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Abstract

Maturation of dendritic cells (DC) to competent APC is essential for the generation of acquired
immunity and is a major function of adjuvants. dsRNA, a molecular signature of viral infection,
drives DC maturation by activating TLR3, but the size of dsSRNA required to activated DC and the
expression patterns of TLR3 protein in DC subsets have not been established. Here we show that
cross-priming CD8a* and CD103* DC subsets express much higher levels of TLR3 than other
DC. In resting DC, TLR3 is located in early endosomes and other intracellular compartments but
migrates to LAMP1* endosomes upon stimulation with a TLR3 ligand. Using homogeneous
dsRNA oligonucleotides (ONs) ranging in length from 25 to 540 bp, we observed that a minimum
length of about 90 bp was sufficient to induce CD86, 1L12p40, IFN-B, TNF-a, and IL-6
expression and to mature DC into APC that cross-presented exogenous antigens to CD8* T cells.
TLR3 was essential for activation of DC by dsRNA ONs, and the potency of activation increased
with dsRNA length and varied between DC subsets. In vivo, dSSRNA ONs, in a size-dependent
manner, served as adjuvants for the generation of antigen-specific CTL and for inducing
protection against lethal challenge with influenza virus when given with influenza nucleoprotein
as an immunogen. These results provide the basis for the development of TLR3-specific adjuvants
capable of inducing immune responses tailored for viral pathogens.
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Introduction

Successful immunization requires both an antigen and a signal that induces dendritic cells
(DC) to mature into competent APC (1,2). DC take up and process antigens from peripheral
microenvironments, then migrate to the draining lymph nodes (LNs) where they present the
processed antigens on MHC-1 and MHC-11 molecules to T cells (3—7). Under homeostatic
conditions, DC tolerize T cells to self antigens. However, at sites of infection or
immunization, pathogen-derived substances or adjuvants activate DC, inducing expression
of co-stimulatory molecules and cytokines, which together with MHC-antigen complexes
induce cognate T-cells to differentiate into antigen-specific CTL and helper T cells (8-11).
DC recognize pathogen-associated molecular patterns (PAMPS) and many adjuvants using
receptors of the innate immune system including members of the TLR family (12-17).
Subsets of DC vary in TLR expression and responses to different PAMPs (18). Therefore,
by activating specific subsets of DC, TLR ligands can promote immune responses
appropriate for particular types of pathogens (19,20).

TLR3 is an endosomal receptor that recognizes dsRNA, a common viral replication
intermediate and a potent indicator of viral infection (16,21-26). The recognition of dSRNA
by TLR3 is independent of its base sequence (27,28) which prevents viruses from avoiding
detection through genomic mutations. dsRNA from virally infected cells enters TLR3-
containing endosomes of neighboring uninfected cells by direct uptake from the medium or
by phagocytosis of infected cells (29,30). There, it activates TLR3 and triggers defensive
responses, including cytokine and chemokine production and DC maturation. Because
dsRNA is a viral PAMP, it is reasonable to hypothesize that recognition of dSRNA by TLR3
will induce antiviral responses and that a TLR3 agonist, given as an adjuvant with viral
immunogens, would generate immune responses that are tailored to preventing viral
infection and dissemination. The most commonly used experimental TLR3 agonist is
polyl:polyC (pIC), which is a large dsSRNA-like synthetic polymeric complex. pIC
preparations vary in distribution of strand lengths, solubility, and biological properties
including toxicity (25,31,32). Recently we characterized the interaction of homogeneous
dsRNA oligonucleotides (ONs) of defined lengths with TLR3 extracellular domain (ECD)
protein (27) and here we examine their capacity to serve as adjuvants in generating immune
responses. We previously showed that the shortest dSSRNA ON capable of binding TLR3 is
~45 bp in length, and that TLR3 binds as dimers to 45 bp segments of dsSRNA (27,28). In
transfected cells that express high amounts of TLR3, a 45 bp ON was sufficient for
activation, but in cells expressing less TLR3, longer ONs were required for signaling (27).
However, the minimum length of dSRNA ON required to activate TLR3 in primary cells,
including DC, is currently unknown. Here, we studied the capacity of dSRNA ONs of
defined size to activate DC subsets from WT and TLR3~/~ mice, to induce antigen specific
CTL responses, and to serve as adjuvants for an experimental influenza vaccine. We found
that TLR3 is most highly expressed in cross-presenting DC subsets, and that homogeneous
dsRNA ONs can serve as effective adjuvants capable of activating DC and promoting strong
adaptive immunity.

