R837 (data not
shown). Granzyme B was secreted by pDCs exposed to IL3 or
to MV in presence of IL3 (Fig. S2), but not by CD1cC DCs
(data not shown).

We have previously shown that oncolytic MV Schwarz
induces immunogenic death of tumor cells, compared with
UV-irradiation.10,12 We thus analyzed whether pDCs and
CD1cC DCs expressed TRAIL in response to MV-infected
tumor cells compared with UV-irradiated tumor cells. We
observed TRAIL expression by pDCs and CD1cC DCs only
when they were co-cultured with MV-infected tumor cells
(Fig. 2). We confirmed that TRAIL expression on DCs is not
due to the tumor cells themselves because there is no IFN-a
secretion neither TRAIL expression by DCs when they are
exposed to non-infected tumor cells (Fig. S3). These results
suggest that MV is able to trigger TRAIL expression on both
subsets of DCs in the context of tumor cell infection.

TRAIL expression depends on IFN-a secreted by DCs
exposed to MV

The gene encoding TRAIL is an interferon-stimulated gene
(ISG) whose expression is type I IFNs-dependent in DCs.28

Thus, we investigated whether TRAIL expression is affected by
the pretreatment of pDCs and CD1cC DCs with Ruxolitinib, an
inhibitor of the Janus kinases JAK1 and 2 implicated in the
IFNAR (IFN-a/b Receptor) signaling pathway. IFN-a secretion
and TRAIL expression by pDCs in response to MV or R837
was reduced after pretreatment with Ruxolitinib (Fig. 3A). Sim-
ilarly, Ruxolitinib inhibited the secretion of IFN-a and the
expression of TRAIL on CD1cC DCs exposed to MV (Fig. 3B).
Moreover, treatment with type I IFNs induced the expression
of TRAIL by pDCs and CD1cC DCs (Fig. 3C), confirming that
TRAIL is an ISG. Treatment of these two types of DCs with
Ruxolitinib prior to type I IFNs exposure reduced TRAIL
expression (Fig. 3C). These results indicate that MV-mediated
TRAIL expression on pDCs and CD1cC DCs is dependent on
type I IFNs signaling.

MV induces IFN-a and TRAIL expression following RLR
activation in CD1cC DCs and RLR/TLR7 activation in pDCs

To identify the sensor(s) responsible for MV recognition in
pDCs and CD1cC DCs, and subsequent IFN-a secretion and
TRAIL expression, we used two inhibitors: IRS661, a specific
inhibitor of TLR729, and MRT67307, an inhibitor of the kinases
TBK1 and IKK-e that transduce the signal from the RLRs RIG-I
and Mda5.30 Pretreatment with IRS661 of pDCs exposed to
MV reduced the secretion of IFN-a by more than 20-folds
(Fig. 4A). However, the expression of TRAIL induced by MV
was not modified by IRS661, possibly due to high residual
amounts of IFN-a still produced in the presence of the drug. In
contrast, IRS661 was able to completely prevent both R837-
mediated IFN-a production and TRAIL expression, confirming
the specificity of the inhibitor. These results suggest that MV is
not detected only by TLR7 but at least by one other sensor in
pDCs.

We therefore assessed the effect of the RLR pathway inhibitor
MRT67307 in combination with the TLR7 inhibitor IRS661 on
MV-mediated pDCs activation. The two inhibitors completely
abolished the secretion of IFN-a and greatly diminished the
expression of TRAIL by pDCs exposed to MV, suggesting that

Figure 2. MV-infected tumor cells induce TRAIL expression on pDCs and CD1cC DCs. pDCs were cultured with IL3 or with MV-infected or UV-irradiated M18 melanoma
cells (A). CD1cC DCs were cultured alone (¡) or with MV-infected or UV-irradiated M18 melanoma cells (B). The expression of TRAIL by the indicated cells was determined
by flow cytometry. Results are expressed as the mean § SEM of three independent experiments.
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both signaling pathways are involved in sensing MV (Fig. 4A).
However, we noted that MRT67307 alone inhibited IFN-a
secretion and TRAIL expression as efficiently as in combination
with IRS661. We therefore wonder whether MRT67307 also
interferes with TLR7 or type I IFN signaling pathways and per-
formed additional experiments to test this hypothesis. Surpris-
ingly, R837 and type I IFNs (IFN-a and IFN-b) failed to activate
pDCs when they were pretreated with MRT67307, suggesting
that the drug has off-target effects (Figs. S4A and B).

