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Nanoparticle Adjuvant Sensing by TLR7 Enhances CD8+
T Cell–Mediated Protection from Listeria Monocytogenes
Infection
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V

accination is considered to be the most effective method
of protection against infectious diseases. Indeed, vaccines
have not only helped to reduce the incidence of several
infectious diseases such as measles or diphtheria but also contributed to the decrease in mortality and morbidity related to infectious
diseases and in the eradication of smallpox (1, 2). However, the
generation of safe vaccines with the capacity to generate protective
cellular immunity, which is essential to protect against most chronic
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infections (3, 4) and cancers (5, 6), is still a challenge. Cellmediated immune responses are often induced following the detection of pathogen-associated molecular patterns (PAMPs) by
APCs leading to their activation, which increases their stimulatory
capabilities toward pathogen-specific T lymphocytes. This has led
to the development of numerous vaccination trials that include
various PAMPs in the formulation of candidate vaccines (7–9) instead of traditional adjuvants such as alum, which mostly induces
a humoral response (10). As such, TLR7/8 ligands that induce the
production of IL-12 and IFN-a, which are important for the generation of an appropriate cellular immune response, are actively
being evaluated for this purpose (11). Unfortunately, the natural
ligand of TLR7/8, ssRNA, when used alone, is rapidly degraded
in vivo (12, 13). To solve this problem and allow optimal presentation of vaccine Ags, researchers have developed various delivery
systems to increase the bioavailability of such molecules. These
tools include molecules that induce the formation of aggregates
such as alum, liposomes, oil in water emulsions and nanoparticles
(14). These formulations of vaccine Ags increase their phagocytosis
by APCs, the first step required to generate a potent immune response. Another way to efficiently trigger a T cell response is to
mimic a viral infection through the use of virus-like particles
(VLPs). VLPs do not contain infectious genetic material, providing
a safer alternative to attenuated or inactivated viruses (15). In addition, the shape of such particles and the display of repeated arrays
of epitopes on their surface renders them easily recognizable by
APCs that are then activated by intrinsic PAMPs present on the
VLPs (16). However, many VLPs in development still require the
coadministration of adjuvants to be fully effective (17, 18). VLPs
can easily be engineered to express foreign epitopes using genetic
fusion or chemical conjugation (19–21). At present, there are two
vaccines used in humans derived from VLPs: The hepatitis B virus
vaccine and the human papillomavirus vaccine.
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Developing new adjuvants and vaccination strategies is of paramount importance to successfully fight against many life-threatening
infectious diseases and cancer. Very few adjuvants are currently authorized for human use, and these mainly stimulate a humoral
response. However, specific Abs are not sufficient to confer protection against persisting infections or cancer. Therefore, development of adjuvants and immunomodulators able to enhance cell-mediated immune responses represents a major medical need. We
recently showed that papaya mosaic virus nanoparticles (PapMV), self-assembled from the coat protein of a plant virus and a noncoding ssRNA molecule, are highly immunogenic in mice. PapMV can be used either as a vaccine delivery platform, through fusion
of various epitopes to the coat protein or as adjuvant to enhance humoral immune responses against coadministered Ags or vaccines.
However, the mechanisms that confer these immunomodulatory properties to PapMV and its ability to enhance T cell vaccines
remain unknown. Using immunization studies in mice, we demonstrate in this paper that PapMV represents a novel TLR7 agonist
with strong immunostimulatory properties. More importantly, pretreatment with PapMV significantly improves effector and memory CD8+ T cell responses generated through dendritic cell vaccination increasing protection against a Listeria monocytogenes
challenge. The Journal of Immunology, 2014, 192: 1071–1078.
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Materials and Methods
Ethics statement
This study was performed in accordance with the Canadian Council on
Animal Care guidelines. All animal experiments were reviewed and approved by the Institut National de la Recherche Scientifique - Institut
Armand-Frappier institutional animal care committee.

Mice
Female 6- to 10-wk-old C57BL/6 mice were purchased from Charles River
Laboratories. Tlr7 knockout (KO) and Myd88 KO mice were purchased
from The Jackson Laboratory. Type I IFNR KO mice (Ifnar KO) on
a C57BL/6 genetic background were provided by U. Kalinke (Institute for
Experimental Infection Research, Braunschweig, Germany), and Irf5/7 KO
mice were provided by P. Pitha-Rowe (Johns Hopkins University, Baltimore, MD).