Materials and methods

Animals

C57BL/6 mice and B6-Ly5.2 mice were purchased from the Frederick Cancer Research
Center (Frederick, MD, USA), TLR3™/~ mice were provided by Dr. Daniela Verthelyi
(CDER/FDA, Bethesda, MD, USA), melanoma differentiation-associated gene 5 deficient
(MDAS5 ) mice were provided by Dr. Marco Colonna (Washington University, St. Louis,
MO, USA), and OT-I mice were purchased from The Jackson Laboratory. Female mice
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were used at 6-10 weeks of age. All mice were cared for in accordance with NIH guidelines
and with the approval of the National Cancer Institute animal care and use committee.

Dendritic cells

Dendritic cells were differentiated either from wild-type (WT), TLR3~/~ or MDA5 '~ bone
marrow cells as described (33,34). For fms-like tyrosine kinase-3 ligand (FLT-3L)-
generated DC (FL-DC), bone marrow cells were cultured for 10 days in 6-well plates at
1x10% cells/ml, 5ml/well in complete medium (RPMI containing 10% FCS, 55 uM 2-ME,
glutamine, antibiotics, nonessential amino acids, and sodium pyruvate) containing 50 ng/ml
FLT3-L (Pepro Tech, Rocky Hill, NJ). For GM-CSF-generated DC (GM-DC), cells were
cultured for 7 days in 10 cm dishes at 0.5 x 10° cells/ml 20 ml/dish in complete medium
containing 10 ng/ml GM-CSF (GeneScript, Piscataway, NJ). Splenic and LN DC were
positively selected using CD11c microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany), according to the manufacturer’s instructions (purity >80%).

Flow Cytometry

Antibodies for flow cytometry were purchased from either from BD Biosciences (San Jose,
CA), Miltenyi Biotec, or eBioscience (San Diego, CA), with the exception of the anti-
mTLR3 mAD (clone 11F8) which was generated in rats with the aid of Green Mountain
Antibodies (Burlington, VT) using the mTLR3 extracellular domain as the immunogen. The
11F8 antibody is a rat 1gG2a, and was initially selected by ELISA for binding to purified
TLR3 extracellular domain protein, and then for the ability to label HEK293 cells
transfected with mTLR3. Purified anti-TLR3 antibody was labeled using an Alexa 647
Monoclonal Antibody Labeling Kit (Invitrogen/Molecular Probes., Carlsbad, CA). For
intracellular staining, cells were fixed and permeabilized using a Cytofix/Cytoperm Kit (BD
Biosciences) according to the manufacturer’s instructions. To characterize OVA-specific
CD8 T cells, staining with SIINFEKL H-2KP-pentamer (Prolmmune, Bradenton, FL) was
performed according to the manufacturer’s instructions. All antibody staining was
performed in the presence of purified 2.4G2 antibody (Fc block; BD Biosciences). Flow
cytomety was performed using a FACSCalibur or LSRII instrument (BD Biosciences) and
data were analyzed using FlowJo (Tree Star, Inc., Ashland, OR). FL-DC subsets were sorted
based on CD24 and CD11b expression using a BD FACSAria (BD Biosciences).

Confocal microscopy

FL-DC were seeded on CC2-treated Lab-TekRII Chamber Slides (Nalge Nunc/Thermo
Fisher Scientific, Rochester, NY) for 24 h and treated with 10 pg/ml of dSRNA ONs or pIC
(InvivoGen, San Diego, CA) or left untreated. Then cells were fixed for 1 h with 2% PFA
and permeabilized for 30 min with block/perm buffer (PBS containing 1% BSA, 0.05%
saponin, 10mM glycine and 10% FBS). Cells were stained either with anti-calnexin, anti-
EEA1, and anti-LAMP-1 primary antibodies (Abcam, Cambridge, MA) followed by goat
anti-rabbit 1gG-Alexa 546 (Invitrogen) together with 11F8 (anti-TLR3) followed by goat
anti-rat 1gG-Alexa 488 (Invitrogen). Staining was done in the presence of block/perm buffer.
Slides were mounted using ProLong Gold antifade reagent (Invitrogen). Images were
acquired with a Zeiss LSM510 META confocal microscope (Carl Zeiss Microlmaging Inc,
Thornwood, NY) equipped with a 63x Plan-apochromat (N.A. 1.4) oil immersion objective
lens.

