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Abstract

Defective viral genomes (DVGs) are generated during virus replication. DVGs bearing
complementary ends are strong inducers of dendritic cell (DC) maturation and of the expression of
antiviral and pro-inflammatory cytokines by triggering signaling of the RIG-1 family of
intracellular pattern recognition receptors. Our data show that DCs stimulated with virus
containing DVGs have an enhanced ability to activate human T cells and can induce adaptive
immunity in mice. In addition, we describe the generation of a short Sendai virus (SeV)-derived
DVG RNA (DVG-324) that maintains strong immunostimulatory activity in vitro and in vivo.
DVG-324 induced high levels of IFN-f expression when transfected into cells and triggered fast
expression of pro-inflammatory cytokines and mobilization of dendritic cells when injected into
the footpad of mice. Importantly, DVG-324 enhanced the production of antibodies to a prototypic
vaccine after a single intramuscular immunization in mice. Notably, the proinflammatory cytokine
profile induced by DVG-324 was different from that induced by poly I:C, the only viral RNA
analogue currently used as an immunostimulant in vivo, suggesting a distinct mechanism of action.
SeV-derived oligonucleotides represent novel alternatives to be harnessed as potent adjuvants for
vaccination.
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INTRODUCTION

New effective adjuvants to improve vaccine efficacy are needed. Advances in the
understanding of molecular mechanisms that initiate the inflammatory response have
revealed novel pathways that could be harnessed for adjuvant development. One of these
pathways involves a family of intracellular helicases best represented by the retinoic acid-
inducible gene 1 (RIG-I). RIG-I like receptors (RLRs) bind to virus-derived
oligonucleotides leading to the expression of antiviral and pro-inflammatory molecules [1,
2]. RNA molecules that mimic natural viral-derived oligonucleotides can therefore be
developed as novel RLR-targeted adjuvants.

Defective viral genomes (DVGs) are byproducts of viral replication that result from the loss
of processivity of the viral polymerase during virus replication [3, 4]. DVGs are truncated
viral genomes that lack essential genes for replication but that retain the molecular motifs
necessary for stimulation of RLRs. DVGs derived from the mouse paramyxovirus Sendai
(SeV) have potent immunostimulatory properties [5, 6]. Stimulatory SeV DVGs, known as
copy-back genomes, contain complementary ends allowing the formation of double-stranded
RNA structures. These structures trigger signaling by both RIG-I and the related helicase
melanoma differentiation-associated protein 5 (MDADS) [5-7] promoting the expression of
antiviral and proinflammatory cytokines in infected cells and inducing the complete
maturation of mouse and human dendritic cells (DCs) [5, 6].

In this study, we tested the hypothesis that SeVV DVGs can be harnessed as potent
immunostimulants to be used during immunization. We specifically investigated whether
SeV DVGs can provide immunostimulatory activity to human DCs, and whether they can be
used as adjuvants in protocols using DCs as immunization vehicles. In addition, we set out
to generate a shorter, optimized, synthetic DVG-derived molecule that retains the
stimulatory properties of complete DVGs, but that is more amenable to be transitioned to
vaccine development.

RESULTS

SeV containing DVGs enhance the ability of DCs to activate adaptive immune responses

Stocks of SeV strain Cantell with a high content of copy-back DVGs (SeV Cantell HD) can
efficiently induce the maturation of mouse and human DCs [6]. DVG content on infected
cells can be visualized by PCR (Fig. 1A). To test if SeV Cantell HD enhances the ability of
DCs to activate human T cells, we infected human monocyte-derived DCs (MDDCs) with
SeV Cantell HD or SeV Cantell depleted of DVG-containing particles (LD) and co-cultured
those infected MDDCs with allogeneic purified human CD4* T cells. MDDCs infected with
SeV Cantell HD expressed Ifnb, I1-6, 11-12p35, and Tnfa mRNA, but those infected with
SeV Cantell LD did not express these genes despite normal expression of mMRNA for the
viral protein Np (Fig. 1B). Production of cytokines was confirmed from the culture
supernatants using ELISA (Fig. 1C). Remarkably, IFNy was produced at high levels in co-
cultures containing MDDCs infected with SeV Cantell HD, but not in those containing cells
infected with SeV Cantell LD (Fig. 1D). As controls, T cells were either not treated or
treated with the unspecific activator phytohemagglutinin (PHA). This study demonstrates
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that viral particles containing DVGs can be used to enhance DC-mediated activation of
human T cells.