We performed similar experiments on CD1cC DCs. We
observed that the pretreatment with the TLR7 inhibitor IRS661
scarcely affected the secretion of IFN-a by CD1cC DCs exposed to
MV and did not affect TRAIL expression (Fig. 4B). These results

suggest that TLR7 does not play a major role in the recognition of
MV in CD1cC DCs. The RLRs inhibitor MRT67307 reduced by 6-
folds the secretion of IFN-a and reduced by 25% the fraction of
CD1cC DCs that express TRAIL (Fig. 4B). No synergy was
observed between the two inhibitors IRS661 andMRT67307. How-
ever, MRT67307 also exhibited off-target effect on CD1cC DCs by
affecting type I IFN signaling (data not shown).

Even though the results obtained with cells treated with
MRT67307 did not allow us to conclude about a possible impli-
cation of the RLR signaling in MV-mediated pDCs and CD1cC

DCs activation, they suggest that TLR7 is not the unique detec-
tor of MV in pDCs and is not implicated in CD1cC DCs to
induce IFN-a secretion and TRAIL expression.

Figure 3. TRAIL expression depends on IFN-a secreted by DCs exposed to MV. pDCs (A) and CD1cC DCs (B) were pretreated or not with Ruxolitinib (Rux) before exposure
to IL3CMV or MV respectively, or before exposure to R837. The secretion of IFN-a was measured by ELISA. #, values are below the limit of detection of the kit (7 pg/mL).
The expression of TRAIL by the indicated cells was determined by flow cytometry. (C) pDCs and CD1cC DCs were pretreated or not with Rux before exposure to type I
IFNs (rhIFN-a-2a and rhIFN-b-1a). TRAIL positive cells were quantified by flow cytometry. Results are expressed as the mean § SEM of three independent experiments.
�p < 0.05, Mann–Whitney test.
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Figure 4. MV induces IFN-a and TRAIL expression following RLR activation in CD1cC DCs and RLR/TLR7 activation in pDCs. (A) pDCs were pretreated or not with IRS661
(TLR7 inhibitor) or with MRT67307 (TBK1 and IKK-e inhibitor) and then cultured with IL3, IL3CMV or R837. (B) CD1cC DCs were pretreated or not with IRS661 or
MRT67307 and then cultured alone (¡) or with MV. (C) pDCs were cultured with IL3CMV or with IL3CUV-inactivated MV (MV UV�) and CD1cC DCs were cultured alone
(¡), with MV or MV UV�. (D) pDCs and CD1cC DCs were exposed to 50-ppp-dsRNA LyoVec, a RIG-I agonist. (A–D) IFN-a secretion was measured by ELISA. #, values are
below the limit of detection of the kit (7 pg/mL). The expression of TRAIL by the indicated cells was determined by flow cytometry. Results are expressed as the mean §
SEM of three independent experiments. (A, B) �p < 0.05, one-way ANOVA (Kruskal–Wallis). (C) �p < 0.05, Mann–Whitney test.
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To gather evidences that MV RNA can be detected by RLRs
in DCs, we exposed them to UV-inactivated MV. UV irradia-
tion impairs the replication of the virus and the formation of
replication intermediates, thus inhibiting the recognition of
replicative viral RNA by RLRs. By contrast, the UV-inactivated
MV should be recognized by TLR7 since viral replication is not
required for this pathway.31,32 pDCs exposed to UV-inactivated
MV secreted 2.5 times less IFN-a than pDCs exposed to MV
(Fig. 4C). This result indicates that viral replication contributes
to IFN-a production, reinforcing the idea that RLRs participate
in the detection of MV in pDCs. However, pDCs exposed to
UV-inactivated virus express similar amounts of TRAIL com-
pared with pDCs exposed to live virus (Fig. 4C), possibly
because the UV-inactivated MV was still able to induce the
secretion of IFN-a by pDCs through TLR7. In contrast, UV-
inactivated MV failed to induce IFN-a secretion and TRAIL
expression by CD1cC DCs (Fig. 4C). This result confirms that
MV replication is necessary in CD1cC DCs to induce IFN-a
secretion and TRAIL expression through the RLR pathway.

