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ABSTRACT

Novel adjuvants are needed to increase the efficacy of vaccine formulations and
immune therapies for cancer and chronic infections. In particular, adjuvants that
promote a strong type I IFN response are required, since this cytokine is crucial for
the development of efficient anti-tumoral and anti-viral immunity. Nucleic acid band
2 (NAB2) is a double-stranded RNA molecule isolated from yeast and identified as an
agonist of the pattern-recognition receptors TLR3 and MDA-5. We compared the ability
of NAB2 to activate innate immunity with that of poly(1:C), a well-characterized TLR3
and MDA-5 agonist known for the induction of type I IFN. NAB2 promoted stronger
IFN-a production and induced a higher activation state of both murine and human
innate immune cells compared to poly(I:C). This correlated with a stronger activation
of the signalling pathway downstream of MDA-5, and IFN-a induction was dependent
on MDA-5. Upon injection, NAB2 induced higher levels of serum IFN-a in mice than
poly(I:C). These results suggest that NAB2 has the potential to become an efficient
adjuvant for the induction of type-I IFN responses in therapeutic immunization
against cancer or infections.

INTRODUCTION

A major focus of current research is the development
of novel and more effective immune stimulants that can be
used as adjuvants, in order to increase vaccine efficacy and
safety [1]. Moreover, considering the rising importance
of immunotherapy for cancer treatment, there is a need
for effective immune modulators that can improve
current anti-cancer immunotherapeutic approaches. A
class of molecules that were shown to be highly efficient
adjuvants are the pathogen-associated molecular patterns
(PAMPs) [2]. PAMPs comprise molecular structures, such
as specific lipids moieties, nucleic acid structures and

lipoproteins, that are highly conserved across a wide range
of microorganisms, and whose recognition by immune
cells can play a critical role in the early detection of
invading pathogens. Indeed, PAMPs can trigger a specific
group of innate immune sensors, called pattern-recognition
receptors (PRRs), which, upon stimulation, promote
the initiation of the innate immune response and the
development and coordination of the subsequent adaptive
immune response [3]. Different types of PRRs exist,
depending on their subcellular localization and the target
they recognize. Nucleic acid-sensing PRRs are triggered
by specific DNA and RNA structures, and are of particular
importance for the detection of viral infections [4]. Indeed,
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a consequence of nucleic acid sensing by immune cells is
the production of key anti-viral cytokines such as type I
IFNs, mainly by conventional and plasmacytoid dendritic
cells (¢cDCs and pDCs) and macrophages [5]. Importantly,
type I IFNs are central linkers of the innate and adaptive
immune response, and are known to mediate prominent
anti-tumoral effects [6]. Thus, the stimulation of nucleic
acid sensors, through synthetic molecules or naturally
occurring nucleic acids, is of a special interest for cancer
therapy.

Polyriboinosinic—polycytidylic acid (poly(I:C)) is a
synthetic double-stranded RNA (dsRNA) that is an agonist
for the nucleic acid sensors Toll-like receptor 3 (TLR3) [7]
in the endosome and Melanoma Differentiation-Associated
protein 5 (MDA-5) [8], a cytosolic receptor belonging to
the RIG-I-like receptor (RLR) family. Poly(I:C) is currently
the most consistently active variant of polynucleotide
products that, signalling through TLR3 and MDA-5, is
able to induce a strong IFN activity [9]. Preclinical tests
have shown that poly(I:C), included as adjuvant in cancer
vaccines [10] but also as a stand-alone treatment [11], is
able to promote an efficient anti-tumoral immune response,
activating DCs, NKs and T cells [12, 13]. However, the use
of poly(I:C) or poly(I:C) analogues in clinical settings is
still limited, mainly due to its unfavourable toxicity profile
[14, 15]. Furthermore, the high variability of the poly(I:C)
effects that is associated with the use of different product
batches, as often observed even in preclinical tests, is a
critical downside of this PRR agonist.

Recently, a novel TLR3 and MDA-5 agonist was
identified and isolated from a microsomal Saccharomyces
cerevisiae yeast extract. This molecule turned out to be
a 4.6-kb dsRNA molecule with a sequence identical to a
yeast dsSRNA virus belonging to the Totoviridiae family,
and it was termed nucleic acid band 2 (NAB2) [16]. NAB2
was shown to induce the secretion of pro-inflammatory
cytokines and type I IFNs in human monocyte-derived
DCs, signalling through TLR3 and MDA-5. Moreover,
NAB2 injection augmented the efficacy of a prophylactic
anti-cancer vaccine in a transplantable tumor mouse
model, increasing tumor rejection rate and survival [16].

The aim of this work was to compare the efficacy
of NAB2 and poly(I:C) as innate immune stimulants:
we set out to assess whether NAB2 could represent
a more reliable adjuvant, able to circumvent the lack
of reproducibility typically associated with different
poly(I:C) batches and to consistently induce a strong
cytokine response. We report here that NAB2, through an
enhanced activation of MDA-5 downstream signalling,
promoted a stronger IFN-a production by murine and
human innate immune cells in vitro, and a significant
increase in IFN-a serum levels in vivo, than poly(I:C).
We propose that NAB2 represents a valid alternative to
poly(I:C) as nucleic acid-sensor agonist, with a potentially
improved efficacy in the immune-based treatments of
cancer and as vaccine adjuvant.

