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Currently used vaccines protect mainly through the production of neutralizing antibodies. However, anti-
bodies confer little or no protection for a majority of chronic viral infections that require active involvement
of cytotoxic T lymphocytes (CTLs). Virus-like particles (VLPs) have been shown to be efficient inducers of
cell-mediated immune responses, but administration of an adjuvant is generally required. We recently reported
the generation of a novel VLP system exploiting the self-assembly property of the papaya mosaic virus
(PapMYV) coat protein. We show here that uptake of PapMV-like particles by murine splenic dendritic cells
(DCs) in vivo leads to their maturation, suggesting that they possess intrinsic adjuvant-like properties. DCs
pulsed with PapMV-like particles displaying the lymphocytic choriomeningitis virus (LCMYV) p33 immuno-
dominant CTL epitope (PapMV-p33) efficiently process and cross-present the viral epitope to p33-specific
transgenic T cells. Importantly, the CTL epitope is also properly processed and presented in vivo, since
immunization of p33-specific T-cell receptor transgenic mice with PapMV-p33 induces the activation of large
numbers of specific CTLs. C57BL/6 mice immunized with PapMV-p33 VLPs in the absence of adjuvant develop
p33-specific effector CTLs that rapidly expand following LCMYV challenge and protect vaccinated mice against
LCMV infection in a dose-dependent manner. These results demonstrate the efficiency of this novel plant

virus-based vaccination platform in inducing DC maturation leading to protective CTL responses.

For the past 200 years, vaccines have been used widely to
prevent infections. Since the development of the first vaccine
against smallpox by Jenner, multiple vaccination strategies
have been tested in animals and humans, with each of them
showing variable levels of efficacy (13). However, the emer-
gence of new infectious diseases and an incapacity to provide
current vaccines to developing countries at low cost have
prompted the development of novel vaccination strategies.

One of the major drawbacks of most currently available
vaccines is their failure to induce cellular immunity against
given antigens. Most vaccines promote the production of neu-
tralizing antibodies that offer protection against acute viral
infections (24, 47). In the context of chronic infections (e.g.,
hepatitis C virus and human immunodeficiency virus [HIV]
infections), neutralizing antibodies are potent in controlling
free viral particles but are usually inefficient at eliminating
infected cells (4, 9, 19). Recognition and destruction of in-
fected cells by specific cytotoxic T lymphocytes (CTLs) are
essential for carrying out an effective battle against such vi-
ruses. Professional antigen-presenting cells (APCs) are key
players in triggering adaptive immunity. In particular, dendritic
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cells (DCs) play a pivotal role in priming cellular immune
responses (16, 36). To become strong inducers of immunity,
DCs acquire a mature phenotype through diverse stimuli that
induce a series of morphological and functional changes (20).
These modifications include migration to lymphoid organs,
production of cytokines and chemoattractant molecules, and
enhanced expression of essential cosignaling molecules, such
as CD86, CD80, and CD40, which allows the establishment of
key interactions between DCs and T cells. In addition to the
classical major histocompatibility complex class I (MHC-I) and
MHC-II antigen presentation pathways, DCs were shown to be
particularly potent in presenting exogenous antigens on
MHC-I molecules through a process known as cross-presenta-
tion (10). To date, the in vivo importance of cross-presentation
is still under debate, but recent studies have shown that this
process probably plays a crucial role in driving T-cell responses
to exogenous antigens and to pathogens that do not infect DCs
(29). Therefore, due to the efficacy of DCs in inducing cellular
immunity, new vaccination strategies should aim at targeting
and activating these professional APCs to promote the devel-
opment and maintenance of potent CTL responses.
Recently, virus-like particles (VLPs) have received much
attention for their potential for vaccine development. VLPs
mimic the structure of viral particles without containing infec-
tious genetic material, making them safe alternatives to con-
ventional live or attenuated vaccines (23). A number of differ-
ent VLPs were shown to be highly immunogenic antigen
carriers capable of inducing humoral immune responses. For
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example, VLPs expressing proteins from influenza virus, pap-
illomavirus, and rotavirus all induce high titers of neutralizing
or protective antibodies (25, 28, 35). Some VLPs were also
shown to induce CTL responses. Recombinant parvovirus-like
particles expressing an epitope from the nucleoprotein of lym-
phocytic choriomeningitis virus (LCMV) induce protective
CTL responses (33). Hepatitis B virus surface antigen VLPs
expressing both respiratory syncytial virus and human papillo-
mavirus CTL epitopes elicit simultaneous responses to both
pathogens (42). However, many VLPs require the coadminis-
tration of adjuvant-like molecules (i.e., CpGs or anti-CD40
antibodies) for the induction of strong CTL immunity (18, 27,
37, 44). In recent years, the use of plant virus-derived VLPs as
novel systems for the expression of foreign epitopes and for the
development of new vaccines has triggered much interest. By
genetically modifying these viruses, immunogenic peptides can
be fused efficiently to the coat protein (CP) and exposed on the
surfaces of the assembled plant VLPs. To date, cowpea mosaic
virus, tobacco mosaic virus, alfalfa mosaic virus, potato virus C,
tomato bushy stunt virus, zucchini yellow mosaic virus, and
plum pox virus are all examples of plant viruses that have been
produced successfully and used for the presentation of murine
and human epitopes (6, 7, 22).