To demonstrate that the activation of cytosolic RLRs can
lead to the stimulation of both pDCs and CD1cC DCs, we
treated DCs with the synthetic RIG-I agonist 50-ppp-dsRNA
LyoVec (50-triphosphate-double-stranded RNA) and measured
IFN-a secretion and TRAIL expression. We showed that the
50-ppp-dsRNA induced the secretion of IFN-a by pDCs and
CD1cC DCs (Fig. 4D). The production of IFN-a was associated
with the expression of TRAIL on both DCs subsets.

Together, these results suggest that the secretion of IFN-a and
the subsequent TRAIL expression depend on the recognition of
MV by both TLR7 and the cytosolic RLRs in pDCs, whereas only
the RLRs are involved in sensingMV in CD1cCDCs.

MV induces IFN-a and TRAIL expression after RIG-I
activation in Gen2.2 cells

To explore further the identity of the sensor(s) involved in the
recognition of MV by pDCs, silencing experiments were con-
ducted in Gen2.2 cells, which are reliable surrogate for pDCs.20

These cells can be efficiently transduced using lentiviral par-
ticles.33 Stable shRNA-silencing reduced the level of RIG-I and
TLR7 expression by around 80% and 60%, respectively, in
Gen2.2 cells when compared with shScrambled control cells

(Fig. S5). As previously described,34–36 Gen2.2 cells were less
potent producers of type I IFNs than pDCs (Fig. 5). The
amount of IFN-a and TRAIL expression in response to MV
were reduced in the Gen2.2 cells stably expressing RIG-I
shRNA (shRIG-I Gen2.2) compared with the cells expressing
scrambled control shRNA (shScrambled Gen2.2) or TLR7
shRNA (shTLR7 Gen2.2) (Fig. 5). This result suggests that
RIG-I is involved in the recognition of MV in Gen2.2 cells. Fur-
thermore, Gen2.2 cells were not able to secrete IFN-a after
exposure to the UV-inactivated MV (Fig. 5). It is possible that
small amounts of IFN-a were secreted but fell under the detec-
tion limit of the assay. TRAIL expression was reduced upon
exposure to UV-inactivated virus compared with live virus
(Fig. 5), further confirming the role of RLRs in MV recognition
in pDCs. No involvement of TLR7 in MV-mediated IFN-a pro-
duction and TRAIL expression in Gen2.2 cells was found
(Fig. 5), suggesting that in this model, RIG-I is the primary sen-
sor for MV.

DCs activated with MV acquire a functional cytotoxic
activity

To further characterize the cytotoxic activity of the TRAILC

DCs, we performed a cytotoxic assay with Jurkat cells as target
cells, as they express the TRAIL receptor DR5 (death receptor
5) and are sensitive to TRAIL-dependent cell death.22

At an effector:target ratio of 20:1, we detected that 18.1% of
Jurkat cells were specifically lyzed by pDCs exposed to MV
(Fig. 6A). This specific cell death was reduced when pDCs were
pretreated with Ruxolitinib, but not with IRS661. Thus, the spe-
cific lysis of Jurkat cells by pDCs correlated with TRAIL expres-
sion (Figs. 3A, 4A and 6A). After stimulation with the TLR7
agonist R837, pDCs were able to kill 21% of Jurkat cells. More-
over, pDCs acquired a functional cytotoxic activity against
Jurkat cells after activation with exogenous type I IFNs, which
was abolished by the specific inhibitor Ruxolitinib, or after acti-
vation with the RIG-I agonist 50-ppp-dsRNA.