To evaluate whether DCs exposed to SeV DVGs show an enhanced ability to trigger
adaptive immunity in vivo, we tested purified SeV defective particles containing DVGs
(pDPs) as immunostimulants on a model of DC immunization in mice [8]. Bone marrow-
derived DCs (BMDCs) were treated with UV-inactivated influenza virus (IAV) A/New
Caledonia/20/99 (H1N1) as antigen for 24h followed by either treatment with pDPs or
mock-treatment (Fig. 2A). Treatment with pDPs enhanced the expression of IL-6 by DCs
compared to mock-treated cells (Fig. 2B) despite only marginal expression of SeV Np
MRNA, as expected due to the inability of pDPs to replicate in the absence of helper virus
[5]. In contrast, control infection with SeV Cantell LD showed high levels of SeVV Np while
cytokine expression was lower than in cells treated with pDPs. Remarkably, mice
immunized with UV-1AV-BMDCs treated with pDPs showed enhanced production of total
anti-1AV IgG as well as antibodies of the 1gG2b and IgG1 isotypes compared with mice
immunized with UV-1AV-BMDCs alone (Fig. 2C). Mice immunized with BMDCs treated
with pDPs also showed higher frequency of anti-1AV specific heterosubtypic IFNy-
producing CD8" T cells upon in vitro restimulation with splenocytes infected with IAV A/
X-31 (H3N2) compared to controls (Fig. 2D). Overall these data demonstrate that SeV
DVGs promote the ability of DCs to trigger specific adaptive immune responses in vivo.

Recombinant SeV defective particles retain a strong immunostimulatory activity

SeV can produce multiple different DVGs during its replication cycle. A copy-back DVG of
546 nucleotides (DVG-546) was identified to be strongly immunostimulatory and the
predominant DVG in laboratory stocks of SeV Cantell [9]. We hypothesized that DVG-546
alone was sufficient to confer immunostimulatory activity to SeV. To test this hypothesis we
established a reverse genetics system for rescue of SeV particles containing DVG-546. For
this system, DVG-546 was cloned under the control of the T7 polymerase promoter and
flanked at the 3’ end by the hepatitis delta ribozyme followed by the T7 terminator to create
the precise 3’ end (Fig. 3A). This construct was transfected into cells expressing the T7
polymerase and infected with partially inactivated SeV 52 helper virus that provided the
necessary proteins for virus replication and packaging. SeV 52 does not produce highly
immunostimulatory copy-back DVGs [5], thus all stimulatory activity is provided by the
recombinant DVG. Recombinant viral particles containing DVGs (rDPs) were amplified in
embryonated hen eggs (Fig. 3B). DVG-546 was detectable by PCR (amplicons of 278 bp) in
virus stocks obtained after one passage in eggs (Fig. 3C) and was enriched in subsequent
passages as determined by the ratio between infectious (I) and total hemagglutinating viral
particles (HA) in the allantoic fluid (I/HA) (Fig. 3D). rDP particles inhibited the replication
of the helper virus shown by reduced expression of SeV Np in cells infected with rDP-
containing allantoic fluid (Fig. 3E). In addition, rDP had strong ability to induce expression
of type I IFNs in infected cells (Fig. 3F). These data confirmed that the immunostimulatory
activity of SeV DPs could be reproduced with a recombinant virus containing DPs that carry
DVG-546.
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Naked SeV DVG RNA maintains potent immunostimulatory activity in vitro

We next evaluated whether SeV DVG RNA induced the expression of 1fnb outside of the
context of infection. To do this, we generated in vitro transcribed (ivt)RNA from the
plasmid expressing DVG-546 (Fig. 4A). The integrity of the ivtRNA was confirmed by
automated electrophoresis (Fig. 4B). ivtDVG-546 induced the expression of Ifnb mRNA in
transfected cells while adding a 5’cap or treatment with alkaline phosphatase (AP) to
remove 5’PPP significantly reduced the ability of ivtDVG-546 to trigger Ifnb expression
(Fig. 4C). These data demonstrated that naked DVG-546 RNA retained its ability to trigger
Ifnb expression through a mechanism that is largely dependent on the recognition of the 5°-
triphosphate motif on the viral RNA [10-14].