PapMV nanoparticles
PapMV nanoparticles used in this study were provided by Folia Biotech and
were produced as described in our previous study (27). LPS contamination
was always ,50 endotoxin units/mg protein and considered as negligible.

Generation of BMDC
BMDC were differentiated as described previously (28). On day 6, LPS
(Sigma-Aldrich) (1 mg/ml) was added to cultures to induce maturation, and
the OVA257–264 peptide (SIINFEKL) (2 mg/ml) (Midwest Bio-Tech) was
added (BMDC-OVA) or not (unloaded BMDC) overnight. BMDCs were
harvested on day 7.

Immunization
PapMV (Folia Biotech) injections were done i.v. or s.c. with 100 mg. For
BMDC-OVA immunization experiments, 100 mg PapMV or 100 ml PBS
was injected i.v. or s.c. 6 h before i.v. or s.c. immunization with 1.25 3 106
mature BMDC-OVA or unloaded BMDC. OVA-specific CD8+ T cell
responses were analyzed at days 7 and 45 postimmunization in the spleen
or blood. To follow BMDC phenotype following immunization, BMDC were
labeled with 5 mM CFSE (Life Technologies) for 10 min at 37˚C. Wild-type
(WT) mice were injected i.v. with 100 mg PapMV or PBS and 6 h later with
10 3 106 BMDC-CFSE. The expressions of CD86 and CD70 were then
analyzed on the CD11c+CFSE+ population, 6 h after BMDC immunization.

L. monocytogenes-OVA infection
Mice were infected with 2–5 3 103 L. monocytogenes expressing OVA
(L. monocytogenes-OVA) i.v. at least 45 d post-BMDC immunization. Five
days postinfection (p.i.), the spleen and liver were harvested and homog-

enized in distilled water plus 0.5% Nonidet P-40 (Sigma-Aldrich), and fold
serial dilutions were plated onto brain heart infusion (BD Biosciences)
agar plates containing 200 mg/ml streptomycin (Bio Basic). Plates were
incubated at 37˚C for 24 h, and colonies were enumerated.

Plasmacytoid DC depletion
The hybridoma cell line producing mAb 927, specific for the mouse bone
marrow stromal Ag 2 (BST2), used for the depletion, was provided by
Dr. M. Colonna (Washington University School of Medicine, St. Louis,
MO). Depletion was done as described previously (29). Briefly, mice were
injected (i.p.) with 500 mg purified Ab 927 or an isotype control 24 and
48 h before PapMV immunization. Depletion leads to a reduction of at
least 60% of plasmacytoid DC (pDC) numbers in the spleen as measured
by flow cytometry.

Flow cytometry analysis and Abs
Flow cytometry analysis of mouse surface Ags was performed with the
following Abs: anti-CD69 (H1.2F3), -CD86 (GL1), -CD11c (N418), -CD8a
(53-6.7), -CD45R/B220 (RA3-6B2), -CD19 (6D5), -CD317 (PDCA-1)
(927), and -CD44 (IM7) (BioLegend) and H-2Kb (AF6-88.5.5.3) (eBioscience). Staining was performed for 20 min at 4˚C. H-2Kb-OVA monomers
were purchased from CANVAC tetramer core facility, and tetramers were
generated using extravidin-PE (Sigma-Aldrich). PE-coupled Kb-OVA tetramer staining was done at 37˚C for 15 min. For intracellular cytokine
staining, splenocytes were cultured with OVA (2 mg/ml) in the presence of
brefeldin A (10 mg/ml) for 5 h at 37˚C. Following staining for surface Ags
as described above, cells were stained for intracellular cytokines using
fixation/permeabilization buffer (BioLegend), according to the manufacturer’s instructions. Abs used for intracellular cytokine detection were anti–
IFN-g (XMG1.2), –TNF-a (MP6-XT22), –IL-2 (JES6-5H4) (BioLegend),
and -granzyme B (eBioscience). Flow cytometry analyses were performed
on a BDLSRII or BDLSR fortessa flow cytometer (BD Biosciences), and
data were analyzed using the FlowJo software (Tree Star).

ELISA
PapMV-specific Ab titers were determined as described previously (30).
Results are expressed as an Ab end-point titer, determined when the OD
value is 3-fold greater than the background value obtained with a 1:50
dilution of serum from PBS-injected mice. IFN-a and IL-6 levels in sera
and spleen homogenates from immunized mice were determined following
the manufacturers’ instructions (PBL IFNSource and BioLegend).