RESULTS

NAB?2 induces stronger type I IFN responses
than the same doses of poly(I:C)

To compare the cytokine-producing ability of
poly(I:C) and NAB2, we first assessed the effect of the
two agonists on murine bone marrow-derived dendritic
cells (BMDC). To monitor RLR and TLR activity upon
stimulation, we measured IFN-a and IL-6 production,
respectively, because they represent the signature
cytokines for each of these pathways [17]. IFN-a
production was clearly increased in a dose-dependent
manner in cells treated with NAB2 and the transfection
reagent lipofectamine, whereas we did not observe any
difference in IL-6 production in NAB2 and poly(I:C)-
treated cells (Figure 1A). Furthermore, CXCL-10, that
is known to be induced by type I and type II IFNs [18],
was also increased upon NAB2 stimulation compared
to poly(I:C). Without lipofectamine we observed only
marginal cytokine production upon both NAB2 and
poly(I:C) stimulation. We did not observe a detectable IL-
10 production (data not shown), and only a marginal IL-
12p40 production (Figure 1A) with NAB2 and poly(I:C).
We observed a similar effect using freshly isolated murine
bone marrow cells and splenocytes: the stimulation of
both these primary cell populations with NAB2 induced
a higher I[FN-a production and only a marginal amount of
IL-6, compared to poly(I:C) (Figure 1B).

To characterize the phenotype of dendritic cells
stimulated with NAB2 and poly(I:C), we evaluated the
surface expression of different activation markers and co-
stimulatory molecules on BMDC (Figure 1C upper panels)
and splenic DC (Figure 1C lower panels). In line with the
cytokine profile of stimulated BMDC, we observed a
higher MHC class I and PD-L1 expression upon NAB2-
mediated stimulation compared to poly(I:C) (Figure 1C),
both in BMDC and splenic DC, suggesting an enhanced
DC maturation. In contrast, NAB2 induced a similar
surface expression of the co-stimulatory molecules CD80,
CD86 and CD40 in BMDC, and only splenic DC showed
an increased CD86 expression upon NAB2 stimulation.
In summary, we show that NAB2 stimulation promotes a
more pronounced type I IFN response in different types of
murine immune cells, and a more marked activation state
of BMDC, compared to poly(I:C).

NAB2-activated BMDC induce antigen-specific
T-cell production of effector cytokines

To determine the capacity of NAB2-stimulated
cells to induce an antigen-specific T-cell response, and
considering the increased MHC-I expression upon NAB2
stimulation, we isolated CD8&" T cells from OT-I mice and
co-cultured them with OVA-pulsed BMDC, which were
pre-stimulated with NAB2 or poly(I:C). 3 days later, we
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measured the amount of IL-2 and IFN-y in the co-culture also in comparison to poly(I:C)-stimulated cells (Figure 2).

supernatant. BMDC that were incubated with NAB2 and Of note, in the absence of lipofectamine, NAB2 induced
lipofectamine induced the highest cytokine production, only a marginal IL-2 and IFN-y production, similarly
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Figure 1: NAB2 enhances type I IFN response in murine immune cells. (A) Cytokine levels in the supernatant of BMDC,
stimulated for 24 h with 0.5, 2 and 5 ng/ml of NAB2 or poly(I:C), with and without lipofectamine, measured by ELISA. For IL-6, CXCL10
and IL-12p40 plots, results of stimulation with 2 pg/ml NAB2 or poly(I:C) are represented. Mean + SEM of triplicates are shown. Data are
representative of four independent experiments. Significance was measured by two-way ANOVA with Bonferroni post-test correction or
Student #-test, respectively for IFN-a and for IL-6, CXCL10 and IL-12p40. (B) Cytokine levels in the supernatant of freshly isolated bone
marrow cells (BM) and splenocytes (SP), stimulated for 24 h with 2 pg/ml of the indicated agonists. Mean + SEM of triplicates are shown.
Data are representative of at least 2 independent experiments. (C) Surface expression of activation markers on BMDC (upper panels) and
splenic DC (SP) upon 24 h stimulation with 2 pg/ml of the indicated agonists, measured by flow cytometry. Geometric mean fluorescence
intensity (gMFI) fold increase compared to unstimulated cells is plotted. Bar plots represent pooled data of at least three independent
experiments performed in triplicate. Mean + SEM are shown. Significance was measured by Student #-test. “p < 0.05, “p < 0.01. n.d.,
cytokine levels below detection limit.
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to poly(I:C)-stimulated BMDC. In the absence of the NAB?2 increases type I IFN responses in vivo
antigen, we did not detect cytokine production in any of