We next thought to generate shorter SeV DV G-derived oligonucleotides with similar or
better immunostimulatory activity as more practical agents to be used as vaccine adjuvants.
In these mutants we preserved the complementary ends of the DVG-546 molecule that
provide a double-strand RNA motif that is presumed essential for the activation of RLRs
[15-17]. Our strategy involved reducing the length of the internal non-complementary
sequence (Fig. 4A). We first generated two DVG variants of similar length lacking different
segments of the DVG internal sequence (DVG-396 and DVG-354, Fig. S1). These mutant
DVGs were in vitro transcribed and their integrity was confirmed by automated
electrophoresis (Fig. 4B). All mutants transfected into cells with similar efficiency (Fig. S2).
Remarkably, cells transfected with ivtDVG-396 expressed higher levels of I1fnb mRNA than
the parental ivtDVG-546 RNA, while ivtDVG-354 failed to induce high levels of I1fnb
MRNA. We next reduced the length of the immunostimulatory DVG even further to
generate DVG-324. This shorter DVG-derived RNA preserved a strong ability to induce the
expression of Ifnb mRNA in infected cells (Fig. 4C). Mutants DVG-354 and DVG-324 have
approximately the same size, suggesting that the immunostimulatory activity of DVGs
depends mainly on their sequences and is not a direct function of the oligonucleotide length.

The cellular helicase RIG-I recognizes DVG-derived naked RNA

We and others have reported that SeV DVGs are recognized by RLRs [5-7, 18]. To
determine whether our newly generated DVG-derived RNA was also recognized by RIG-I,
we transfected RIG-1KO mouse embryo fibroblasts (MEFs) with increasing doses of poly
I:C or ivtDVG-324. We treated the cells with the TLR ligand CpG as a control. Expression
of Ifnb mRNA 6 h after transfection of ivtDVG-324 or poly I;C was largely reduced,
although not completely eliminated, in cells lacking RIG-I, while expression of Ifnb in
response to CpG was higher in RIG-1 KO cells, suggesting that our RIG-1 KO MEFs were
functional and hyperresponsive to TLR ligands (Fig. 5). These data demonstrate that RIG-I
is a primary sensor molecule for all our DVG-derived RNAs and agree with our previous
reports of a role for additional cellular virus-sensing proteins in DVG recognition [6].

DVG-derived naked RNA induces localized immunostimulatory activity in mice

To test the immunostimulatory activity of DVG-derived RNA in vivo, we injected footpads
of mice subcutaneously with ivtDVG-324 or, as a control, the synthetic viral analog poly
I:C. Higher levels of Ifnb mRNA, as well as mRNA for the IFN-inducible gene Cxcl10 and
for the cytokine il-6 were expressed at the infection site 36 h after poly I:C injection than
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after injection of ivtDVG RNA. However, the pro-inflammatory cytokines 11-18 and Tnf-a
were only significantly expressed in tissue injected with DVG-324, but not upon poly I:C
injection (Fig. 6A). A similar pattern of cytokine expression of I1-18 and Tnf-a was evident
as early as 6 h after treatment with ivtDVG-324, while no differences in the expression of
Ifnb and Cxcl 10 were observed at this time point (Fig. 6B). Altogether, these data indicate
that naked DV G-derived RNA preserves its high immunostimulatory activity in vivo and
that it induces a different localized inflammatory environment than poly I:C.

In order to evaluate the capacity of DVG RNA to induce DC migration, we harvested the
footpad draining popliteal lymph nodes and quantified the presence of different DCs
populations by flow cytometry. Strikingly, a higher percentage of CD11b*CD11¢*CD103~
DCs, as well as a slightly larger percentage of plasmacytoid DCs CD11bl°CD11c!°B220*
DCs, were observed in the lymph node of mice injected with DVG-324 compared to poly
I:C, suggesting that both DC populations participate in the response to DVG RNA (Fig. 6C-
D). To determine whether DVG-324 has systemic effects that may compromise its safety,
we determined the amount of type | IFN and IL-6 in the sera of mice injected in the footpad
with DVG-324 or poly I:C. We were not able to detect significant levels of these proteins in
the sera at 6 or 36 h post infection in any of the treatments by ELISA. To enhance the
sensitivity of our analysis, we looked for the expression of type | IFN responsive genes in
the spleen. Corresponding with the protein data, this bioassay did not show evidence of
DVG-324 induced systemic type | IFN action (not shown) suggesting that DVG RNA acts
locally without major systemic inflammatory effects. Overall, these data indicate that
DVG-324 RNA can induce the expression of pro-inflammatory cytokines in the footpad
tissue of mice and trigger the accumulation of DCs in the draining lymph node, representing
a novel candidate adjuvant molecule.

DVG-derived naked RNA shows high pro-inflammatory activity in mice

To test the function of DVG-324 as a potential adjuvant, we evaluated the production of
antibodies in mice after a single shot immunization with inactivated respiratory syncytial
virus alone (inRSV) or in the presence of DVG-324 or, as a control, poly I:C. As shown in
Fig. 6E, DVG-324 significantly enhanced the production of antibodies to the virus to levels
comparable or higher than poly I:C. Remarkably, DVG-324 enhanced the breadth of
antibodies produced with a particular improvement in the production of 1IgG1 and IgG2a
when compared to poly I:C. These experiments serve as a proof of principle to demonstrate
that the DVG-324 immunostimulatory activity can be pursued as an adjuvant for vaccine
development.