Statistical analysis
Data were analyzed for statistical significance using Student t test. Statistical significance was determined as p , 0.05.

Results
PapMV induces the activation of a broad range of immune cells
through TLR7
To evaluate the extent of the immunomodulatory properties of PapMV,
we first measured the activation of various immune cells following i.v.
immunization of C57BL/6 WT mice. We analyzed the expression of
costimulatory molecule CD86, early activation marker CD69 and
MHC molecule H-2Kb by flow cytometry in the spleen, peripheral
lymph nodes, and blood. We observed that every subtype of immune
cells analyzed expressed higher levels of CD86, CD69, and H-2Kb
24 h following administration of PapMV (Fig. 1A, Supplemental
Fig. 1). For example, a 5-fold increase in the expression level of CD69
on splenic T cells was measured in the PapMV-treated group in
comparison with PBS-treated controls. To determine which component of the PapMV was responsible for its immunomodulatory properties, mice received either the coat protein (CP) subunit
alone (containing monomers, dimers, and trimers of the CP) or the
complete nanoparticle. In contrast to intact PapMV nanoparticles,
immunization with the CP alone did not lead to an increased
expression of CD86, CD69, or H-2Kb on splenic DCs, B cells, or
CD8+ T cells when compared with negative controls (Fig. 1B,
Supplemental Fig. 1B). This suggests that the ssRNA molecule
contained within the VLP could be responsible for its immunomodulatory properties. To confirm this hypothesis, we immunized
mice deficient in the ssRNA sensor TLR7 or molecules involved
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We have previously shown that papaya mosaic virus-like nanoparticles (PapMV) are efficiently recognized and taken up by immune cells leading to their activation (22). In addition, we have
shown that various foreign Ags can be fused to the surface of the
PapMV without affecting its ability to self-assemble. Vaccination
with such nanoparticles generates a specific cellular and humoral
immune response against displayed Ags and provides protection
against various viral infection models (19, 22–25). Moreover, we
have demonstrated that the fused Ags are efficiently cross-presented
on MHC class I of human APCs and cause the expansion of human
Ag-specific T cells (26). Finally, we recently showed that PapMV
used as an immunomodulator leads to the development of protective
immune responses against influenza or Streptococcus pneumoniae
challenges (27). Thus, PapMV represents a promising candidate
adjuvant for the development of novel vaccines or treatments.
However, the mechanisms by which PapMV activates the immune
system are unknown.
We demonstrate in this study that PapMV induces immune activation through TLR7 ligation and type I IFN production. In addition, PapMVenhances effector and memory CD8+ T cell responses
induced through bone marrow–derived dendritic cell (BMDC) vaccination increasing protection against a Listeria monocytogenes
challenge. These results suggest that PapMV could be useful for the
development of T cell vaccines against infectious diseases.
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in its signaling pathway and measured immune cell activation. In
contrast to WT mice, the expression levels of CD86, CD69, or H2Kb on splenic DCs, B cells, or CD8+ T cells in Tlr7, Myd88, or
Irf5/7 KO mice remained unchanged upon treatment with PapMV
(Fig. 1B, Supplemental Fig. 1B). Because activation through
TLR7 signaling can lead to type I IFN production, we tested
whether PapMV induced the production of IFN-a in immunized
mice. Indeed, immunization with PapMV leads to the production
of IFN-a in the serum and spleen of WT mice with a peak at 6 h
postimmunization, whereas it was completely undetectable in Tlr7
or Myd88 KO mice (Fig 1C, Supplemental Fig. 2A). We next
sought to determine the contribution of pDCs, which strongly express TLR7 and secrete high amounts of IFN-a, to this response.
We depleted pDCs by injection of a neutralizing Ab directed against
BST2, which has been shown in steady-state conditions to be
mostly expressed on pDCs (31). In vivo depletion of BST2+ cells
reduced IFN-a production in serum below the detection limit (Fig.
1C) and significantly decreased the expression levels of activation
markers on immune cells following PapMV immunization (Fig. 1B,
Supplemental Fig. 1B). Because depletion of BST2+ cells caused
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FIGURE 1. TLR7, MYD88, IRF5/
7, and IFNAR are essential for the
activation of murine splenocytes by
PapMV. (A) Representative overlay
histograms showing CD86, CD69, and
H-2Kb expression on CD8+ T cells, B
cells (CD19+), CD4+ T cells, macrophages (F4/80+), and DCs (CD11c+)
of WT mice 24 h after i.v. immunization with PapMV (bold lines) or
PBS (filled histograms). (B) Compilation of CD69 and CD86 expression
on CD8+ T cells and DCs 24 h postimmunization. Results are presented
as a ratio of the mean fluorescence
intensity (MFI) of the analyzed sample on the MFI of the PBS sample.
Results are shown as the mean 6
SEM. ELISA quantification of serum
IFN-a (C) or IL-6 (D) 6 h postimmunization with PapMV (n = 3;
two to five mice per group). *p ,
0.05, ***p , 0.001.