the conditions tested, showing the specificity of the T-cell To examine whether the differential response
response. Thus, NAB2-stimulated dendritic cells are able induced by NAB2 and poly(I:C) was detectable in vivo,
to activate T cells in an antigen-specific manner, and to a we injected mice with the two PRR agonists, and 4 h later
greater extent than poly(I:C). we measured the cytokine levels in the serum. Again,
while we did not detect a statistical significant difference
NAB2 increases IRF3 activation compared to in IL-6 production (data not shown), NAB2 induced a
poly(I1:C) markedly 1ncre.ased IFN-o serum expression, compared
to poly(I:C) (Figure 4). Of note, we did not observe any
To investigate the mechanism causing the enhanced signs of toxicity following NAB2 injections. Thus, NAB2
IFN-a response upon NAB2 stimulation, we performed is more efficient than poly(I:C) in promoting a type I IFN
immunoblot analysis on the cell lysate of murine BMDC response, in vitro as well as in vivo.
stimulated for 2 h with NAB2 or poly(I:C). As both
agonists were reported to signal through TLR3 and MDAS NAB2 augments the IFN I response of human
pathways [7, 8, 16], we analysed the activation of the monocyte-derived macrophages compared to
main transcription factors downstream to these receptors. poly(I:C)
The two agonists induced an equal phosphorylation of the
p65 subunit of the transcription factor NF-xB, which is To assess whether our observations in the mouse
mainly responsible for the expression of pro-inflammatory model were valid also in human cells, we stimulated
cytokines, such as IL-6, following TLRs stimulation [19]. with the two PRRs agonists human monocyte-derived
In contrast, NAB2 increased the phosphorylation of the macrophages generated according to Mia et al. [21]. We
transcription factor IRF3, which regulates the expression tested the effect of NAB2 on macrophages because in
of type I IFNs following RLR and TLR3 stimulation our previous published [22] and unpublished work, we
[20] (Figure 3A). NAB2 and poly(I:C) did not affect observed that the anti-tumoral effect of PRR stimulation
the total p65 or IRF3 amount. MDA-5 was below the combined with a prophylactic vaccine was dependent
detection limit in all conditions (data not shown). Thus, the on the activation status and cytokine profile of tumor-
phosphorylation patterns of IRF3 and p65 correlate with the infiltrating macrophages. A combination of M-CSF,
cytokine response observed following NAB2 and poly(I:C) IL-4/IL-10/TGF-B yielded a phenotype of adherent
stimulation. Bone marrow cells from mice deficient for CD206+CD163+ macrophages with downregulated CD86
MDA-5 produced no IFN-a following NAB2 stimulation, expression. We analysed the cell activation state and IFN-a
demonstrating that the induction of this cytokine is entirely production following stimulation. Similarly to the mouse
MDA-5 dependent (Figure 3B). Thus, NAB2 promotes an system, the stimulation with NAB2 induced a marked
enhanced type I IFN response in BMDCs by modulating increase of IFN-a production (Figure 5, left) and CD86
the MDA-5 downstream signalling pathway, and in expression on human macrophages (Figure 5, right). In
particular by inducing a stronger IRF3 activation. contrast, poly(I:C) did not cause any detectable effect. We
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Figure 2: NAB2-stimulated BMDC activate CD8" OT-1 T cells to produce IL2 and IFNy. Levels of IL2 and IFNy in
supernatant of CD8" OT-1 T cells after 3 days of co-culture with OVA peptide-loaded or unloaded BMDC stimulated for 24 h with 2 ng/
ml of NAB2 or poly(I:C), with and without Lipofectamine (Lipo), or unstimulated (NS). Cytokines were quantified by ELISA. Plots show
cumulative data of two independent experiments. Mean + SEM of triplicates are shown. Statistical analysis was performed with Student
t-test. "p < 0.01, n.d., not determined, cytokine levels below detection limit.
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did not detect IFN-o production or CD86 up-regulation DISCUSSION
upon stimulation in the absence of the transfection reagent.

Taken together, our observations suggest that NAB2 Vaccine formulations that exploit the nucleic
induces a consistent and more potent type I IFN response acid-sensing mechanisms of immune cells can be used
compared to poly(I:C) both in human cells and in mice. to maximize the response against cancer and chronic
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Figure 3: NAB2 increases IRF3 but not NF-kB signalling in murine BMDC. (A) Immunoblot analysis of p65 and IRF3
phosphorylation in lysate of BMDC. Cells were stimulated for 2 h with poly(I:C) or NAB2, both complexed with lipofectamine, or not
stimulated (NS). Individual blots are depicted by rectangles. Signal intensity is expressed as fold increase referred to unstimulated samples,
normalized to B-actin. Blots are representative of two independent experiments. (B) I[FNa levels in the supernatant of bone marrow cells
from WT and MDA-/- mice stimulated for 18 h with NAB2 or poly(I:C) using Lipofectamine 2000® (Lipo) or Mirus TransIT LT1® (Mirus
LT1) as transfection reagent. Mean = SEM of triplicates are shown. Poly (A) was used as negative control. 3P-RNA and DNA were used
as positive controls. All the stimulants were used to a final concentration of 200 ng/well. Statistical analysis was performed with Student
t-test. p < 0.05, n.d., not determined, cytokine levels below detection limit.
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infections, mainly for their capability to induce a
potent type I IFN response. Indeed, type I IFNs are
crucial mediators of the anti-tumoral immune response,
promoting DC maturation, antigen cross-presentation and
in turn activation of cytotoxic T lymphocytes, NK cells
activation and polarization of Th1 cells [23]. Moreover,
the ability of type I IFNs to prime spontaneous anti-
tumoral T-cell responses [24] makes these pleiotropic
cytokines, and the mechanisms that drive their production
highly attractive targets of cancer immunotherapeutic
approaches [25].

The synthetic dsRNA poly(I:C) is currently
considered the most potent inducer of type I IFNs among
all TLRs agonists [26]. However, poly(I:C) limitations,
such as batch-dependent variability and high toxicity,
hampered its use in clinical settings and highlight the need
for new and more efficient TLR3 and MDA-5 targeting
adjuvants. In this work we show that NAB2, a yeast-
derived dsRNA molecule that also signals through TLR3
and MDA-5, is able to induce a stronger IFN-a production
and innate immune cell activation compared to poly(I:C),
both in the mouse and human systems. Moreover, since the
production process of NAB2 is based on the isolation of
viral genomic RNA, the length of the molecule is constant
in different batches, assuring highly reproducible results