DISCUSSION

SeV DVG-derived RNA oligonucleotides represent novel adjuvant candidates. Despite
concerns related to RNA stability, several studies have demonstrated the successful use of
naked mRNA as therapy in vivo [19-22]. The synthetic viral RNA analog poly I:C has
entered clinical trials as an anti-cancer therapy [23, 24] and it has been shown to be safe in
humans [20]. Here we show that SeVV DVGs enhance the ability of mouse DCs to stimulate
the development of adaptive immunity, and that naked DVG RNA maintains its
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immunostimulatory activity when injected subscutaneously in the footpad. In addition, we
show that SeV DVGs enhance the ability of human DCs to activate T cells, supporting their
role as potent novel immunostimulants.

To harness DVGs as adjuvants, we have generated an optimized SeVV DVG-derived
synthetic RNA that has high immunostimulatory capacity both in vitro and in vivo.
Importantly, by comparing DVG mutants of similar lengths, we have identified a region in
the SeVV DVG-RNA that is essential for its potent immunostimulatory activity. Work is in
progress to further characterize this region. Our data suggest that in addition to the 5’-
trophosphate motif, the sequence composition is critical for effective RLR stimulation by
natural viral agonists. This oligonucleotide has several advantages over poly I:C. First, poly
I:C is a heterogeneous mixture of molecules of different sizes. In contrast, DVG RNA is a
single molecule. Second, the molecular characteristics responsible for the
immunostimulatory ability of DVG-derived RNA can be defined in detail allowing product
optimization and modification, while it is impossible to do so for the variable mixture of
poly I:C oligonucleotides. Third, DVG-derived RNA is shorter, and therefore more cost-
effective to produce than poly I:C.

Interestingly, different inflammatory profiles were observed in vivo in the footpad tissue
upon injection of poly 1:C or DVG-derived RNA, suggesting that these molecules engage at
least partially different signaling pathways in mice. Notably, DVG-324 induced significantly
higher expression of mMRNAs from pro-inflammatory genes than poly I:C, in particular, that
of 11-1B. Production of IL-1 is a desired feature of an effective immunostimulant as it
improves the immunogenicity of viral vaccines [25]. IL-1 plays an essential role in the
effectiveness of the widely used aluminum salts adjuvants [26—30] and is required for
induction of Th1l responses by the TLR7 agonist Resiquimod (R484) [31]. Higher levels of
pro-inflammatory cytokines in response to DVG-324 also correlated with a higher
percentage of CD11¢*CD11b*CD103~ DCs and CD11b!°CD11c!°B220* plasmacytoid DCs
in the draining lymph node of mice treated with DVG-324, suggesting that the pro-
inflammatory environment triggered the migration of DCs from the skin to the lymph node
[32, 33].

In our analysis of more than 10 independent preparations of DVGs and mutant constructs,
we have determined that in vitro transcription of DVGs is a robust and highly consistent
process in standard laboratory conditions. We routinely obtained around 100 pg per ivt
reaction with a well-conserved level of purity. In all batches analyzed independently, in vitro
transcribed DVGs showed strong immunostimulatory activity. Importantly, mMRNA
molecules of approximately 2 kb have been produced using a similar methodology for
clinical applications, establishing the feasibility of large-scale production of RNA [34]. In
addition, DVG RNA is stable for more than 6 months at —80°C and for up to one month at
—20°C. Strategies such as incorporation into liposomes or cationic matrices may be used to
further enhance RNA stability and efficiency.

SeV-DVG-546 was shown to induce protective immunity in mice when administered
intranasally or intramuscularly [18]. Here we demonstrate that SeV-DVG RNA can also
enhance the DC immunostimulatory capacity during a protocol of DC-based immunization.
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In addition, a shorter version of SeV-DVG RNA (DVG-324) can potently induce the
expression of cytokines and the migration of DCs to the draining lymph node when injected
subcutaneously. DVG-324 is a potent novel candidate adjuvant molecule to be tested in
various vaccine platforms.

MATERIALS AND METHODS

Cell lines and mice

Viruses

Rhesus monkey kidney epithelial cells (LLC-MK2) were obtained from ATCC, baby
hamster kidney-21 (BHK-21) cells expressing the T7 RNA polymerase (BSR-T7) were
provided by Dr. C. Basler, and RIG-I KO mouse embryo fibroblasts (MEFs) were provided
by Dr. L. Gitlin. C57BL/6 and Balb/c mice (Taconic Farms) were housed in pathogen free
conditions and used under institutionally approved protocols (specific approval for this
project was obtained from the University of Pennsylvania Institutional Animal Care and Use
Committees).