such a dramatic decrease in the activation of immune cells with no
detectable IFN-a production, we next assessed the importance of
this cytokine in the immunomodulatory effect of PapMV. Although
IFN-a production remained high following PapMV immunization
in Ifnar-deficient mice (Fig. 1C), expression levels of CD86, CD69,
and H-2Kb in splenic DCs, B lymphocytes, and CD8+ T cells were
not increased demonstrating a crucial role played by type I IFN
signaling in PapMV-dependent immune activation (Fig. 1B, Supplemental Fig. 1B). Finally, we observed that immunization with
PapMV leads to IL-6 production in the serum and spleen of WT
mice but not in Ifnar KO and Tlr7 KO mice (Fig. 1D, Supplemental
Fig. 2B). Taken together, these results demonstrate that injection of
PapMV in mice induces the activation of a broad range of immune
cells through IFN-a production by pDCs in a TLR7-dependent
manner.
Humoral immune response generated following administration
of PapMV depends on TLR7 and MYD88
To determine whether ligation of TLR7 and strong IFN-a production induced upon injection of PapMV affects the generation of
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the adaptive immune response, we first analyzed the development
of PapMV-specific Abs. We observed that Tlr7 and Myd88 KO
mice produced significantly reduced amounts of PapMV-specific
IgG and IgM in serum compared with WT mice (Fig. 2). In
contrast to early immune activation, production of PapMV-specific
Abs was not greatly affected by the absence of IFNAR because
production of PapMV-specific IgG (Fig. 2A) was only slightly
delayed in Ifnar KO mice, whereas IgM levels were not affected at
day 7 postimmunization (Fig. 2B). In addition, we observed that
immunization with PapMV induced the production of high titers
of IgG2c and IgG3 isotypes and low titers of IgG1 isotype (Fig.
2C). These results demonstrate that activation through TLR7
and MYD88 is important to induce the development of PapMVspecific Ab responses, whereas absence of type I IFN signaling
only slightly delays IgG production.
Pretreatment of mice with PapMV prior to BMDC vaccination
increases CD8+ T cell responses

We next investigated whether administration of PapMV prior to
BMDC-OVA immunization could provide greater protection against
a bacterial challenge at the memory stage. To address this question, we infected mice at day 45 postimmunization with L. monocytogenes-OVA. As shown in Fig. 4A, mice immunized with
BMDC-OVA showed a greater proportion of OVA-specific CD8+
T cells in the spleen compared with the unloaded BMDC group at
day 5 postinfection, indicating that OVA-specific memory CD8+
T cells expanded following infection with L. monocytogenes-OVA.
More interestingly, PapMV treatment increases the secondary CD8+
T cell response when compared with BMDC-OVA treatment alone
group because there are a greater proportion of OVA-specific secondary effector CD8+ T cells (Fig. 4A) and more CD8+ T cells
producing TNF-a or IFN-g in the PapMV-treated group (Fig.
4B). In addition, more polyfunctional CD8+ T cells producing
both IFN-g and TNF-a or IFN-g and granzyme B were induced in
the PapMV-treated group (Fig. 4B). This led to fewer L. monocytogenes-OVA in the spleen and liver of the PapMV-treated group
compared with the group vaccinated with BMDC-OVA alone (Fig.
4C). In summary, administration of PapMV 6 h before BMDC-OVA
immunization results in an increased CD8+ T cell memory response
and better protection against a bacterial challenge.