300+

200+~

U/mi

100+

(Supplementery Figure 4). NAB2 also induces a higher
CXCL10 production, in spite of a similar IL-6 expression.
While the comparable IL-6 expression may be due to
the similar capacity of NAB2 and poly(I:C) to activate
the NF-kB pathway, the different CXCL10 production
suggests that its expression is driven by NAB2 mainly
through IRF3 activation. However, it is also possible that
CXCL10 production is induced in a paracrine manner by
type I IFNs [27]. Considering a) that CXCL10 expression
is associated with Thl immune responses and b) the
role of CXCLI10 in attracting activated T cells [28, 29],
NAB?2 appears as a promising adjuvant to promote cell-
mediated immunity. Indeed, we additionally demonstrate
the potentiated antigen-presenting function of NAB2-
stimulated BMDC in vitro: MHC-I surface expression
increases upon NAB2 stimulation, and BMDC gain the
capacity to activate CD8" T cells in an antigen-specific
manner to produce IL-2 and IFN-y. Our data indicate that
NAB2 represents a novel immune stimulant with a high
therapeutic potential, especially in the context of cancer
immunotherapy, although further studies are needed to test
the adjuvant potential of NAB2 in vivo.

Of note, we observed that NAB2 promoted a
stronger IFN-a expression compared to poly(I:C) only
when the two agonists were complexed with lipofectamine,
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Figure 4: NAB2 increases IFN-a serum levels in vivo. IFN-a levels in the serum of mice treated with the NAB2 or poly(I:C). Mice
were injected i.p. with 50 pg/mouse of poly(I:C) or NAB2 plus Lipofectamine. Cytokines in the serum were measured by ELISA 4 h after
the injection. Each dot represents one mouse (n =4). One of two independents experiments is shown. Significance was measured by Student

t-test. "p <0.01.
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a transfection reagent which allows their direct entry in
the cytoplasm. On the contrary, the two PRRs induced a
similar and only marginal amount of IFN-a when applied
without carrier. It was previously shown that, when
poly(I:C) and NAB2 are complexed with lipofectamine,
the main receptor that is triggered is the RLR MDA-5 [16,
17]. We could confirm this here using immune cells from
MDAS5-deficient mice. In line with this, delivery of NAB2
to the cytoplasm by using the alternative carrier TransIT®-
LT2 (Mirus) produced similar results in terms of IFN-a
production by human PBMCs (Supplementery Figure 3).
DOTAP, which delivers nucleic acids to the endosome,
was less effective. Altogether these observations suggest
that NAB2 is a more efficient MDA-5 agonist than
poly(I1:C), while they induce a similar TLR3-dependent
response. In line with this, NAB2 might exert a different
function compared to poly(I:C) depending on the cell type,
as a consequence of different cellular distribution of the
MDA-5 and TLR3 receptors [9]. For example, compared
to poly(I:C), NAB2 might have a major impact on NK
cells activation, since this cell type crucially relies on
MDA-5 for nucleic acid sensing, whereas TLR3 plays
only a marginal function [30].

The mechanism by which NAB2-stimulation
improves the MDA-5-dependent response remains to be
defined. Basal expression of MDA-5 is usually low, and
it can be induced by cytokines such as IFN-f and TNF-a
[31]. However, it is unlikely that the increased MDA-5
signalling induced by NAB2 is due to an up-regulation
of the receptor expression, since we could not detect a
significant MDA-5 expression in any of the conditions
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tested, even upon stimulation by NAB2 or poly(I:C).
IRF3 is the major transcription factor that regulates type
I IFN responses upon nucleic acid sensing in innate
immune cells [19]. We observed an increased IRF3
phosphorylation upon NAB2 stimulation, but a similar
NF-xB activation induced by the two agonists. NAB2
might thus impact the MDA-5 downstream signalling at
the level where the pathways involving IRFs or NF-xkB
diverge. Upon dsRNA recognition, MDA-5 interacts with
IPS-1, or Mitochondrial antiviral-signaling adaptor protein
(MAVS) [32], which is considered the point of divergence
of the two pathways. Following interaction with MDA-
5, IPS-1 may activate the TBK1/IKKe kinases, which in
turn phosphorylate IRF3 [33], or alternatively activate
IKK, and finally NF-kB, in a signalling cascade involving
FADD-RIP1 and caspase-8/10 [34]. Further experiments
are needed to fully elucidate the signalling events leading
to IRF3 phosphorylation.

On the structural level, MDA-5 recognizes long
dsRNA molecules by cooperatively assembling into
helical filaments [35]. The length and lifetime of MDA-5
filaments is determined also by the length of the dsSRNA
molecule, and this is a crucial factor in determining
the MDA-5 signalling output [36]. Thus, a possible
explanation of the improved MDA-5-dependent response
upon NAB2 stimulation is the increased length of the
NAB2 molecule, compared to poly(I:C).

Different-size  poly(I:C)s are commercially
available, usually referred to as high (HMW) or low
molecular weight (LMW) poly(I:C)s, with a respective
average size of 1.5-8 kb and 0.2—1 kb. Both poly(I:C)
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Figure 5: NAB2 enhances IFN-o production and activation of human monocyte-derived macrophages. IFN- o levels
in the supernatant of human monocyte-derived macrophages (left) and CD86 surface expression (right) on macrophages treated with the
indicated agonists for 16 h. IFN-o was measured by Luminex analysis and the CD86 surface expression was measured by flow cytometry.
CD86 expression is expressed as geometric mean fluorescence intensity (gMFI). Each dot represents one independent donor (n = 3). For
each donor, the mean of two independent experiments is shown. Significance was measured by Student #-test. p < 0.05.
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formats are able to signal through TLR3 and MDA-5,
but there are contrasting results concerning their relative
efficacy [37, 38]. In this work we compare NAB2 with
LMW poly(I:C), because, from previous observations of
our group, LMW poly(I:C) produces more reproducible
results compared to HMW poly(I:C), with regard to
its innate immune cell-stimulant activity ([17] and
unpublished results). Moreover, we previously showed
how LMW poly(I:C) has a strong anti-tumoral effect in
an active immunotherapy approach [39]; taken together,
we thus consider LMW poly(I:C) a proper and effective
control for testing NAB2 immune stimulant activity in
pre-clinical experiments. However, it would be of interest
to compare NAB2 immune stimulatory activity with other
poly(I:C) formulations.