SeV Cantell and 52, and IAV A/New Caledonia/20/99 and X-31 were grown in 10 days old
hen embryonated eggs (B & E Eggs, Silver Springs, PA) for 40 h at 37°C [35]. SeV strain
Cantell depleted of DVGs-containing particles (LD) was generated after 2 passages of SeV
Cantell highly diluted as described elsewhere [5]. IAV was purified through a 40% sucrose
cushion in sterile conditions. IAV was inactivated by UV light for 10 min. Inactivation was
confirmed by establishing the virus inability to replicate. SeV 52 (LD) was partially
inactivated by UV light for 45 sec. Defective particles were purified as previously described
[5]. Respiratory syncytial virus strain A2 was obtained from ATCC and was grown in Hep-2
cells. Virus was inoculated at a MOI of 0.02 and harvested at day 4 post infection. Cells and
supernatants were freeze-thawed three times and centrifuged 15 min at 1,200 rpm to
eliminate debris. The clarified virus was filtered through a 0.22 um filter and incubated with
1:4000 formalin dilution (37% formaldehyde ACS grade Fisher Scientific) as previously
described [36] followed by ultracentrifugation for 2 h at 25,000 rpm (Beckman, SW32).
Inactivation was confirmed by establishing the virus inability to replicate in Hep-2 cells. The
pellet was suspended in RPMI media and protein concentration was determined by Bradford
assay (Thermo Scientific).

Dendritic cell preparation

Human MDDCs were prepared as previously described [37]. Murine bone marrow-derived
dendritic cells (BMDCs) were prepared from C57BL/6 mice according to a standard
protocol [38].

Isolation of human naive CD4* T cells and allogenic co-cultures

Naive CD4* T cells were negative selected from PBMCs using a CD4*T cell isolation kit
(Miltenyi Biotec). HLA-DR* cells were removed using anti-HLA-DR microbeads (Miltenyi
Biotec). Infected MDDCs were incubated with human naive CD4* T cells in a 1:5 ratio for 5
days. Cytokines in the supernatant were measured by ELISA (eBiosciences).
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Immunizations, antibody measurement, and ELISPOT

For immunizations using BMDCs as a vehicle, the cells were treated with 2.5 pg of UV-
inactivated IAV A/New Caledonia/20/99 (H1N1) for 24 h prior to treatment with 125 HA
Units of purified DPs. Control BMDCs were infected with SeV 52. Treated BMDCs were
injected intraperitoneally into mice (5 x 10° cells/mouse). For immunization using
inactivated RSV, mice were injected intramuscularly with 180 ug of formalin inactivated
virus (1.5 x 108 pfu of virus) alone or in the presence of 50 pg of poly 1:C or DVG-324. Sera
were analyzed at day 14 for anti-influenza virus or at day 20 for anti-RSV total 1gG, 19G1,
1gG2b, and/or 1gG2a antibodies by ELISA. IAV-immunized mice were sacrificed at day 21
and CD8* T cells were isolated from splenocytes using positive selection (Miltenyi). T cells
were co-cultured with irradiated splenocytes isolated from naive mice and infected with 1AV
strain X-31 (H3N2) in an ELISPOT plate coated with anti-IFN-y at a 1:1 ratio. Plates were
incubated for 24h before performing IFN-y ELISA.

PCR and RT-gPCR

RNA was isolated using TRIzol and 2 pg of RNA was reversed transcribed using
Transcriptor First Strand cDNA Synthesis Kit (Roche) and the primer

5’ GGTGAGGAATCTATACGTTATAC3’. cDNA was amplified using Platinum Taq
polymerase (Invitrogen) and the primers: for- 5’GGTGAGGAATCTATACGTTATAC3’
and rev- 5’ ACCAGACAAGAGTTTAAGAGATATGTATTS’. For RT-qPCR 0.5-2.0 pg of
RNA were reverse transcribed using High Capacity RNA-to-cDNA kit (Applied
Biosystems). gPCR assay were performed using SYBR Green PCR Master Mix (Applied
Biosystems) in a Viia7 Applied Biosystems Lightcycler. Primers used can be found in Table
S1.