CD1cC DCs were also able to kill Jurkat cells after exposure
to MV (15% of specific lysis) (Fig. 6B). As observed previously
for TRAIL expression (Fig. 4B), the lysis of Jurkat cells was not
affected by the TLR7 inhibitor IRS661 (Fig. 6B). As expected,
the UV-inactivated MV, as well as R837, did not generate

Figure 5. MV induces IFN-a and TRAIL expression after RIG-I activation in Gen2.2 cells. Gen2.2 cells established by transduction with lentiviruses expressing scrambled
shRNA, shRNA against TLR7 (shTLR7) or RIG-I (shRIG-I) were cultured with IL3, IL3CMV or IL3CUV-inactivated MV (MV UV�). IFN-a secretion was measured by ELISA. #, val-
ues are below the limit of detection of the kit (7 pg/mL).The percentage of TRAIL positive Gen2.2 cells was determined by flow cytometry. Results are expressed as the
mean § SEM of three independent experiments. �p < 0.05, one-way ANOVA (Kruskal–Wallis).
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functional cytotoxic CD1cC DCs (Fig. 6B). As observed in
pDCs (Fig. 6A), both exogenous type I IFNs and 50-ppp-dsRNA
induced cytotoxic CD1cC DCs (Fig. 6B). Type I IFNs-mediated
cytotoxicity was reduced when these DCs were pretreated with
the inhibitor Ruxolitinib. This result was consistent with the
expression profile of TRAIL in the presence of this inhibitor
(Fig. 3C).

Discussion

Several studies show that DCs can become cytotoxic after stim-
ulation by viruses, especially RNA viruses, or by different TLRs
agonists.15 This phenomenon has been described more exten-
sively for the pDC subset. In this study, we showed that onco-
lytic MV induces the expression of the pro-apoptotic protein
TRAIL on human blood myeloid CD1cC DCs and pDCs. We
also determined that MV induces the secretion of large
amounts of IFN-a by pDCs, whereas CD1cC DCs secrete this
cytokine in smaller quantities. We then demonstrated, using

the JAK 1 and 2 signaling inhibitor Ruxolitinib, that the IFN-a
secreted by both subsets of DCs in response to MV is involved
in TRAIL expression. Finally, we showed that IFN-a secretion
and subsequent TRAIL expression are triggered by the detec-
tion of MV by the cytosolic RLRs in CD1cC DCs, whereas in
pDCs both the RLRs and TLR7 signaling pathways are
involved. Our results are consistent with previous works, show-
ing that TRAIL expression on Mo-DCs and pDCs depends on
IFN-a secretion induced by their stimulation.19-22 However,
one study revealed that TRAIL can also be rapidly expressed on
pDCs after a TLR7 stimulation, following STAT1 phosphoryla-
tion and independently of their IFN-a secretion.37

Several studies were conducted to identify which PRRs are
involved in the detection of RNA viruses and which signaling
pathways are subsequently activated in plasmacytoid and mye-
loid DCs. Experiments have been performed using DCs from
mice deficient for different components of the RLR pathway
such as RIG-I,38 TBK-1 and IKK-e39 or MAVS,40 and from
mice deficient for TLR7 or MyD88, which is involved in the
TLR7 signaling pathway.38 Altogether, these reports suggested