DC activation

DC were activated for 24 hours with pIC or homogeneous dsRNA ONs, 25, 60, 62, 90, 139,
and 540 bp in length (10 pg/ml for unseparated DC or 25 ug/ml when sorted subsets were
treated), synthesized as described (27). Preliminary experiments indicated that these
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concentrations of ON or pIC were on the or near the plateau of the dose response curve.
CD86 up-regulation was determined by FACS, and cytokine production was analyzed using
a CBA inflammation kit (BD Biosciences) except for IFN-B and IL-12p40 which were
measured by standard ELISA (R&D Systems, Minneapolis, MN).

In vitro cross-presentation

DC (1 x 10%/ml) were incubated overnight with 0.1 ug/ml OVA (Acros Organics, Geel,
Belgium) in the presence of either 10 ug/ml plIC, 10 pg/ml dsRNA ONs, or 2 ug/ml CpG 1d
(35). The following day CD8* T cells were isolated from OT-I spleens and LN using a
MACS CD8* T-cell isolation kit (Miltenyi Biotec), and then labeled with 1 uM CFSE
(Invitrogen). DC were washed extensively, and then co-cultured with an equal number (1 x
10°) of CFSE-labeled OT-1 CD8" T cells in complete medium in 96-well round bottom
plates. After 60 hours 3 x 10* polystyrene beads (15um, Fluka/Sigma-Aldrich, St. Louis,
MO) were added to each well. Cells and beads were recovered and CFSE dilution was
measured by FACS. The number of beads measured in each sample, relative to the total
number added to the well was used to calculate the total number of dividing OT-I cells per
well for each sample.

In vivo CTL generation

WT and TLR3~/~ mice were immunized in the footpads with OVA alone (0.25 ug), OVA
plus 2 ng dsRNA ONs (90bp, 139bp or 540bp) or OVA plus 2 ug pIC. After seven days
CD8+ T cells from draining popliteal LNs were labeled with SIINFEKL H-2KP-pentamer to
measure OV A-specific T cells. On day 6 after immunization, spleen cells from B6-Ly5.2
(CD45.1%) mice were loaded with 1uM OVA peptide (Genscript, Piscataway, NJ) for one
hour or left untreated, then cells were labeled with 5 or 0.5 uM CFSE for 5 minutes at 37°C,
respectively. Labeled splenocytes were mixed in a 1 to 1 ratio and injected i.v. into
immunized mice (107 cells/mouse). The following day popliteal LNs were harvested and the
ratios of the CFSE bright to dim peaks in the CD45.1* population were calculated. Percent-
specific lysis was calculated using the formula: [1 (CFSE ratio in mice immunized with
adjuvant/CFSE ratio of mice immunized without adjuvant)] x 100 as described by Ingulli
(36).

Immunization against influenza infection

Mice were primed with 20 ug recombinant influenza A nucleoprotein (rNP; Imgenex, San
Diego, CA) alone, with 540 bp dsRNA ON alone (10 ug) or with rNP (20 pug) in
combination with 90, 139, 540 bp dsSRNA ONs or pIC (10 pg each) i.m into the rear
quadriceps, 7-10 mice/group. Four weeks later animal groups were boosted using the same
protocol. Three weeks after boosting, mice were challenged with 10 LDsg of influenza strain
A/PR/8/34 (H1N1) intranasally under ketamine anesthesia and monitored for survival.

Statistical analysis

Statistical significance between different experimental groups was assessed using either
simple or unbalanced analysis of variance for independent data and repeated measures
analysis of variance for multiple responses in the same mice. Data distributions were
positively skewed, and appropriate transformations (primarily logarithmic and square root)
were applied before analysis to maintain consistency with model assumptions. A binomial-
gaussian mixed form likelihood method was used for data with a high proportion of zero
values. Significance of differences in survival was tested by the exact two-tailed logrank
test. The P values were corrected for multiple simultaneous comparisons by the method of
Hochberg and by Dunnett’s test against a common control. P values less than 0.05 were
considered statistically significant. Results are represented as means +SEM.
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High TLR3 expression in cross-presenting DC