Plasmids and constructs

DVG-546 flanked at the 3’end by the Spel-T7 promoter sequence and at the 5’ end by the
hepatitis delta virus ribozyme, T7 polymerase terminator, and Sapl sequences was
synthetically prepared (DNA 2.0) and cloned into the pSL1180 vector (Amersham
Pharmacia Biotech). In order to optimize the transcription of the DVG, 3 G residues were
introduced downstream of the T7 promoter by site-directed mutagenesis (Stratagene, CA).
To generate DVG mutants, restriction enzyme sites were introduced to the construct using
the QuikChange Il XL site-directed mutagenesis kit (Stratagene). Sequences and explanation
of all the constructs can be found in Fig. S1.

Rescue of recombinant virus

BSR-T7 cells were infected with a MOI of approximately 60 of partially inactivated SeV 52
for one hour. Infected cells were transfected with 3pg of plasmid encoding DVG using
XtremeGENE transfection reagent (Roche). Cells and supernatant were harvested after 48 h
and 200 pL of the suspension was inoculated in the allantoic cavity of 10 days old
embryonated hen eggs. After 40 h, allantoic fluid was harvested and egg inoculation was
repeated for three consecutive passages.
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In vitro transcription and transfections

DVG-expressing plasmids were linearized and in vitro transcribed using the MEGAscript T7
kit (Ambion) in the presence of RNase inhibitor (Fermentas). Capped RNA was synthetized
using Cap Analog (m7G(5)ppp(5)G) (Ambion). RNA products were treated with DNase
followed by LiCl precipitation. Integrity of ivtRNA was analyzed in an Agilent Bioanalyzer
2100. OD 260/280 (260/230) ratios for the ivtRNA were as follows (n > 4): DVG-546,
2.025 + 0.04950 (2.730 + 0.05657); DVG-396, 2.167 + 0.06377 (2.662 + 0.1455);
DVG-354, 2.112 + 0.04494 (2.488 + 0.05975); DVG-324, 2.113 + 0.04494 (2.483 +
0.07234). RNA dephosphorylation was carried out using FastAP thermosensitive alkaline
phosphatase (Fermentas). MEFs were transfected with 50 or 250 ng of ivtRNA or poly I:C,
or with 1ug of CpG (Invivogen) using Lipofectamine 2000 (Invitrogen). LLC-MK2 cells
transfections were performed using 250 ng of ivtRNA.

Mice footpad injection and flow cytometry

C57BL/6 mice were injected subcutaneously in the footpad with 50 ug of ivtRNA or PBS as
control. Mice were euthanized at 6 or 36 h after infection for tissue collection. Cells were
stained with antibodies against CD11c, CD11b, B220, Live Dead (eBioscience), and CD103
(BioLegend) for FACS analysis.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 5.00, GraphPad
Software, San Diego California USA, www.graphpad.com.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DVG defective virus genome

DPs defective particles

IFN interferon

MDA5 melanoma differentiation-associated protein 5
Poly I:C polyinosinic:polycytidylic acid

RIG-I retinoic acid-inducible gene 1

RLRs RIG-I-like receptors
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RSV respiratory syncytial virus
inRSV formalin-inactivated RSV
SeV Sendai virus
SeV HD SeV high content of defective particles
Sev LD SeV depleted of defective particles
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Figure 1. Activation of human DCs upon SeV Cantell HD infection induces strong CD4* T cell

response

(A) BMDCs were mock-infected or infected with a MOI=

HD or SeV Cantell LD. Infected cells were harvested 6 h

1.5 TCIDsgg/cell of SeV Cantell
post-infection and total RNA was

analyzed by PCR to detect copy-back DVGs and standard viral genomic RNA (gSeV). Our
DVG PCR is designed to detect most copy-back genomes generated in infected cells. SeV

Cantell HD has one predominant copy-back genome that
(B) Human MDDCs were infected with SeV Cantell HD

is seen as an amplicons of 278 nt.
or SeV Cantell LD (MOI=1.5

TCIDsgg/cell). After 6 h, total RNA was extracted and analyzed by RT-gPCR for the

expression of viral Np mRNA and cytokines. Data corres

pond to the average of five

independent experiments. Each experiment was performed in triplicates. Bars correspond to
SEM. p<0.0001 (Tnf), p=0.0340 (11-6), p=0.0082 (Ifnb), p<0.0001 (I11-12p35) by one-way
ANOVA. Significance after Bonferroni post-hoc test among different conditions is indicated
in the graphs as *=p<0.05, ***= p<0.001, and ****= p<0.0001. Bonferroni denominator =