Figure 6. DCs activated with MV acquire a functional cytotoxic activity. (A) pDCs were pretreated or not with IRS661 or Rux and then cultured with IL3CMV, R837, type I
IFNs (rhIFN-a-2a and rhIFN-b-1a) or 50-ppp-dsRNA LyoVec. (B) CD1cC DCs were pretreated or not with IRS661 or Rux and then cultured with MV, UV-inactivated MV,
R837, type I IFNs (rhIFN-a-2a and rhIFN-b-1a) or 50-ppp-dsRNA LyoVec. (A, B) DCs were then added to the target Jurkat cells at an effector:target ratio of 20:1 and the per-
centage of specific lysis of Jurkat cells was determined by the measure of 51Cr release in the supernatants. Results are expressed as mean§ SEM of at least three indepen-
dent experiments and each condition was assessed in triplicates for each experiment. For the left panel: �p < 0.05, one-way ANOVA (Kruskal–Wallis); for the right panel:
�p < 0.05, Mann–Whitney test.
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that the RLR pathway is exploited by myeloid DCs to recognize
and respond to RNA viruses, whereas pDCs respond exclu-
sively through TLR7. This “TLR7 exclusive sensing” model in
pDCs is now being reconsidered. Indeed, Kato et al. noted that
IFN-a secretion by Newcastle disease virus-stimulated pDCs
from MyD88-deficient mice is impaired, but not completely
abrogated.38 This suggests that other pathways, including the
RIG-I-mediated one, may contribute to type I IFNs response to
RNA viruses in pDCs. In addition, Hornung and collaborators
demonstrated that negative-sense RNA viruses such as para-
myxoviruses are able to induce a replication-dependent, TLR7-
independent IFN-a secretion.41 Moreover, our recent study
highlighted the involvement of the RLR signaling in pDCs
responding to the yellow fever live vaccine YF-17D, which is a
positive-sense RNA virus.36 We demonstrated that this virus is
able to stimulate either the TLR7 or the RIG-I signaling path-
way in pDCs, depending on how it is delivered to the cells.
Here, we showed that the specific inhibition of TLR7 was not
sufficient to abrogate the secretion of IFN-a and the expression
of TRAIL in pDCs, suggesting that MV activates the RLR path-
way in addition to TLR7 in these cells. Moreover, pDCs
exposed to a UV-inactivated MV, whose replication is abro-
gated, secrete less IFN-a than those exposed to a live MV, indi-
cating that replication intermediates are detected by RLRs in
pDCs. UV-irradiation does not affect TLR7 activation, since
viral replication is not required for the TLR7 recognition. UV-
inactivated MV,31 Sendai virus and influenza virus32 are all able
to induce IFN-a secretion albeit to a lesser extent than their
replicative counterparts. The results obtained with Gen2.2 cells
also confirmed that RIG-I is involved in the secretion of IFN-a
and the expression of TRAIL in response to MV.

We did not expect to observe such an important reduction
of IFN-a secretion and TRAIL expression on pDCs following
pretreatment with MRT67307. This drug is supposed to inhibit
specifically the RLR kinases TBK1 and IKK-e. In our hand, the
inhibitor also affects TLR7 signaling and type I IFN signaling
through IFNAR. This is consistent with previous studies show-
ing that the TLR7 agonist R837 induces the activation of TBK1
through its phosphorylation in bone marrow-derived macro-
phages (BMDMs)42 and that the protein TRAF3 (TNF recep-
tor-associated factor 3) links TLR adaptor proteins to the RLR
kinases TBK1 and IKK-e and is involved in the TLR7-depen-
dent type I IFNs production in pDCs43 and BMDMs.44

Our results suggest that in CD1cC DCs, the RLR pathway is
solely responsible for the secretion of IFN-a and the expression
of TRAIL in response to MV. There is a controversy concerning
the expression of TLR7 by CD1cC DCs: some reports showed
that these DCs express it,45–47 although at a much lower level
than pDCs, whereas others studies showed an expression
restricted to pDCs.48,49 We showed here that R837 induces the
expression of the maturation marker CD83 by CD1cC DCs, sug-
gesting that they express TLR7. However, this TLR7 agonist fails
to trigger the production of IFN-a. This absence of IFN-a
secretion in response to a TLR7 agonist in myeloid DCs may also
be explained by the absence of constitutive expression of the
transcription factor IRF-7, which is the main driver of IFN-a
induction.50 By contrast, IRF-7 is constitutively expressed at a
high level in pDCs, allowing the production of high amounts of
type I IFNs.49,51,52 We confirmed the involvement of the RLR

pathway in CD1cC DCs in response to MV by using a UV-inacti-
vated MV, whose replication is impaired and failed to induce the
secretion of IFN-a and the expression of TRAIL.

In our study, we demonstrated that the expression of TRAIL,
induced by MV on DCs, renders them functionally cytotoxic
against Jurkat cells, which are known to be sensitive to TRAIL-
mediated cell death.22,23,53 Even though we measured granzyme
B secretion by pDCs stimulated by MV, we have doubts con-
cerning its cytotoxic effect in the absence of perforin. However,
granzyme B alone could have antitumor functions54 and could
also facilitate the cytotoxic lymphocytes transmigration by
remodeling the extracellular matrix.55 Contrary to the study that
identified cytotoxic myeloid CD11cC DCs, which express per-
forin and granzyme B after stimulation with a TLR7/8 ligand,53

none of these proteins are expressed nor secreted by CD1cC

DCs exposed to MV in our hands. Furthermore, the level of
TRAIL-mediated cytotoxicity of MV-stimulated pDCs and
CD1cC DCs is lower than the level obtained with CD8C cyto-
toxic T lymphocytes and NK cells that use cytotoxic granules
containing perforin and granzyme B56.