Intracellular

Although TLR3 mRNA expression has been measured in isolated DC subsets (33,37), the
relative levels of TLR3 protein have not been analyzed at the single cell level. Therefore, we
examined TLR3 protein expression in lymphocytes, macrophages, and DC subsets by
intracellular FACS staining using a novel anti-mTLR3 mAb. We found that splenic T and
NK cells express no TLR3, B cells express low levels, and peritoneal macrophages
expressed moderate amounts of TLR3 (Fig. 1A). By contrast, TLR3 expression in DC was
heterogeneous, with a minor fraction expressing high amounts of TLR3. All DC in the
spleen are “resident” DC, and are derived from blood precursors. They contain three major
subsets (all CD11c™); B220* plasmacytoid DC (pDC), and CD11b* CD8a ~ and CD11b~
CD8a* conventional DC (cDC) (18,38,39). As shown in Fig. 1B, the CD8a* cDC express
high amounts of TLR3, while the CD8a ~ subset expresses low levels of TLR3, and the pDC
express none. FL-DC, similar to splenic DC, contain pDC and two subsets of cDC with the
CD24high (CD8u* equivalent (33,40)) subset expressing high amounts of TLR3 (Fig. 1C).
GM-DC, which represent monocyte-derived inflammatory DC (39,41), express uniformly
low levels of TLR3 (Fig. 1D).

In addition to resident DC subsets, LNs contain DC that migrate from peripheral tissues to
the LNSs via the lymphatics. These migratory DC express DEC205 (CD205), and can be
subdivided on the basis of CD103 expression. The CD103™ subset includes classic dermal
DC and Langerhans cells, while the CD103" subset derives from langerin+ dermal DC (38).
As seen in Fig. 1E, the CD103" subset of migratory DC expresses high levels of TLR3,
whereas the CD103™ migratory DC express much lower amounts. We conclude that most
cDC express low levels of TLR3, but two subsets of DC, the CD8" resident cDC, and the
CD103* DEC205" CD8 migratory cDC, express much higher levels of TLR3 than other
DC. These two DC subsets and the CD24M3" FL-DC uniquely cross-present antigens to
CD8™* T cells (42-45). Thus, we conclude that high TLR3 expression is a phenotypic
characteristic of cross-presenting DC within LN and splenic CD11c* DC populations.

localization of TLR3 in FL-DC

To examine where TLR3 localizes in resting DC and how activation affects its intracellular
trafficking, unstimulated and plC-stimulated FL-DC were stained for the ER marker
calnexin, the early endosome marker EEA-1, and the late endosome/lysosome marker
LAMP-1 and analyzed for TLR3 co-expression. In resting DC, TLR3 appeared to co-
localize with the early endosome marker, and to a lesser extent, with the ER and late
endosomes markers; TLR3 was not expressed on the plasma membrane or in the nucleus, as
expected. (Fig. 2A). By contrast, in DC activated by pIC, almost all TLR3 co-localized with
LAMP-1. We next asked whether dsRNA ONs could effectively induce TLR3
redistribution. As seen in Fig 2B, the capacity of dsSRNA ONs to induce TLR3 redistribution
increased with the length of the ON. Thus the 25 and 62 bp ONs failed to induce TLR3
redistribution, while the 90 and 139 bp ONs caused partial redistribution, and the 540 bp ON
was as effective as pIC. These results suggest that TLR3 resides in the ER, early and late
endosomes in resting DC, but following ligation with dSRNA ONs greater than 100 bp in
length and pIC, TLR3 traffics to late endosomes and lysosomes.