We recently described the generation of a VLP system based
on the papaya mosaic virus (PapMV) (39). PapMV, a member
of the potexvirus family, displays a flexible rod-like structure
composed of 1,400 subunits of the viral CP assembled around
a positive-strand RNA (8, 34, 39, 46). PapMV VLPs, formed by
the self-assembly of the CP after overexpression in Escherichia
coli (39), can carry foreign epitopes and induce the production
of specific antibodies in vaccinated mice (7). Moreover, we
have recently shown that a human B-cell line can cross-present
CTL epitopes displayed on PapMV VLPs to specific T cells in
vitro in a proteasome-independent fashion (14). To determine
whether such VLPs could also trigger the development of
protective cellular immunity in vivo, PapMV VLPs carrying the
H-2"-restricted dominant p33 CTL epitope from LCMV
(PapMV-p33 VLPs) were engineered and evaluated for the
capacity to induce CTL responses against LCMV. We show
here that vaccination with PapMV-p33 VLPs induces DC mat-
uration and cross-presentation of the p33 CTL epitope in vivo,
resulting in the induction of protective cell-mediated antiviral
immunity.

MATERIALS AND METHODS

Mice. Female 6- to 10-week-old C57BL/6 mice were purchased from Charles
River (Saint-Constant, Canada). P14 T-cell receptor (TCR) transgenic mice
were obtained from P. Ohashi (Princess Margaret Hospital, Toronto, Canada).
P14 mice express a transgenic Va2 and VB8.1 TCR specific for the p33 CTL
epitope from the LCMV surface glycoprotein. Seventy to 90% of their CD8* T
cells are p33 specific. All animal experiments were reviewed and approved by the
INRS-IAF Animal Care and Use Committee.

Cells, virus, and peptides. LCMV WE was obtained from R. M. Zinkernagel
(Institute of Experimental Immunology, Zurich, Switzerland). The p33 synthetic
peptide KAVYNFATM, corresponding to an H-2"-restricted CTL epitope from
the LCMV surface glycoprotein, was synthesized by Sigma-Genosys (Oakville,
Ontario). EL-4 thymoma cells (H-2") were grown in minimum essential medium
(MEM; Invitrogen Life Technologies, Burlington, Ontario) containing 10%
heat-inactivated fetal bovine serum (FBS; Invitrogen). MC57G fibroblasts were
cultured in MEM containing 5% heat-inactivated FBS.

Cloning of recombinant PapMV-p33 construct. The PapMV CP gene was

&

cloned into the pET-3d-derived CPDN5 vector as previously described (39). The
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recombinant protein PapMV-p33 was derived from the PapMV CP construct fused
to the p33 peptide (PapMV-p33) (Fig. 1A). To fuse the p33 peptide at the C
terminus of CPANS, the oligonucleotides 5'-CTAGTGGTGGCGGTCTGTTGCT
GAAAGCGGTGTATAACTTTGCGACCATGA-3' and 5'-CGCGTCATGGTC
GCAAAGTTATACACCGCTTTCAGCAACAGACCGCCACCA-3" were an-
nealed in 10 mM Tris, pH 8, and 50 mM NaCl and used directly for cloning into a
plasmid containing the PapMV CP gene linearized with the Spel-Mlul restriction
enzymes. The p33 peptide was flanked by three leucine and three glycine residues at
its N terminus and by two threonine and one arginine residue at the C terminus. The
insertion was positioned between the C terminus of PapMV CP and a six-His tag.