The activation of TRAIL-mediated cytotoxic functions in
DCs exposed to MV reveals new potential therapeutic mecha-
nisms in cancer treatment by oncolytic MV. In a mouse mela-
noma model, the topical application of Aldara� cream,
containing the TLR7 ligand imiquimod, leads to the recruit-
ment of pDCs at the tumor site and correlates with partial or
complete regressions of tumors.57 Recently, the mechanism of
action was uncovered, explaining how pDCs convert into anti-
tumor cytotoxic effectors through the expression of TRAIL and
the pro-apoptotic protein granzyme B58. Similarly, treatment of
basal cell carcinoma patients with Aldara� cream leads to par-
tial or complete regressions of the lesions, associated with an
inflammatory infiltrate containing cytotoxic pDCs and myeloid
CD11cC DCs.53 Together, these reports suggest that the induc-
tion of cytotoxic DCs with a TLR7 agonist is favorable to obtain
tumor regression. Our results suggest that it may be also
achieved with oncolytic MV.

In addition to induce functional cytotoxic DCs, we and others
have demonstrated that oncolytic MV is able to trigger the immu-
nogenic death of tumor cells, which activates the maturation of
DCs and their ability to cross-present tumor antigens.6,10-12 More-
over, MV induces the secretion of IFN-a by DCs, especially by
pDCs, which contributes to elicit antitumor immune responses
and correlates with favorable disease outcomes.59 Type I IFNs
secreted in the tumor environment have also been reported to sen-
sitize tumor cells to TRAIL-mediated lysis.20 Thus, oncolytic MV
represents a potent immunotherapeutic agent, which activates
diverse antitumor mechanisms in different DC subsets that may
participate to tumor cell eradication.

Materials and methods

Dendritic cell isolation

Platelet apheresis residues from healthy donors were provided
by the Etablissement Français du Sang of Nantes (agreement
NTS-2014–06). DCs were obtained from peripheral blood
mononuclear cells (PBMCs), as previously described.60 Briefly,
DCs were enriched by counterflow centrifugation elutriation
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and then purified, using a human pan-DC pre-enrichment kit
(StemCell Technologies, Inc.) as recommended by the manu-
facturer, which consists in an immunomagnetic negative isola-
tion of DCs. Among the cells obtained, pDCs were stained with
an APC-conjugated anti-BDCA-4 mAb (clone AD5–17F6, Mil-
tenyi) and CD1cC DCs with a FITC-conjugated anti-CD1c
mAb (clone L161, eBiosciences) to sort them by flow cytometry
(FACS Aria III, BD Biosciences). To improve the cell sorting,
BV421-conjugated anti-CD3 (clone UCHT1), anti-CD19
(clone HIB19) and anti-CD14 (clone M’P9) mAbs (BD Bio-
sciences) were used to eliminate other immune populations.

Biological materials

DCs were cultured in RPMI-1640 medium supplemented with
2% human albumin, 100 U/mL penicillin, 100 mg/mL strepto-
mycin and 2 mM L-glutamine (all reagents were from Gibco-
Invitrogen) at 37�C in a 5% CO2 atmosphere for 16 h. 100,000
DCs were seeded in 96-well plates in a final volume of 200 mL.
CD1cC DCs were cultured alone or with the live-attenuated
Schwarz strain of measles virus (MV) at an MOI (multiplicity
of infection) of 10. pDCs were cultured with the survival factor
IL3 alone (rhIL3, 20 ng/mL, CellGenix) or with IL3 and MV
(MOI D 10). MV is produced and purified as previously
described.61 MV was inactivated by irradiation with UV-B (312
nm) during 10 min (Bio-Link, Vilber Lourmat). DCs were also
cultivated with the TLR7 agonist R837 (1 mg/mL, Invivogen),
exogenous type I IFNs (rhIFN-a-2a and rhIFN-b-1a, 100 ng/
mL, ImmunoTools) or the RIG-I agonist 50-ppp-dsRNA Lyo-
Vec (10 mg/mL, Invivogen). The cationic lipid transfection
reagent LyoVec complexed with the RIG-I agonist facilitates its
uptake. For the inhibition experiments of TLR7, TBK1 and
IKK-e, or JAK 1 and 2, DCs were pretreated for 30 min with a
specific immunoregulatory DNA sequence IRS661 (1 mM,
Eurofins), MRT67307 (8 mM, Sigma Aldrich) or Ruxolitinib
(2.5 mM, Invivogen), respectively. After these pretreatments,
the agonists were added to the cultures.