Discussion
The efficiency of PapMV nanoparticles when used as adjuvant or as
a vaccine platform has been largely demonstrated (19, 22–24, 30,
33, 34). In this study, we have elucidated the mechanism by which
PapMV induces immune activation and demonstrated its potential
as an adjuvant for T cell vaccination. In previous studies, we
showed that following i.v. immunization, splenic DCs take up
PapMV in vivo and acquire a mature phenotype (22). In addition,
we recently showed that s.c (34). and intranasal (27) administration of PapMV leads to the production of proinflammatory cytokines and chemokines. In the present paper, we explored more
deeply the immunogenic properties of PapMV upon i.v. immunization. Twenty-four hours after injection of PapMV in mice, we
observed that CD8+ and CD4+ T cells, B lymphocytes, macrophages, monocytes, and DCs isolated from the spleen, the blood,
and the peripheral lymph nodes showed increased expression of
activation markers demonstrating the induction of a generalized
state of activation of the immune system. This was observed only
with the complete nanoparticle and not with the CP. PapMV
nanoparticles are produced in vitro from monomers of the capsid
protein and a synthetic ssRNA by self-assembly into a filamentous
rod-shape nanoparticle. Thus, the composition of the complete

FIGURE 2. TLR7 and MYD88 are important for the humoral response generated following PapMV nanoparticle immunization. (A) Kinetics of antiPapMV IgG production in serum of WT, Ifnar KO, Tlr7 KO, and Myd88 KO mice following immunization with PapMV measured by ELISA. (B) AntiPapMV IgM production at day 7 postimmunization in serum of WT and KO mice. (C) IgG isotypes (IgG1, IgG2c, and IgG3) titer in the serum of WT mice
20 d postimmunization (n = 3; two to five mice per group). ***p , 0.001.
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Several studies have shown that TLR7 ligands and IFN-I can act as
adjuvants for the induction of cellular immune responses (9, 11).
Moreover, BMDC immunization is a promising type of vaccination to induce CD8+ T cell responses against loaded Ags (32). We
therefore investigated the adjuvant potential of PapMV for the
induction of CD8+ T cell responses generated following vaccination with BMDC-OVA. BMDC-OVA were injected at the peak
of IFN-a production following PapMV administration (6 h), and
the generation of an effector CD8+ T cell response was analyzed.
At day 7 postimmunization (peak of the response), PapMV-treated
mice immunized with BMDC-OVA showed significantly higher
proportions (Fig. 3A) and numbers (Fig. 3B) of OVA-specific
CD8+ T cells in comparison with mice receiving only BMDCOVA. Moreover, PapMV pretreatment increased the functionality of OVA-specific CD8+ T cells because they produced more
IFN-g, TNF-a, and IL-2, following in vitro restimulation
(Fig. 3A, 3C). Mice deficient in TLR7 treated with PapMV did
not show any increase in OVA-specific CD8+ T cell numbers,
whereas Ifnar KO mice showed only a slight increase (Fig. 3D).
Moreover, pretreatment of mice with PapMV increases the expression of costimulation markers such as CD86 and CD70 (Fig.
3E) and MHC molecule H-2Kb (data not shown) on BMDC.
Finally, administration of PapMV significantly increases the proportion of OVA-specific memory CD8+ T cells at day 45 postimmunization (Fig. 3F). In addition, this pretreatment slightly
increased the proportion of cells that produce IFN-g, TNF-a,
and IL-2, although this did not reach statistical significance (Fig
3G). Similar results were obtained when PapMV was injected
by the s.c. route 6 h before s.c. BMDC immunization (Supplemental Fig. 3).