Expression and purification of recombinant proteins from E. coli. The E. coli
expression strain BL21(DE3) RIL (Stratagene, La Jolla, CA) was transformed
with the pET-3d plasmid containing the constructs of interest and maintained in
2X YT medium containing ampicillin (50 wg/ml). Recombinant proteins were
purified by affinity chromatography on a nickel-Sepharose column as previously
described (39). Two additional washing steps were done sequentially, using
buffer A (10 mM Tris-HCI, 50 mM imidazole, 0.5% Triton X-100, pH 8) and then
buffer B (10 mM Tris-HCI, 50 mM imidazole, 1% Zwittergent, pH 8) to remove
endotoxin contamination. Protein purity was determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and confirmed by immunoblot analy-
sis using rabbit polyclonal antibodies specific to PapMV. Lipopolysaccharide
(LPS) levels were determined by Limulus amebocyte lysate assay according to
the manufacturer’s instructions (Cambrex Bio Science, Walkersville, MD) and
were always under 0.005 endotoxin unit/pg of protein.

Electron microscopy. VLPs were diluted in 10 mM Tris-HCI, pH 8, and were
allowed to adsorb for 3 min on a carbon-coated Formvar grid. The grid was then
washed three times for 1 min each, using the same buffer, and stained with 0.1%
uranyl acetate for 10 min at room temperature. The grids were then observed on
a Jeol JEM220FS transmission electron microscope.

Antibodies and flow cytometry. For cytometry analysis of mouse surface anti-
gens, the following monoclonal antibodies (MAbs) were used: anti-CD4—fluorescein
isothiocyanate (anti-CD4-FITC; clone H129.19), anti-CD8a—~FITC or anti-CD8a—
phycoerythrin (anti-CD8a~PE; clone 53-6.7), anti-CD11c-FITC (clone HL3), anti-
CD40-PE (clone 3/23), anti-CD45R-FITC (clone RA3-6B2), anti-CD69—peridinin
chlorophyll protein (PerCP)-Cy5.5 (clone H1.2F3), anti-CD80-PE (clone 16-10A1),
and anti-CD86-PE (clone GL1). Isotype controls were used for the anti-CD40 and
anti-CD86 MADbs (rat immunoglobulin G2a [IgG2a], k chain) and for the anti-CD80
MADb (Armenian hamster 1gG2, k chain) (all from BD Biosciences, Mississauga,
Ontario, Canada). The FITC-coupled F4/80 MAb (clone BMS8) and anti-gamma
interferon (anti-IFN-y)-FITC (clone XMG1.2) were obtained from eBioscience
(San Diego, CA). Staining was performed for 20 min at 4°C. PE-coupled p33-H-2°
tetrameric complexes (Tet-gp33) were synthesized as previously described (1), and
staining was performed for 20 min at 37°C. All cytometry analyses were performed
on a FACSCalibur flow cytometer (BD Bioscience), and data were analyzed using
‘WinMDI software.

Isolation of splenic DCs. Spleens of C57BL/6 mice were treated with 400 U/ml
collagenase type IV (Roche Diagnostics, Laval, Quebec, Canada) for 45 min at
37°C in 5% CO,. Spleen cells were isolated by passage through a 100-um cell
strainer and were incubated for 20 min at 4°C with CD11c-specific colloidal
paramagnetic beads (Miltenyi Biotec, Auburn, CA) in prefiltered running buffer
(0.5% bovine serum albumin in phosphate-buffered saline [PBS]). After being
washed once with running buffer, CD11c™" spleen cells were positively selected
using an autoMACS system (Miltenyi Biotec). The purity of the positive fraction
was always above 95%. Where indicated, the negative fraction was kept for
subsequent analysis. CD11c™ cells were cultured in 10% MEM and were ana-
lyzed by flow cytometry after being stained with FITC-coupled anti-mouse
CD11c MAbs.