3. (C) Cytokine proteins were measured from the culture

supernatants using ELISA. Data

correspond to the average of two independent experiments. Each experiment was performed

in triplicates. Bars correspond to SEM. p<0.0001 (Tnf), p
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one-way ANOVA. Significance after Bonferroni post-hoc test among different conditions is
indicated in the graphs as *=p<0.05, and ***= p<0.001. Bonferroni denominator = 3. (D)
Activated MDDCs were co-cultured with human allogeneic CD4* T cells (DCs: T cells
ratio=1:5). After 5 days, the supernatant was collected and IFNy was quantified by ELISA.
Phytohaemagglutinin (PHA) was used for CD4* T cell activation as a positive control. Data
correspond to the average of three independent experiments. Each experiment was
performed in triplicates. Bars correspond to SEM. p<0.0001 by one-way ANOVA.
Significance after Bonferroni post-hoc test is indicated in the graphs as ****= p<0.001.
Bonferroni denominator = 5. Data are expressed as copy numbers relative to the
housekeeping genes Tubalb and Rps11.
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Figure 2. SeV defective viral particles (DPs) enhance the ability of DCs to promote adaptive

immune responses in vivo

(A) Representation of the DC immunization protocol. BMDCs pretreated for 24 h with UV-
inactivated IAV were incubated with 125 HA Units of pDPs or mock treated. (B) Expression
of viral proteins (Np) mMRNA and 11-12p40 was determined from a sample of the cells 2 h
post-infection by RT-gPCR. Data correspond to the average of three independent
experiments. Each experiment was performed in triplicates. Bars correspond to SEM.
p=0.0039 (SeV Np), p=0.0130 (11-6), p=0.0030 (IL-6 protein) by one-way ANOVA.
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Significance after Bonferroni post-hoc test among different conditions is indicated in the
graphs as *=p<0.05, **= p<0.01. Bonferroni denominator = 3. Data are expressed as copy
numbers relative to the housekeeping genes Tubalb and Rpsll. (C) Anti-influenza virus
IgG, 1gG2b, and IgG1 in sera of mice 14 days after immunization. The experiment was
repeated independently three times. Data shown is a compilation of all experiments (total
number of mice = 9-14/group). p=0.03 (total 1gG), p=0.0367 (IgG2b) by Kruskal-Wallis
test. Significance after Dunn’s post-hoc test for each treatment is indicated in the graphs as
*=p<0.05. Dunn’s denominator = 3. The data was also reanalyzed after eliminating a
maximum of one outlier from each group based on the Grubb’s test with a significance level
of 0.05. Significance was maintained at p<0.05 for Total 1gG. (D) Number of influenza virus
specific IFNy-producing CD8" T cells in splenocytes from immunized mice. For these
experiments splenocytes from 4 mice per each group were pooled for in vitro restimulation.
The experiment was independently repeated twice. Bars correspond to SEM of the assay.
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Figure 3. Recombinant SeV copy back DVG preserves strong stimulatory activity
(A) Schematic of the construct for the expression of SeV DVG-546. (B) BHK-21 cells

expressing the T7 polymerase (BSR-T7) were infected with partially inactivated SeV 52 and
transfected with the plasmid encoding DVG-546. Cells and supernatant were collected 48 h
later and inoculated into 10-day embryonated hen eggs. (C) LLC-MK2 cells were infected at
a MOI of 5 TCID50/cell with virus obtained from three consecutive passages in eggs (PI-
P3) of control SeV 52 alone or SeV 52 in the presence of rDPs. DVG-546 in the infected
cells was detected 15 h after infection by PCR. DVG from SeV Cantell was used as a
positive control (+). (D) Passages PI-P3 of allantoic fluid from eggs containing control SeV
52 alone or in the presence of rDPs were analyzed for their content of DI particles by
determining the ratio of infectious particles over total hemagglutinating particles (HA). Data
from each individual egg is shown (n=5-8). p=0.0001 (DVG) by Kruskal-Wallis test.
Significance after Dunn’s post-hoc test among different conditions is indicated in the graphs
as *=p<0.05 and ***= p<0.001. Dunn’s denominator = 3. (E) LLC-MK?2 cells infected with
SeV 52 alone or containing rDP (P3) were analyzed by RT-qPCR for the expression of the
viral protein Np mRNA and (F) Ifnb mRNA. The experiment was independently repeated
more than three times. Data shown correspond to the average of three experiments.
p=0.0001 by one-way ANOVA with Bonferroni post-hoc test. Significance after Bonferroni
post-hoc test among different conditions is indicated in the graphs as ****=p<0.0001.
Bonferroni denominator = 3. Data are expressed as copy numbers relative to the
housekeeping genes Tubalb and Rps11
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Figure 4. Naked DVG-derived ivtRNA preserves immunostimulatory activity
(A) Representation of deletion mutants of the DVG genome. Deletions (hatched) were