In conclusion, considering the strong type I
IFN response induced, NAB2 has the potential to be a
more efficient adjuvant than poly(I:C) for therapeutic
immunization against cancer or infections. Our work
provides the rationale to compare the efficiency of NAB2
and poly(I:C) in a therapeutic setting, such as the anti-
tumoral effect of their administration in mouse tumor
models. However, it is important to keep in mind that
the most prominent adverse effect of the use of poly(I:C)
or poly(I:C)-derived compounds in clinical settings are
attributed to the induction of systemic inflammatory
responses. Although we observed no signs of toxicity in
mice receiving high doses of NAB2, further studies are
needed to carefully evaluate the potential side effects of
NAB2-mediated immune stimulation, and to test the use
of more targeted delivery strategies [40, 41].

MATERIALS AND METHODS

Human monocyte purification and immune
stimulation

Human monocytes were isolated and purified
from peripheral blood mononuclear cells (PBMCs) of
buffy coats obtained from healthy donors (Etablissement
Frangais du Sang, Strasbourg) using Ficoll-Paque
PLUS (GE Healthcare) according to the manufacturer’s
instructions. After isolation from PBMCs either by
positive CD14+ selection or by negative selection
using monocyte isolation kit II (Miltenyi, Biotec),
4 x 10° monocytes were cultured on 48-well plates in
500 pl Macrophage Base Medium DXF (Promocell)
supplemented with 50 ng/ml M-CSF (Miltenyi Biotec).
Medium was changed at day 3 and day 7. At day 7,
CD16"CD68'CD11b" MO macrophages were polarized
towards a M2 phenotype adding 1L-4, IL-10 and TGF-
beta (Miltenyi Biotec) to a concentration of 20 ng/ml. Two
days later, CD163* CD206" M2 macrophages were treated
with NAB2 or poly(I:C) (LMW (tlrl-picw, Invivogen))
mixed or not with Lipofectin reagent (Invitrogen) in

Opti MEM medium (Gibco, Thermo Fisher). 50 pl of
the respective mix were added per well for 16 h. For
testing different transfection reagents, freshly isolated
PBMCs were stimulated with NAB2 transfected with
Lipofectamine (Invitrogen, Thermo Fisher Scientific),
DOTAP (Carl Roth) and TransIT®-LT2 (Mirus Bio LLT)
diluted in Opti MEM (Gibco, Thermo Fisher Scientific).
Supernatants were collected after 24 h for cytokine
detection.

Mice and treatments

Wild-type C57BL/6J mice were purchased from
Janvier labs (Le Genest-St-Isle, France). MDA-5-
deficient mice (C57BL/6 background) and WT controls
were from the University of Bonn. Mice were maintained
in specific-pathogen free conditions and used between
6-14 weeks of age. In the indicated experiments, mice
were injected i.p. with 50 pg/mouse of poly(I:C) low
molecular weight (Invivogen, Toulouse, France), or 50 pg/
mouse NAB2 (Transgene S.A., Illkirch-Graffenstaden,
France), complexed with Lipofectamine RNAIMAX
(Invitrogen, Carlsbad, CA). 4 h after the injection, mice
were euthanized, and blood was collected by cardiac
puncture, for the analysis of serum cytokines. All animal
experimentation procedures were performed according to
the Swiss or German federal legislation.

Murine cell culture and immune stimulation

Primary cells from bone marrow and spleen were
obtained as described in [42]. To prepare conventional
BMDCs, bone marrow cells were cultured in RPMI 1640
medium, 50 U/mL penicillin, 50 pg/mL streptomycin,
2 mmol/l L-glutamine (all from PAA laboratories,
Pasching, Austria), 10% (v/v) fetal calf serum (Life
Technologies, Grand Island, NY), supplemented with
20 ng/ml GM-CSF (PeproTech, Rocky Hill, NJ). On day
6, loosely adherent cells and cells in suspension were
harvested and used for the indicated experiments. For
cell stimulations, a total of 2 x 10° BMDCs or 2-4 x
10° primary bone marrow cells and splenocytes per well
were seeded in 96-well plates. Stimulation of the cells
was performed in complete medium, with the agonists at
the concentrations indicated in the figure legends for 18-
24 h. The same 2 h stimulation protocol was performed
for flow cytometry analysis, cytokine production, and for
the analysis of the activation of intracellular signalling
pathways. Low molecular weight poly(I:C) and R848
were purchased respectively from Invivogen and Enzo
Life Sciences (New York, NY). NAB2 was provided by
Transgene S.A. Poly(I:C), NAB2, 3P-RNA and pDNA
transfections were performed with Lipofectamine (Life
Technologies), TransIT-LT1 or LT2 (Mirus Bio LLT)
according to manufacturers’ specifications.
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Flow cytometry and ELISA