TLR3-dependence of activation of DC by dsRNA

We next asked whether DC from spleen and bone marrow cultures would respond to dsSRNA
in a TLR3-dependent manner. dsSRNA can trigger the release of type I interferons and
inflammatory cytokines and upregulation of co-stimulatory molecules using either TLR3 or
two related cytoplasmic receptors, retinoic acid-inducible gene-1 (RIG-1) and melanoma
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differentiation-associated gene 5 (MDA-5), collectively known as RIG-I like receptors
(RLRs) (46,47). Because TLR3 and RLRs trigger the same types of responses, the loss of
responsiveness to dSRNA in TLR3 or RLR deficient mice would indicate that the deleted
receptor alone mediates the response to dsSRNA. We expected that the DC response to
exogenous ONs would be predominantly TLR3 dependent, since exogenously added dsSRNA
ON's are taken into endosomes, the intracellular location of TLR3, rather than into the
cytoplasm where RLRs reside. To test this, spleen cells, FL-DC and GM-DC were treated
with medium, dsRNA (540 bp), or pIC, and after 24 hr, CD11c™ cells were examined for up-
regulation of the costimulatory molecule, CD86. As shown in Fig. 3, dSRNA and pIC
induced CD86 expression in splenic DC and in FL-DC from WT mice but not from
TLR3~/~ mice, as expected. By contrast, the dSsSRNA ON failed to activate GM-DC from
either WT or TLR3™/~ mice, but surprisingly, pIC activated GM-DC from both WT and
TLR3~/~ mice, suggesting that RLRs might be responsible for the GM-DC response to pIC.
It has been shown that MDA-5, but not RIG-I responds to pIC (46,47). We therefore asked
whether the induction of CD86 by pIC required MDA-5. As seen in Fig 3, deletion of
MDA-5 abrogated the responsiveness of GM-DC, but not splenic DC or FL-DC to pIC,
suggesting that pIC enters the cytoplasm in GM-DC, where it activates MDA-5. Thus FL-
DC and splenic DC respond differently from GM-DC to dsRNA and pIC stimulation, and
pIC can activate at least one type of DC independently of TLR3.

Dependence of DC activation on dsRNA ON size

In view of the large differences in TLR3 expression between DC subsets, we asked how
different subsets would respond to dsRNA. For these experiments CD24M9h and CD11bNigh
FL-DC were isolated by cell sorting and treated with 25, 60, 90, 139, and 540 bp dsRNA
ONs or plC at concentrations predetermined to lie at or near the plateau on the dose
response curve. The CD24M3N/TILR3N9" FL-DC subset responded strongly to the dsRNA
stimuli, and the responses increased with dsRNA length and required TLR3 (Fig 4 left
panels). The 60 bp ON was sufficient to up-regulate CD86 expression but larger dSRNA
ONSs were required to induce 1L-12p40, TNF-a, IL-6, and IFN-B. The CD11bhigh/TR3low
subset of FL-DC (Fig 4 right panels) constitutively expressed high levels of CD86
(normalized in Fig 4) and TNF-a which were marginally increased by dsRNA. These cells
gave a very weak I1L-12p40 response to dsRNA but did secrete IFN-p and IL-6 ina TLR3-
dependent manner, indicating that in spite of their low TLR3 expression, the CD11b"%" DC
are able to respond to dsRNA. Taken together, these data show that qualitatively different
responses are generated by treating DC with different sized dsSRNA ONs, and that the
responses vary between DC subsets.

Because dsSRNA ONs stimulate CD86 and cytokine expression in CD24M3M/ T R3Nig F|_-
DC, we asked whether ONs could induce FL-DC to efficiently cross-present exogenous
antigens to CD8" T cells. FL-DC were incubated with OVA and dsRNA ONs, then cultured
with naive CD8" T cells from OT-1 mice that express a TCR transgene specific for OVA
peptide bound to H-2kP. Fig. 5 shows that DC treated with OVA alone or OVA plus 25 or
62 bp dsRNA were unable to induce proliferation of the OT-1 CD8* T cells. However ONs
> 90 bp and pIC were able to mature WT, but not TLR3~/~ DC into competent cross-
presenting APC capable of activating T-cells in vitro and the antigen presenting capacity of
DC increased with dsSRNA length. As a control, the TLR9 ligand CpG ODN was able to
induce maturation of both WT and TLR3~/~ DC, indicating that the TLR3~~ DC had not
lost the capacity to mature in response to other stimuli. We conclude that dSRNA ONs
induce DC maturation by processes that require TLR3 and depend upon dsRNA length.
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dsRNA ONs induce antigen-specific CTL in vivo