Capture assay of PapMV-like particles. PapMV-like particles were labeled
using an Alexa Fluor 647 protein labeling kit (Molecular Probes, Eugene, OR)
according to the manufacturer’s instructions. Labeling efficiencies were deter-
mined by spectrophotometry and were similar for both control and PapMV-p33
VLPs. For in vivo capture assay, C57BL/6 mice were injected intravenously (i.v.)
with 100 pg of labeled VLPs, and CD11c™" cells were purified from spleens at 2 h
postinjection. Samples from the negative fraction obtained after purification of
splenic CD11c™ cells were stained with FITC-coupled anti-mouse CD45R, F4/
80, CD8a, or CD4 MAD. For in vitro capture assay, purified CD11c* spleen cells
from C57BL/6 mice were pulsed for 2 h with various concentrations (0.5, 1, and
5 ng) of Alexa Fluor 647-labeled VLPs. All samples were analyzed as previously
described.

Confocal microscopy. For the in vivo internalization assay, mice were injected
i.v. with 100 pg of Alexa Fluor 647-labeled VLPs, and spleens were collected 2 h
later. CD11c™" spleen cells were allowed to adhere to slides coated with poly-L-
lysine (Sigma-Aldrich) by centrifugation at 650 rpm for 1 min. Cells were fixed
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FIG. 1. Expression and purification of PapMV-like particles. (A) The LCMV immunodominant p33 peptide (underlined) was fused between
PapMV CP and a six-His tag located at the C terminus of the protein. (B) Purification of recombinant proteins. The size and purity of the
recombinant proteins were confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lanes: 1, molecular weight markers; 2, total
bacterial lysates without plasmid; 3, total bacterial lysates expressing the recombinant protein; 4, proteins purified by nickel-affinity chromatog-
raphy; 5, purified VLPs concentrated by ultracentrifugation. (C) Electron microscopy of PapMV native virions, PapMV VLPs, and PapMV-p33

VLPs. Bars, 100 nm.

with 10% formalin for 20 min and labeled for 45 min at room temperature with
Alexa Fluor 488-conjugated wheat germ agglutinin (Molecular Probes) as a
membrane marker. After three washes with PBS, slides were mounted using
ProLong Gold antifade reagent (Molecular Probes) and analyzed using a Zeiss
LSM 510 Meta scanning confocal microscope mounted on an Axiovert 100 oil
immersion objective (Carl Zeiss, Jena, Germany). Images were processed using
LSM 510 v3.2 software (Carl Zeiss). For the in vitro capture assay, purified
CDl11c" spleen cells from naive C57BL/6 mice were incubated for 2 h at 37°C
with different quantities (0.5, 1, and 5 pg) of Alexa Fluor 647-labeled VLPs. Cells
were then washed, stained, and analyzed as described above.

In vivo DC maturation assay. C57BL/6 mice were immunized i.v. with 100 pg
of control PapMV VLPs or PapMV-p33 VLPs or with 25 pg of LPS from E. coli
serotype 5 (Sigma-Aldrich, Oakville, Ontario, Canada) as a positive control. At
2, 6, or 24 h postinjection, CD11c* spleen cells were stained with FITC-coupled
anti-mouse CD11c MADb in combination with PE-coupled anti-mouse CD40,
CD80, or CD86 or isotype control MAbs. Samples were acquired and analyzed
by flow cytometry as described above.

T-cell proliferation assay. For in vitro assay, CD11c™" spleen cells were treated
for 2 h with mitomycin C (Sigma-Aldrich). Following three washes in MEM with
5% FBS, 5 X 10* cells/well were added to 96-well round-bottomed plates and
pulsed for 8 h with various concentrations (10, 100, 500, and 1,000 ng) of control
PapMV or PapMV-p33 VLPs. LCMV p33 synthetic peptide-pulsed DCs served
as positive controls. Magnetically isolated splenic p33-specific CD8 T lympho-
cytes from P14 transgenic mice were added (1 X 10°/well) to pulsed DCs. After
24 h, 0.4 p.Ci of [*H]thymidine was added to each well, and cells were cultured

for another 24 h. Cells were harvested with a Mach 2 model 96 harvester
(TomTec, Hamden, CT), and proliferation of p33-specific CD8" T lymphocytes
was evaluated by measuring [*H]thymidine incorporation into cellular DNA with
a Trillux 1450 MicroBeta counter (Perkin-Elmer, Woodbridge, Ontario, Can-
ada). Surface expression of CD69 on proliferating p33-specific CD8™ T lympho-
cytes was also analyzed. Briefly, cells were stained with PE-coupled p33-H-2"
tetrameric complex, FITC-coupled anti-mouse CD8«, and PerCP-coupled anti-
mouse CD69 MAbs. Samples were acquired and analyzed by flow cytometry as
described above. For in vivo assay, P14 transgenic mice were injected i.v. with 100
g of control PapMV or PapMV-p33 VLPs. Spleens were collected at 24 h
postimmunization, and the activation state of p33-specific CD8* T lymphocytes
was evaluated as described above.