For flow cytometry analysis, cells were incubated
for 10 min with Fc receptor-blocking antibody (TruStain
fcX, Biolegend, San Diego, CA) and stained with
fluorescently labeled antibodies. Anti-mouse CDI11b
(M1/70), CD11c (N418), MHC-II (M5/114.15.2), CD80
(16-10A1) and CD86 (GL-1) were used. Pacific blue-
coupled Armenian hamster IgG antibody (HTKS888),
phycoerythrin-coupled rat IgG2a,x (RTK2758) and
APC-Cy7-coupled rat IgG2b,x (RTK4530), were used as
isotype controls. All these antibodies were purchased from
Biolegend (San Diego, CA). Anti-mouse CD40 (1C10),
PDL1 (MIHS5), MHCI (AF6-885.5.3) were purchased
from eBioscience (Thermo Fisher Scientific). All cell
acquisitions were recorded using the MACSQuant system
from Miltenyi Biotec (Bergisch Gladbach, Germany) or
the NovoCyte Flow Cytometer (ACEA Biosciences). Data
were analyzed using FlowJo vX.0.7 software (Tree Stat,
Inc., Ashland, USA). For the flow cytometry analysis of
human monocytes, cells were incubated for 20 min with
human FcR Blocking Reagent (Miltenyi Biotec) and APC-
labeled anti-CD86 (clone FM95, Miltenyi Biotec). Dead
cells were labeled by automatic propidium iodide staining
before cell acquisition recorded using MACSQuant
cytometer (Miltenyi). Data were analyzed using Kaluza
software (Beckman Coulter). Cytokine levels in the
supernatant of stimulated cells and serum of treated mice
were quantified by sandwich ELISA, following the kit
protocols (BD Biosciences and BioLegend, San Diego,
CA). For human monocytes, the supernatant of stimulated
cells was taken and IFN-alpha levels were measured
(Human IFN-alpha Simplex, ProcartaPlex, eBiosciences)
on a MAGPIX device (Luminex XMAP Technologies).

Immunoblot analysis

BMDCs (4 x 10%well) were seeded in 24-well
plates and stimulated in serum-free Opti-MEM (Life
Technologies, Invitrogen). Immunoblot analysis was then
performed as described in [17]. The following primary
antibodies were used: anti—f-actin (§H10D10), anti—
phospho-p65 (Ser536, 93H1), anti-p65 (L8F6 or D14E12),
anti-phospho-IRF3 (4D4G), anti-IRF3 (D83B9), and anti—
MDA-5 (D74E4). Membranes were analyzed in a Li-Cor
fluorescence reader (Li-Cor, Lincoln, NE).

Stimulation of OT1 CD8+ T cells

CD8+ T cells were purified from spleens of OT I
mice (C57BL/6-Tg(TcraTerb)1100Mjb/Crl, Charles River
Labs) by negative selection with the CD8a+ mouse T
cell isolation kit (Miltenyi Biotec). Separation efficiency
was evaluated by FACS. Purified CD8+ T cells (1 x 103
cells/well) were co-cultured with BMDCs (5 x 10%/well)
stimulated as described above, in presence or absence of

OVA peptide (25 pg/ml). Supernatants were collected after
three days of co-culture for cytokine detection.

Statistical analysis

Statistical significance was evaluated using two-
tailed Student’s ¢ test, comparing the mean + SEM of
at least 3 biological replicates per conditions. P-values
< 0.05 were considered significant. Each experiment was
repeated at least twice. Statistical analysis was done with
GraphPad Prism 5 software (GraphPad Softwares Inc.,
CA).

Author contributions

C.B., A.O. and K.R. conceived the study. A.O., L.S.,
V.P. and W.B. performed experiments and analysed data.
L.S. and C.B. wrote the manuscript.

ACKNOWLEDGMENTS

We thank Aristea Massaras, Marie-Christine
Claudepierre, Patricia Kleinpeter, Christelle Remy-Ziller,
Caroline Tosch and Patrick Miiller for excellent technical help.

CONFLICTS OF INTEREST

K.R. is employee of Transgene. Transgene is a
member of the Institute Mérieux Group, a publicly traded
French biopharmaceutical company. NAB2 was identified,
developed and produced by Transgene.

FUNDING

Swiss National Science Foundation grants 310030-
156372 and 156871; National Center of Competence in
Research Bio-Inspired Materials (to C.B.). DZIF funding
and German Research Foundation (DFG) grants EXC1023:
ImmunoSensation, CRCs 670 and 704 (to W.B.).

REFERENCES

1. O’Hagan DT, De Gregorio E. The path to a successful
vaccine adjuvant--"the long and winding road’. Drug
Discov Today. 2009; 14:541-51. https://doi.org/10.1016/].
drudis.2009.02.009.

2. WuTY. Strategies for designing synthetic immune agonists.
Immunology. 2016; 148:315-25. https://doi.org/10.1111/
imm.12622.

3. Akira S, Uematsu S, Takeuchi O. Pathogen recognition
and innate immunity. Cell. 2006; 124:783-801. https://doi.
org/10.1016/j.cell.2006.02.015.

4. Kawai T, Akira S. Innate immune recognition of viral
infection. Nat Immunol. 2006; 7:131-7. https://doi.
org/10.1038/ni1303.

www.impactjournals.com/oncotarget

5649

Oncotarget



10.

12.

13.

14.

15.

Theofilopoulos AN, Baccala R, Beutler B, Kono DH. Type
I interferons (alpha/beta) in immunity and autoimmunity.
Annu Rev Immunol. 2005; 23:307-36. https://doi.
org/10.1146/annurev.immunol.23.021704.115843.

JM, Lee J, David M, Raz E.
Immunomodulatory functions of type I interferons. Nat Rev
Immunol. 2012; 12:125-35. https://doi.org/10.1038/nri3133.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA.
Recognition of double-stranded RNA and activation of NF-
kappaB by Toll-like receptor 3. Nature. 2001; 413:732-8.
https://doi.org/10.1038/35099560.