Because dsRNA ONs drive DC maturation in vitro, we asked whether the same ONs could
serve as adjuvants for the generation of antigen-specific CD8* T cells in vivo. Mice were
immunized with OVA and dsRNA ONs or plIC, and seven days later CD8* cells from
draining LNs were examined for OVA specificity by pentamer staining. As seen in Fig. 6A,
dsRNA ONs served as effective adjuvants for the generation of OVA-specific T cells. No
expansion of antigen-specific T cells was seen in the absence of dsSRNA, and even the
smallest ON tested (90 bp) showed significant adjuvant activity. The 540 bp ON was as
effective as pIC, and both exhibited some TLR3-independent activity. OVA-immunized
mice were also tested for the generation of CTL activity, using an in vivo cytotoxicity assay
(Fig. 6B, C). We observed that all ONs tested and pIC were effective at inducing OVA-
specific cytotoxicity. The 139 bp ON produced a near optimal CTL response that was
completely TLR3-dependent, but pIC and 540 bp dsRNA were able to induce CTL
responses by both TLR3-dependent and TLR3-independent pathways.

Protection against influenza virus infection

Finally we investigated whether dSRNA ONs could improve the effectiveness of an
experimental influenza virus subunit vaccine as a first step in their development as
immunization adjuvants. As the immunogen, we used (rNP), which is weakly immunogenic
but highly conserved between virus strains (48). Mice were immunized and boosted four
weeks later with rNP either alone or in the presence of pIC or dSRNA ONs, 90, 139, or 540
bp in length. Two weeks after the boost, mice were challenged with 10 LDgg of HIN1
influenza virus, strain A/PR/8/34, and survival was monitored thereafter. As seen in Fig. 7,
no mice survived past nine days in the groups that were either not immunized, or that were
given 540 bp dsRNA alone. Immunization with rNP alone prolonged survival slightly. By
contrast, long-term survival was seen when mice were immunized with rNP using either pIC
or dsRNA ONs as adjuvants. Adjuvant effectiveness increased with dsRNA length (Fig. 7B)
and the 540 bp ON was about as effective as pIC (Fig 7A). Thus, dsSRNA ONs can provide
protection against infection when administered with a viral antigen.

Discussion

Recent studies have demonstrated that TLR3 forms dimeric complexes with 45 bp segments
of dsSRNA and that single TLR3 dimers formed with a 48 bp dsSRNA ON are capable of
activating transfected cells expressing high amount of TLR3 (27). A goal of the current
study is to determine how TLR3:dsRNA complexes, formed with dSRNA ONs of varying
lengths, function in primary cells and to translate these findings into the development of
well-defined TLR3-dependent adjuvants. Here we examined the activation of DC by dsRNA
ONs because this response is key for inducing acquired anti-viral immunity. We have
previously shown that the interaction of TLR3-ECD protein with dsSRNA is highly
dependent upon dsRNA length and TLR3-ECD concentration (27) which implies that the
ability of a specifically sized dSRNA ON to bind TLR3 and activate a cell is governed in
part by the membrane density of TLR3 in the endosomes. Thus, the large differences in
TLR3 expression levels that we observed between DC subsets are predicted to play an
important role in determining their responsiveness to dSRNA ONs. Two subsets of DC that
expressed the highest levels of TLR3 are the resident CD8" ¢DC and the migratory CD103*
dermal DC. These two subsets are known to cross-present exogenous antigens to CD8* T
cells (38,43-45,49,50) and are related by requiring Batf3 and IRF8 for their development
(50). The human DC subset equivalent to murine CD8* ¢DC has recently been identified
and shown to express TLR3 mRNA (51-54). However, it is not known whether this human
DC subset expresses TLR3 protein at the distinctively high levels that we observed in mice.
It has been shown that CD8* DC phagocytose virally infected cells and undergo maturation
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in a TLR3/dsRNA-dependent process. These DC then cross-present viral antigens to CD8*
T cells, inducing them to proliferate and differentiate into virus-specific CTL (30). Thus, the
high expression of TLR3 in cross-presenting DC represents one way in which a viral
molecular pattern can induce a virus-specific response.