Detection of p33-specific CD8* T lymphocytes in immunized mice. Spleens of
immunized mice were collected 7 days following the last recall injection. Cells
were stained with PE-coupled p33-H-2° tetrameric complexes and FITC-cou-
pled anti-mouse CD8« MADb. 7-Amino-actinomycin D (7-AAD; BD Bioscience)
was used for exclusion of dead cells. Samples (50,000 events in the lymphocyte
gate) were acquired and analyzed by flow cytometry as described above. Statis-
tical analysis was done by an unpaired ¢ test, using GraphPad Prism 4.0 software.

Detection of IFN-y-producing CD8* T lymphocytes. Five days following
LCMYV infection, spleen cells were restimulated for 5 h at 37°C, and production
of IFN-y by CD8" cells was evaluated. Briefly, 1 X 10° spleen cells were
incubated in 96-well round-bottomed plates in 5% RPMI supplemented with 100
units/ml mouse recombinant interleukin-2 (R&D Systems, Minneapolis, MN), 10
pg/ml brefeldin A (Sigma), and either PBS, 100 ng/ml phorbol myristate acetate
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(Sigma) and 1 pg/ml ionomycin (Sigma), or 10 uM p33 peptide (Sigma Genosys).
Cells were then stained with PE-coupled anti-mouse CD8a MAb and 7-AAD
(BD Bioscience). Cells were fixed, permeabilized, stained with an anti-IFN-y—
FITC MAD (eBioscience), and analyzed by flow cytometry as described above.

SICr release assay. Five days following LCMYV infection of immunized mice,
spleen cells were tested for cytotoxic activity in a standard >'Cr release assay as
described previously (48).

LCMV focus-forming assay. Immunized C57BL/6 mice were injected i.v. with
200 PFU of LCMV WE. At 5 days postinfection, spleens were collected and an
LCMV focus-forming assay was performed as previously described (3).

RESULTS

DCs internalize PapMV VLPs and acquire a mature pheno-
type. Overexpression of PapMV CP in E. coli produces VLPs
that display a structure similar to that of the wild-type plant
virus (39). We generated VLPs expressing the p33 immuno-
dominant CTL epitope from the LCMV glycoprotein geneti-
cally fused to the CP through a triglycine, trileucine linker (Fig.
1A). Bacterial expression of control PapMV CP or PapMV-
p33 yielded 29-kDa proteins (Fig. 1B, lanes 3) that were puri-
fied by nickel-affinity chromatography (Fig. 1B, lanes 4). Ex-
tensive washes were performed to remove all traces of LPS,
and VLPs were isolated by high-speed ultracentrifugation (Fig.
1B, lanes 5). Electron microscopy analysis revealed that
PapMV-p33 VLPs displayed a rod-like structure resembling
that of native PapMV virions and control PapMV VLPs, but
with a rougher appearance (Fig. 1C).

We next evaluated the capacity of various murine splenic
cells to interact with PapMV VLPs labeled with Alexa Fluor
647 in vivo. Fluorescent VLPs were administered to C57BL/6
mice by iv. injection, and 2 h later, the number of VLPs
associated with different cell types was determined by flow
cytometry (Fig. 2A). All APCs (DCs, B cells, and macro-
phages) were able to interact with labeled PapMV-p33 VLPs
to various extents, but DCs were the most efficient, with more
than 40% of CD11c" cells being associated with labeled
PapMV-p33 VLPs. As expected, both CD4" and CD8" T cells
did not significantly interact with the VLPs (data not shown).
Interestingly, larger amounts of PapMV-p33 VLPs were asso-
ciated with all APC types compared with control PapMV
VLPs, suggesting that the presence of the CTL epitope influ-
enced the interaction. To determine whether this was due to
differences in VLP capture or dissemination in vivo, splenic
DCs were purified and pulsed in vitro for 2 h with labeled
VLPs, and the levels of VLPs associated with DCs were de-
termined by flow cytometry (data not shown). Both VLPs as-
sociated with purified DCs with similar efficiencies, suggesting
that differences observed in vivo were probably the result of
different degradation or dissemination kinetics. Confocal mi-
croscopy analysis of sorted CD11c¢* DCs from VLP-immu-
nized mice confirmed that the fluorescently labeled material
was localized in the cytoplasm (Fig. 2B). Fluorescently labeled
PapMV-p33 VLPs were found mostly in large vesicular struc-
tures, in contrast to control PapMV particles, which appeared
to be more evenly distributed in the cytoplasm. This suggests
that insertion of the p33 epitope in PapMV VLPs possibly
modified their structure, allowing them to be internalized by
DCs in a more stable particulate form. This hypothesis is
supported by the observation that PapMV VLPs fused to an
irrelevant ovalbumin epitope showed a similar vesicular local-
ization pattern to that of PapMV-p33 VLPs (data not shown).