Gitlin L, Barchet W, Gilfillan S, Cella M, Beutler B,
Flavell RA, Diamond MS, Colonna M. Essential role of
mda-5 in type I IFN responses to polyriboinosinic:polyri
bocytidylic acid and encephalomyocarditis picornavirus.
Proc Natl Acad Sci U S A. 2006; 103:8459—64. https://doi.
org/10.1073/pnas.0603082103.

Junt T, Barchet W. Translating nucleic acid-sensing
pathways into therapies. Nat Rev Immunol. 2015; 15:529—
44. https://doi.org/10.1038/nri3875.

McBride S, Hoebe K, Georgel P, Janssen E. Cell-Associated
Double-Stranded RNA Enhances Antitumor Activity
through the Production of Type I IFN. J Immunol. 2006;
177:6122-8. https://doi.org/10.4049/jimmunol.177.9.6122.

Gonzalez-Navajas

. Nagato T, Lee YR, Harabuchi Y, Celis E. Combinatorial

Immunotherapy of Polyinosinic-Polycytidylic Acid and
Blockade of Programmed Death-1 Induces Effective CD8
T Cell Responses against Established Tumors. Clin Cancer
Res. 2014; 20:1223-34. https://doi.org/10.1158/1078-0432.
CCR-13-2781.

Salem ML, Kadima AN, Cole DJ, Gillanders WE. Defining
the antigen-specific T-cell response to vaccination and
poly(I:C)/TLR3 signaling: evidence of enhanced primary
and memory CD8 T-cell responses and antitumor immunity.
J Immunother. 2005; 28:220-8.

Salem ML, El-Naggar SA, Kadima A, Gillanders WE, Cole
DJ. The adjuvant effects of the toll-like receptor 3 ligand
polyinosinic-cytidylic acid poly (I:C) on antigen-specific
CD8+ T cell responses are partially dependent on NK cells
with the induction of a beneficial cytokine milieu. Vaccine.
2006; 24:5119-32. https://doi.org/10.3201/eid1204.050599.

Rettenmaier MA, Berman ML, DiSaia PJ. Treatment of
advanced ovarian cancer with polyinosinic-polycytidylic
lysine carboxymethylcellulose (poly(ICLC)). Gynecol
Oncol. 1986; 24:359-61.

Champney KJ, Levine DP, Levy HB, Lerner AM. Modified
polyriboinosinic-polyribocytidylic acid complex: Sustained
interferonemia and its physiological associates in humans.
Infect Immun. 1979; 25:831-7.

Claudepierre MC, Hortelano J, Schaedler E, Kleinpeter P,
Geist M, Remy-Ziller C, Brandely R, Tosch C, Laruelle
L, Jawhari A, Menguy T, Marchand JB, Romby P, et al.
Yeast virus-derived stimulator of the innate immune system
augments the efficacy of virus vector-based immunotherapy.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

J Virol. 2014;
JVI.03819-13.

Hotz C, Roetzer LC, Huber T, Sailer A, Oberson
A, Treinies M, Heidegger S, Herbst T, Endres
S, Bourquin C. TLR and RLR Signaling Are
Reprogrammed in Opposite Directions after Detection
of Viral Infection. J Immunol. 2015; 195: 4387-95.
https://doi.org/10.4049/jimmunol.1500079.

Luster AD, Ravetch JV. Biochemical characterization of a
gamma interferon-inducible cytokine (IP-10). J Exp Med.
1987; 166:1084-97.

Mogensen TH. Pathogen Recognition and Inflammatory

88:5242-55.  https://doi.org/10.1128/

Signaling in Innate Immune Defenses. Clin Microbiol Rev.
2009; 22:240-73. https://doi.org/10.1128/CMR.00046-08.

Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, Du F, Ren J,
Wu YT, Grishin NV, Chen ZJ. Phosphorylation of innate
immune adaptor proteins MAVS, STING, and TRIF induces
IRF3 activation. Science. 2015; 347: aaa2630. https://doi.
org/10.1126/science.aaa2630.

Mia S, Warnecke A, Zhang XM, Malmstrom V, Harris
RA. An optimized protocol for human M2 macrophages
using M-CSF and IL-4/IL-10/TGF-f yields a dominant
immunosuppressive phenotype. Scand J Immunol. 2014;
79:305—14. https://doi.org/10.1111/sji.12162.

Schaedler E, Remy-Ziller C, Hortelano J, Kehrer N,
Claudepierre MC, Gatard T, Jakobs C, Préville X,
Carpentier AF, Rittner K. Sequential administration of a
MVA-based MUC1 cancer vaccine and the TLR9 ligand
Litenimod (Li28) improves local immune defense against
tumors. Vaccine. 2017; 35:577-85. https://doi.org/10.1016/].
vaccine.2016.12.020.

Rizza P, Moretti F, Capone I, Belardelli F. Role of type
I interferon in inducing a protective immune response:
Perspectives for clinical applications. Cytokine Growth
Factor Rev. 2015; 26:195-201. https://doi.org/10.1016/;.
cytogfr.2014.10.002.

Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz DM,
Murphy KM, Gajewski TF. Host type I IFN signals are
required for antitumor CD8+ T cell responses through
CD8a+ dendritic cells. J Exp Med. 2011; 208:2005-16.
https://doi.org/10.1084/jem.20101159.

Fuertes MB, Woo SR, Burnett B, Fu YX, Gajewski TF.
Type I IFN response and innate immune sensing of cancer.
Trends Immunol. 2013; 34:67-73. https://doi.org/10.1016/j.
it.2012.10.004.