As expected from their high TLR3 expression, cross-presenting DC were highly responsive
to dsRNA ONs in vitro. ONs as short as 60 bp induced phenotypic maturation of the
CD24high cross-priming subset of FL-DC in a TLR3-dependent manner, and 90 bp dsRNA
matured FL-DC into potent APC that activated CD8" T cells. By contrast, GM-DC, which
express low levels of TLR3, were not activated by a 540 bp dsRNA ON but were activated
by pIC. However, activation of GM-DC by pIC was mediated by MDA-5, a cytosolic
receptor for dsSRNA, and not by TLR3. This suggests that pIC was taken into the cytoplasm
of GM-DC, whereas the 540 bp ON was not, or alternatively, both pIC and the ON entered
the cytoplasm, but only pIC activated MDA-5 (55,56). In vivo, the 90 bp dsSRNA ON was
capable of inducing antigen-specific CD8* T cell proliferation and CTL generation. This
was most likely mediated by the cross-presenting DC subsets because previous studies using
mice deficient in CD8a" and CD103* DC showed that these subsets were essential for cross
presentation of exogenous antigens to CD8* T cells (49,50). While the 90 and 139 bp ONs
induced antigen-specific CD8* T cell expansion and CTL generation in a TLR3-dependent
manner, pIC and to a lesser extent 540 bp dsRNA operated in part through a TLR3-
independent pathway. This suggests that long pieces of dsSRNA and pIC may exert a
qualitatively different effect on the immune system than shorter dSRNA ONs.

dsRNA ONs have several properties that render them advantageous as adjuvants. First,
dsRNA is stable, because it is resistant to digestion by the ubiquitous RNAses that rapidly
degrade single-stranded RNA, a ligand for TLRs 7 and 8 (57,58). dSRNA ONs are soluble,
homogeneous molecules that can be manufactured in a consistent fashion. By contrast, other
TLR3-stimulating adjuvants including pIC, polyl:C12U (59), poly I:CLC (60), and PIKA
(61) are heterogeneous and may vary between batches in both chemical structure and
biological function, particularly with regard to their capacity to promiscuously activate non-
TLR3 dependent pathways with unpredictable consequences. The efficacy of a dSSRNA ON
as an activator of TLR3 depends upon its length and not its nucleotide sequence, in contrast
to CpG ODNs that are being tested as TLR9-based adjuvants (62). Thus, it may be possible
to fine-tune the adjuvant properties of dsSRNA ONs simply by varying their lengths.

Adjuvant design is especially important for developing effective subunit protein-based
vaccines. Virus subunit proteins are easy to produce, stable during storage, and safe relative
to live attenuated or killed virus vaccines, but these proteins are poorly immunogenic and
therefore require adjuvants to generate protective immunity (19,20). To test whether dSRNA
ONs could serve as effective adjuvants in an experimental subunit vaccine, we immunized
mice with rNP with or without dSRNA ONs or pIC and then challenged the mice with
influenza virus. NP varies much less between influenza subtypes than do the major antibody
epitopes on the hemaglutanin and neuraminidase subunits. For this reason, a strong anti-NP
response could be cross-protective against multiple influenza A subtypes (63,64). However,
NP is a poor immunogen when it is administered as a recombinant protein rather than
expressed in situ from plasmid or viral vectors (48). We found that rNP alone did not confer
protection against lethal influenza infection but that co-administration of rNP with dSRNA
ONs enhanced survival and that protection increased with the length of the dsSRNA. The
level of protection induced by the 540bp ON was similar to pIC. Thus dsSRNA ONs can
serve as effective adjuvants in an experimental vaccination system.
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Figure 1. High TLR3 expression in cross-presenting DC

Cells were fixed, permeabilized, and stained for surface markers and TLR3. The same
populations of cells from TLR3~/~ mice were used as negative controls. (A) TLR3
expression in splenic T cells (CD3¢*), NK cells (DX5%), B cells (B220™), peritoneal
macrophages (M®, CD11b*) and DC (CD11c™"). (B-D) TLR3 expression in (B) CD11c-
enriched splenic DC subsets, (C) FL-DC subsets, (D) GM-DC, and (E) CD11c-enriched LN
DC subsets. All cells were electronically gated for CD11c expression, and further gated as
indicated in the figure. Histograms are representative of at least 3 experiments.
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Figure 2. Intracellular localization of TLR3 in FL-DC

A. Unstimulated or plC-stimulated FL-DC were fixed, permeabilized, and stained
intracellularly for the ER-resident protein calnexin, early endosome marker EEA-1 or late
endosome/lysosome marker LAMP-1 (red) together with anti-TLR3 (green) and examined
by confocal microscopy. B. FL-DC were stimulated with 25, 60, 90, 139, or 540 bp dsRNA
ONs, and co-stained for TLR3 and LAMP-1. Scale bars represent 10um. Indicated squares
are shown magnified on the right of each panel. Bottom magnification, TLR3 alone; middle
magnification, vesicle marker alone; top magnification, TLR3 and vesicle markers merged.
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Figure 3. TLR3 dependence of activation of splenic and bone marrow derived DC