PapMV administration increases protection against
L. monocytogenes-OVA
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nanoparticle and of the CP differs only by the presence of the
nucleic acid. This strongly suggested that the ssRNA was responsible for the immunogenicity of the PapMV. This hypothesis
was further supported by the fact that PapMV failed to induce the
activation of immune cells in mice deficient in TLR7, MYD88, or
IRF5/7. Furthermore, IFN-a, a cytokine produced upon TLR7 activation, was rapidly detected in the serum and spleen of immunized
mice. We next sought to determine whether the generalized immune
activation observed following PapMV administration was resulting
from this strong IFN-a production. Indeed, absence of the type I
IFNR completely abolished the immunomodulatory effect of PapMV
nanoparticles on immune cells in vivo. Moreover, similar results
were obtained following depletion of BST2-positive cells, which
in naive mice, mainly consists of pDCs, the main source of
IFN-a. We thus suggest that following immunization with PapMV,
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FIGURE 3. PapMV administration increases the number of
OVA-specific effector and memory CD8+ T cells generated by
BMDC-OVA immunization. (A) Representative results of the percentage of Kb-OVA CD8+ T cells (upper panel) or that produce
IFN-g following restimulation with OVA (lower panel). Compilation of the numbers of OVA-specific CD8+ T cells in the spleen (B)
or CD8+ T cells producing IFN-g, TNF-a or IL-2 after OVA
restimulation (C). (D) Measurement of the increase in the numbers
of OVA-specific CD8+ T cells in the spleen detected following
pretreatment with PapMV in WT, Tlr7 KO, and Ifnar KO mice.
The fold increase was calculated by dividing the number of OVAspecific CD8+ T cells in the BMDC-OVA + PapMV group by that
of the BMDC-OVA group. (E) Representative overlay histogram of
CD86 and CD70 expression on BMDCs (CD11c+CFSE+) 6 h
postimmunization in the spleen of WT mice pretreated with PBS
(filled histogram) or PapMV (bold line). Proportions of Kb-OVA
CD8+ T cells (F) and cytokine producing CD8+ T cells (G) detected
following splenocyte restimulation 45 d postimmunization (n = 3;
three mice per group). *p , 0.05, **p , 0.01, ***p , 0.001.

pDCs, and most certainly other APCs, as we have shown previously (22, 30, 35), take up the particles and degrade them in the
endosome allowing recognition of the ssRNA by TLR7, which
leads to a massive production of IFN-a in a MYD88 and IRF5/7dependent fashion. Subsequently, IFN-a is detected by various
immune cells through IFNAR leading to their activation as observed by an increased expression of activation markers such as
CD69, costimulatory molecules like CD86 and MHC proteins,
and the production of other immune mediators such as the proinflammatory cytokine IL-6.
Having uncovered a major role played by TLR7 in the activation
of the innate immune response following i.v. immunization with
PapMV, we next analyzed its impact on the humoral immune
response. We observed that in the absence of TLR7 and even more
in the absence of MYD88, production of PapMV-specific IgG and
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IgM was greatly reduced. Because absence of MYD88 had
a greater impact on PapMV-specific IgG production than TLR7
deficiency, it is possible that PapMV activates another MYD88dependent receptor such as TLR8. In fact, TLR7 and TLR8 are
known to sense similar ligands such as ssRNA and small synthetic
molecules like imidazoquinolines and nucleoside analogs. In addition, many ligands (CL097, CL075, R848, and poly(dT)) are
known to activated both. Therefore, we cannot exclude the possible implication of TLR8 in IgG production following PapMV
immunization. However, the involvement of TLR8 in the activation of immune cells and IFN-a production seems negligible because absence of TLR7 completely abrogates the effect of PapMV
on these processes. In addition, absence of type I IFNR only
transiently decreased the amount of IgG in the serum of immunized mice. This result suggests that detection of PapMV by TLR7
on B lymphocytes is required for specific Ab production, whereas
B lymphocyte activation by IFN-a is not necessary. Consistent
with this hypothesis, it was demonstrated that, in an immunization context involving a pattern-recognition receptor ligand, direct
pattern-recognition receptor stimulation of B cells was required to
obtained a robust Ab response (36, 37), especially when immunization was performed with VLPs (38). Moreover, Le Bon et al.
(39) showed that type I IFN enhances humoral immunity and
promotes isotype switching by stimulating DCs. We showed that
IgG isotypes produced following PapMV administration were
mainly composed of IgG2c and IgG3 with low IgG1 titers arguing
for the skewing of the CD4+ T cell response toward a Th1 phenotype. In addition, IgG3 production is indicative of a T-independent
Ab response in the presence of IFN-g (40). This is likely the result
of the direct cross-linking of specific B cell receptors by repeated
antigenic patterns found on the surface of PapMV nanoparticles,
which could induce Ab production without help from CD4+
T cells. Although some studies have shown that Abs directed toward a vaccine platform can be detrimental to the effectiveness of
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FIGURE 4. PapMV increases the quality of the immune response
generated by BMDC-OVA vaccination and protection against L. monocytogenes-OVA. Compilation of the percentage of CD44+Kb-OVA+ CD8+
T cells (A) and CD8+ T cells that produce cytokines following OVA
restimulation (B). (C) Numbers of L. monocytogenes-OVA CFU per gram
of spleen and liver enumerated 5 d postinfection (n = 3; four mice
per group, a representative experiment is shown). *p , 0.05, **p , 0.01,
***p , 0.001. LOD, Limit of detection.