Longhi MP, Trumptheller C, Idoyaga J, Caskey M, Matos
I, Kluger C, Salazar AM, Colonna M, Steinman RM.
Dendritic cells require a systemic type I interferon response
to mature and induce CD4+ Thl immunity with poly IC
as adjuvant. J Exp Med. 2009; 206:1589—-602. https://doi.
org/10.1084/jem.20090247.

Takeuchi O, Akira S. Pattern recognition receptors
and inflammation. Cell. 2010; 140:805-20. https://doi.
org/10.1016/j.cell.2010.01.022.

Bonecchi R, Bianchi G, Bordignon PP, D’Ambrosio

WWW

.impactjournals.com/oncotarget

5650

Oncotarget



29.

30.

31.

32.

33.

34.

35.

36.

D, Lang R, Borsatti A, Sozzani S, Allavena P, Gray PA,
Mantovani A, Sinigaglia F. Differential expression of
chemokine receptors and chemotactic responsiveness of
type 1 T helper cells (Thls) and Th2s. J Exp Med. 1998;
187:129-34.

Antonelli A, Ferrari SM, Giuggioli D, Ferrannini E, Ferri C,
Fallahi P. Chemokine (C—X—C motif) ligand (CXCL)10 in
autoimmune diseases. Autoimmun Rev. 2014; 13:272-80.
https://doi.org/10.1016/j.autrev.2013.10.010.

McCartney S, Vermi W, Gilfillan S, Cella M, Murphy
TL, Schreiber RD, Murphy KM, Colonna M. Distinct and
complementary functions of MDAS and TLR3 in poly(I:C)-
mediated activation of mouse NK cells. J Exp Med. 2009;
206:2967-76. https://doi.org/10.1084/jem.20091181.

Kang D, Gopalkrishnan RV, Lin L, Randolph A, Valerie
K, Pestka S, Fisher PB. Expression analysis and genomic
characterization of human melanoma differentiation
associated gene-5, mda-5: a novel type I interferon-
responsive apoptosis-inducing gene. Oncogene. 2003;
23:1789-800. https://doi.org/10.1038/sj.onc.1207300.
Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H,
Ishii KJ, Takeuchi O, Akira S. IPS-1, an adaptor triggering
RIG-I- and Mda5-mediated type I interferon induction. Nat
Immunol. 2005; 6:981-8. https://doi.org/10.1038/ni1243.

Sharma S, tenOever BR, Grandvaux N, Zhou GP, Lin R,
Hiscott J. Triggering the interferon antiviral response
through an IKK-related pathway. Science. 2003; 300:1148—
51. https://doi.org/10.1126/science.1081315.

Takahashi K, Kawai T, Kumar H, Sato S, Yonehara S, Akira
S. Roles of caspase-8 and caspase-10 in innate immune
responses to double-stranded RNA. J Immunol. 2006;
176:4520-4.

Berke IC, Modis Y. MDAS cooperatively forms dimers
and ATP-sensitive filaments upon binding double-stranded
RNA. EMBO J. 2012; 31: 1714-26. https://doi.org/10.1038/
emboj.2012.19.

Berke IC, Yu X, Modis Y, Egelman EH. MDAS5 assembles
into a polar helical filament on dsRNA. Proc Natl Acad

37.

38.

39.

40.

41.

42.

Sci USA. 2012; 109:18437—41. https://doi.org/ 10.1073/
pnas.1212186109.

Zhou'Y, Guo M, Wang X, LiJ, Wang Y, Ye L, Dai M, Zhou
L, Persidsky Y, Ho W. TLR3 activation efficiency by high
or low molecular mass poly I:C. Innate Immun. 2013;
19:184-92. https://doi.org/10.1177/1753425912459975.

Jiang M, Osterlund P, Sarin LP, Poranen MM, Bamford
DH, Guo D, Julkunen I. Innate immune responses in human
monocyte-derived dendritic cells are highly dependent on
the size and the 5’ phosphorylation of RNA molecules. J
Immunol. 2011; 187:1713-21. https://doi.org/10.4049/
jimmunol.1100361.

Hotz C, Treinies M, Mottas I, Roétzer LC, Oberson A,
Spagnuolo L, Perdicchio M, Spinetti T, Herbst T, Bourquin
C. Reprogramming of TLR7 signaling enhances antitumor
NK and cytotoxic T cell responses. Oncoimmunology.
2016; 5:¢1232219. https://doi.org/10.1080/216240
2X.2016.1232219.

Bourquin C, Anz D, Zwiorek K, Lanz AL, Fuchs S,
Weigel S, Wurzenberger C, von der Borch P, Golic M,
Moder S, Winter G, Coester C, Endres S. Targeting CpG
oligonucleotides to the lymph node by nanoparticles
elicits efficient antitumoral immunity. J Immunol. 2008;
181:2990-8.

Heidegger S, Gossl D, Schmidt A, Niedermayer S, Argyo
C, Endres S, Bein T, Bourquin C. Immune response to
functionalized mesoporous silica nanoparticles for targeted
drug delivery. Nanoscale. 2016; 8:938-48. https://doi.
org/10.1039/c5nr06122a.

Spinetti T, Spagnuolo L, Mottas I, Secondini C, Treinies
M, Riiegg C, Hotz C, Bourquin C. TLR7-based cancer
immunotherapy decreases intratumoral myeloid-derived
suppressor cells and blocks their immunosuppressive
function. Oncolmmunology. 2016; 5:¢1230578. https://doi.
org/10.1080/2162402X.2016.1230578.

www.impactjournals.com/oncotarget

5651

Oncotarget