CD86 expression of WT, MDA5~~ and TLR3~/~ splenic DC, FL-DC and GM-DC after 24
h treatment with dsRNA (540 bp), pIC or medium alone (Ctrl). Data shown are mean +SEM
of triplicate DC cultures and are representative of four independent experiments.
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Figure 4. DC activation increases with dsRNA length

FACS-sorted CD24M9" and CD11bM9" FL-DC subsets from WT and TLR3~/~ mice were
stimulated with 25 bp, 60 bp, 90 bp, 139 bp and 540 bp dsRNA, with pIC or were left
untreated (Ctrl). After 24 h, CD86 upregulation and cytokine production were determined.
pIC and dsRNA ON concentrations were at or near the plateau on dose response curves.
Values depicted are means +SEM from 3 independent experiments. * designates significant
differences compared to untreated control (*P<0.05; **P<0.01; ***P<0.001), whereas T
indicates significant differences between WT and TLR3™/~ DC (1P<0.05; 11P<0.01;
t11P<0.001).
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Figure 5. dsRNA size-dependently induces cross-presentation

WT and TLR3™/~ FL-DC were incubated overnight with OVA alone (Ctrl) or OVA plus
dsRNA ONs with specified length, pIC, or CpG, then co-cultured with CFSE-labeled OT-I
CD8+ T cells. Proliferation was detected by CFSE dilution. Panel (A) shows representative
histograms of proliferating T cells induced by DC that had been treated with OVA and the
indicated stimulants. (B) Shows number of proliferating T cells; n=6 from two independent
experiments, means + SEM * designates significant differences compared to OVA alone
control (***P<0.001), whereas T indicates significant differences between T cells stimulated
with WT and TLR3™/~ DC (+1P<0.01; t+11P<0.001).
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Figure 6. In vivo CTL induction by dSRNA
WT and TLR3™/~ mice were immunized with OVA alone (Ctrl) or OVA plus the indicated
dsRNA ON or pIC. (A) Percentages of OVA-specific (pentamer positive) CD8" T cells
seven days after immunization. (B) Representative histograms showing in vivo cytotoxicity
assay. Six days after immunization mice were injected with OV A peptide- coated target
cells labeled with high amounts of CFSE and control cells labeled with low amounts of
CFSE. One day later cytotoxicity was detected as a loss in CFSE bright cells relative to
CFSE dull cells. (C) Percent specific lysis. Data are from at least 3 mice per group (mean +
SEM). * designates significant differences compared to control (**P<0.01; ***P<0.001),
whereas 1 indicates significant differences between WT and TLR3™/~ mice (1P<0.05;

+11P<0.001).

piC

Page 18

WT TLR3+*

OVA

OVA
+
90bp

OVA =«
+
139bp

OVA
+
540bp

o o
R N L 1] L A

0 0
0

40
“0

2
i

o o

L R A ] L L

CFSE

OVA
+
plC

# Cells

J Immunol. Author manuscript; available in PMC 2012 February 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jelinek et al.

Page 19
A 100 7
Jodek

= 804 =
2 Iy ***e & NP + 540bp
S 60 1 <+ NP + pIC
2 V- rNP

40- |
;\2 20 Y___ O Naive

! o S |
0 T S
0 5 10 15
B 100

= 804
2 - NP + 540bp
> 601 = rNP + 139bp
5 0] =+ rNP + 90bp
5 40 < rNP

20+ 3 540bp

0 l lﬁ?{é - l ‘O Naive

!
15 20
Days post challenge

o
(3}
_‘-
o

Figure 7. dsSRNA ONs serve as effective adjuvants for an influenza vaccine

WT mice were primed and boosted with rNP plus pIC or 540 bp dsRNA (A) or rNP plus 90,
139 or 540 bp dsRNA ONs (B). Controls (dashed lines) include untreated naive mice, mice
treated with rNP alone and mice treated with 540 bp dSRNA alone. Three weeks after the
boost mice were challenged with 10 LDsg of influenza virus and survival was monitored
thereafter. Asterisks indicate a significant difference in the percentage of survival between
naive and immunized mice (*P<0.05; **P<0.01; ***P<0.001).
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