performed in the internal sequence (black) without compromising the DVG complementary
ends (grey). (B) The electrophoretic analysis for each ivtRNA was performed in an Agilent's
2100 Bioanalyzer. (C) LLC-MK2 cells were transfected with DVG-546, capped DVG-546
(CAP), DVG-546 treated with alkaline phosphatase (AP) or the different mutants and 6 h
post-transfection cells were harvested and total cellular RNA was extracted to determine
expression of Ifnb MRNA by RT-gqPCR. The experiment was independently repeated three
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times. Each assay was performed in triplicates. Data corresponds to the average of all
experiments (total n = 3-8/group). p=0.0001 by one-way ANOVA with Bonferroni post-hoc
test. Significance after Bonferroni post-hoc test among different conditions is indicated in
the graphs as ****=p<0.0001, **=p<0.01, and **=p<0.05. Bonferroni denominator = 3.
Data are expressed as copy numbers relative to the housekeeping genes Actb and Tubalb.
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Figure 5. DVG-derived naked RNA trigger RIG-I1 signaling
WT and RIG-1 KO MEFs were transfected with 1 pug of CpG or with increasing doses of

poly I:C or invitro transcribed DVG-324 as indicated. Total RNA was extracted 8 h later
and expression of 1fnb mMRNA was determined by RT-gPCR. Data corresponds to the
average of three experiments. p=0.0001 by one-way ANOVA with Bonferroni post-hoc test.
Significance after Bonferroni post-hoc test among different conditions is indicated in the
graphs as ****=p<0.0001. Bonferroni denominator = 12. Data are expressed as copy
numbers relative to the housekeeping genes Actb and Tubalb.
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Figure 6. DVG-derived naked RNA shows strong localized pro-inflammatory activity in mice
Mice were injected subcutaneously in the footpad with 50 pg of DVG-324 or poly I:C (high

molecular weight). (A-B) Footpad tissue was harvested after 36 h and RNA was extracted
for the analysis of cytokine expression. The experiment was independently repeated three
times. Each assay was performed in triplicates. Data shown is a compilation of all
experiments. p=0.0192 (Ifnb), p=0.0201 (116), p=0.006 (I11b), p=0.009 (Tnf) and p=0.0001
(Cxcl10) by Kruskal-Wallis test. Significance after Dunn’s post-hoc test among different
conditions is indicated in the graphs as *=p<0.05, **=p<0.05 and ***= p<0.001. Dunn’s
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denominator = 3. To control for experimental variation, data was also analyzed by two-way
ANOVA for the parameters treatment/experiment. Significance of variation among
treatments are: p=0.0158 (Ifnb), p=0.0002 (116), p=<0.0001 (111b), p=<0.0001 (Tnf), and
p<0.0001 (Cxcl10). (B) Analysis of cytokine expression in mice footpads collected at 6 h
post infection. Data shown is an average of two independent experiments (n=4-5/group).
Each assay was performed in triplicates. Data are expressed as copy numbers relative to the
housekeeping gene rpsll. p=0.0357 (Ifnb), p=0.0374 (111b), p=0.0490 (Tnf), and p=0.0979
(Cxcl10) by Kruskal-Wallis test. Significance after Dunn’s post-hoc test among different
conditions is indicated in the graphs as *=p<0.05. Dunn’s denominator = 3. (C-D) Single
cell suspensions from draining popliteal lymph nodes were analyzed by flow cytometry. (C)
Percentage of CD11c*CD11b* cells from the live cell gate is shown (n = 2 for PBS and 5 for
poly I:.C and DVG 324). p=0.387 by one-way ANOVA with Bonferroni post-hoc test.
Bonferroni denominator = 3. (D) CD11c*CD11b* cells were further gated for expression of
CD103 and B220 to quantify CD11¢*CD11b*CD103~ DCs and CD11b'°CD11c'°B220*
plasmacytoid DCs. Data show a representative plot for poly I:C treatment and two
representative plots for DVG-324 treatment. (E) Antibodies in the sera of Balb/c mice three
weeks after immunization with a single i.m. dose of 180 ug of inactivated respiratory
syncytial virus (inRSV) in the presence of 50 pg poly I:C, 50 pg DVG-324, or PBS. Sera
pre-immunization (pre-bleed: PB) was also analyzed. n=4/group. p=0.0013 (total 19G),
p=0.0011 (1gG1), p=0.0013 (IgG2b), and p=0.0008 (1gG2a) by Kruskal-Wallis test.
Significance after Dunn’s post-hoc test among different conditions is indicated in the graphs
as *=p<0.05, **p<0.01, and ***p<0.001. Dunn’s denominator = 4
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