a recall injection (41), the presence of high levels of Abs against
PapMV does not affect the efficacy of a booster vaccination (19,
27, 34).
The cellular immune response is critical for the control of viral
infections, intracellular microbial infections, and cancer (4, 5,
42–44). To determine the capacity of PapMV to enhance T cell–
mediated immune responses, we used PapMV as adjuvant in a
BMDC-OVA vaccination regimen. We observed an increased proportion of OVA-specific effector CD8+ T cells producing cytokines such as TNF-a, IFN-g, and IL-2 when PapMV was administered before BMDC-OVA vaccination. It is noteworthy that
this increased number of OVA-specific effector CD8+ T cells was
not observed in Tlr7 KO mice highlighting once again the importance of this receptor in the immunogenic effect of PapMV.
Interestingly, absence of IFNAR did not abrogate totally the effect
of PapMV on the number of OVA-specific CD8+ T cells. In past
years, several studies have shown that direct stimulation of T cells
by IFN-I was required for optimal CD8+ T cell responses (45, 46).
In our case, it seems that IFN-I produced following PapMV immunization acts not only on CD8+ T cell but also directly on
injected BMDC because IFN-I produced in Ifnar KO mice can act
only on these cells because they are the only ones expressing the
IFNAR. In addition, it was shown that IFN-a facilitates terminal
differentiation of DCs in vitro (47). Accordingly, we observed that
pretreatment of mice with PapMV increases the expression of
costimulatory molecules on injected BMDC, which could explain
the adjuvant effect observed with PapMV. CD4 help is very important for the functionality of the memory CTL response induced
following BMDC immunization (48). Because we have shown that
PapMV immunization induces CD4+ T cell activation, it is possible that CD4 help plays a role in PapMVs enhancement of CTL
responses. In addition, it has recently been shown that the CD4
help signal is transmitted from Ag presenting cells to CD8+ T cells
via CD27–CD70 interactions (49). In agreement with these
results, we observed that PapMV induced an increased expression
of CD70 on BMDCs. More importantly, PapMV also increased
long-term memory CD8+ T cell response, the ultimate goal of any
vaccine. Because CD8+ T cells are important to control infection
with L. monocytogenes (50, 51), an enhanced memory response
should result in better control against a recall infection. Fittingly,
we showed that the use of PapMV as adjuvant for a BMDC-OVA
vaccine increases the quality of the secondary effector T cell response and protection of mice against a L. monocytogenes-OVA
challenge. Thus, we demonstrated that PapMV is a suitable adjuvant for the generation of protective CD8+ T cell responses.
The type of immune response generated by a vaccine and
therefore the choice of the adjuvant used is crucial to ensure an
effective protection or treatment. Thus, increasing efforts are being
made to determine the modes of action of adjuvants and to understand the type of immune responses necessary to protect against
various infections or disease. The findings of this study are very
important to further develop novel effective adjuvants for T cell
vaccines. We have established that PapMV is a potent TLR7 agonist that induces strong IFN-a production and broad immune cell
activation. TLR7 agonists such as imidazoquinolines (like R837)
have been shown to increase the efficiency of vaccines that trigger
cellular immune responses against pathogens or cancer (11, 52–
55). However, use of imidazoquinolines is limited to specific
applications such as topical creams because of their side effects
and short half-life when administrated systemically (56). PapMV
have not shown any signs of toxicity in vivo in preclinical studies
and have a stable repetitive and crystalline structure that protects
the ssRNA from degradation and efficiently targets APCs. Other
VLPs displaying various TLR ligands have provided encouraging
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results in various pathological settings. In particular, VLPs loaded
with CpG oligodeoxynucleotides (TLR9 ligands) have shown
a very promising therapeutic potential against cancer (57, 58) but
also in other context such as allergen-specific immunotherapy
(59–61). Cancer immunotherapy with DC-based vaccines also has
provided great promises in the past few years but requires optimization to become fully effective (62, 63). Our results demonstrate that PapMV is a suitable adjuvant for BMDC-based vaccines
that could be applicable to the development of improved therapeutic DC vaccination strategies against cancer and chronic
infections.
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