The pDC cell line Gen2.2 was obtained from Dr Jo€el Plumas
and has been described elsewhere.20 Gen2.2 cells were grown in
RPMI medium supplemented with 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate and non-essential amino acids.
The generation of the lentiviral vector particles-transduced
shScrambled, shTLR7 and shRIG-I Gen2.2 cells was previously
described.36 One million Gen2.2 cells were seeded in 12-well
plates in 2 mL complete medium. Cells were left uninfected, or
were infected with the live or UV-inactivated MV at an MOI of
10 for 18 h, in the presence of IL3.

Flow cytometry

To determine the expression of CD83 and TRAIL on DCs,
cells were stained with a PE-Cy7-conjugated anti-CD83
mAb (clone HB15e, BD Biosciences) and a PE-conjugated
anti-TRAIL mAb (clone RIK-2, Biolegend). Results are pre-
sented as the percentage of DCs expressing the different
markers compared with DCs stained with the corresponding
isotypes. The analysis was performed on live cells that were
Zombie NIRTM (Biolegend) negative, BDCA-4C for the
pDCs and CD1cC for the CD1cC DCs. Fluorescence was

analyzed with a FACS Canto II (BD Biosciences) using the
BD FACSDivaTM software.

Cytokine detection

IFN-a production was measured by ELISA (Mabtech) accord-
ing to the manufacturer’s instructions. Supernatants of pDCs
and CD1cC DCs were collected after 16 h. ELISA were per-
formed directly without freezing supernatants.

Cytotoxicity assay

Jurkat cells were cultured in RPMI-1640 medium supple-
mented with 10% fetal calf serum, 100 U/mL penicillin,
100 mg/mL streptomycin and 2 mM L-glutamine (all reagents
were from Gibco-Invitrogen) at 37�C in a 5% CO2 atmosphere.
The cytotoxicity assay was performed in this medium. Target
Jurkat cells were incubated for 1 h with Na2

51CrO4 at 37�C and
then washed with culture medium. 1,000 51Cr-labeled target
cells per well were seeded in 96-well plates and the effector cells
(DCs) were added at an effector to target (E:T) ratio of 20:1, in
triplicates. After 4 h of incubation at 37�C, 25 mL of superna-
tant were harvested and mixed with 100 mL of the scintillation
liquid cocktail (OptiPhase Supermix, PerkinElmer). The 51Cr
released in supernatants was measured using the Microb�

plate-based counter (PerkinElmer). The percentage of specific
lysis was calculated as follows: [(ER ¡ SR) / (MR ¡ SR)] £
100, where ER, SR and MR correspond to experimental, spon-
taneous and maximum 51Cr release, respectively. SR was calcu-
lated from target cells incubated with culture medium alone
and MR corresponds to the 51Cr released by target cells lyzed
with culture medium containing 5% Triton X-100. Cell infec-
tion or treatment did not affect the SR.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5
software (GraphPad Software Inc.). To compare two groups, a
nonparametric, one-tailed, unpaired Mann–Whitney compari-
son test was used. To compare more than two groups, non-
parametric one-way ANOVA (Kruskal-Wallis test) was used,
with Dunn’s post-test. All data are presented as mean § SEM.
p values less than 0.05 were considered to be statistically signifi-
cant. �p < 0.05, ��p < 0.01, ���p < 0.001.
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