J. VIROL.

Mature DCs are the most efficient APC type capable of
priming naive T cells, and we therefore evaluated whether
PapMV VLP uptake by splenic DCs could lead to their mat-
uration. Six hours following i.v. immunization of C57BL/6 mice
with PapMV VLPs, splenic CD11c* DCs were isolated by
magnetic cell sorting, and the upregulation of cosignaling mol-
ecules (CD40, CD80, and CD86) was determined by flow cy-
tometry (Fig. 2C). Both control PapMV and PapMV-p33
VLPs similarly induced significant upregulation of CD40,
CD80, and CDS86, suggesting that the presence of the p33
epitope does not affect this process. Similar results were ob-
tained at 24 h postinjection (data not shown). To ensure that
maturation was not a result of traces of LPS contaminating the
preparations, the endotoxin level in each purified VLP stock
was quantified using the Limulus amebocyte lysate assay. The
corresponding trace amounts of contaminating LPS were ad-
ministered to C57BL/6 mice, and cytometric analysis of cosig-
naling molecule expression levels on DCs revealed that such
minute amounts of LPS had no significant effect on DC mat-
uration (data not shown). These results suggest that PapMV
VLPs possess an intrinsic adjuvant-like property that induces
DC maturation. Compared to other VLP-based systems,
PapMV VLPs seem to be one of the more potent at inducing
the upregulation of cosignaling molecules on DCs (15, 18,
40, 41).

DCs efficiently process and present the p33 CTL epitope
displayed on PapMV VLPs. To assess whether the LCMV p33
CTL epitope displayed on PapMV VLPs could be cleaved
correctly, processed, and presented by DCs to specific T cells,
purified splenic CD11c* DCs were pulsed for 8 h with various
concentrations of VLPs and cocultured with p33-specific naive
CTLs isolated from TCR transgenic P14 mice. The prolifera-
tion of p33-specific CTLs was assessed by thymidine incorpo-
ration (Fig. 3A). PapMV-p33 was very efficiently processed
and presented by DCs, as it induced high levels of CTL pro-
liferation. As little as 100 ng of VLPs (equivalent to 2 ng of free
peptide) induced significant T-cell proliferation, whereas up to
1 pg of control PapMV VLPs did not. The ability of pulsed
DC:s to activate p33-specific naive T cells was next analyzed by
quantifying the upregulation of the T-cell activation marker
CD69 by flow cytometry (Fig. 3B). p33-specific CTLs cocul-
tured with PapMV-p33-pulsed DCs became fully activated,
with more than 90% of cells upregulating CD69. To determine
whether the efficient capture, processing, and presentation of
heterologous epitopes presented on PapMV VLPs could also
be observed in vivo, p33-specific P14 TCR transgenic mice
were injected i.v. with 100 wg of PapMV VLPs, and the acti-
vation of splenic p33-specific CTLs was analyzed 24 h after
injection by evaluating CD69 surface expression (Fig. 3C).
More than 80% of splenic p33-specific T cells from PapMV-
p33-injected P14 mice expressed CD69, compared to <4% for
mice injected with control PapMV VLPs. Taken together,
these results clearly demonstrate that DCs can efficiently pro-
cess and cross-present the p33 CTL epitope displayed on
PapMV VLPs.

Vaccination with PapMV-p33 VLPs generates specific CTLs.
The ability of PapMV-p33 VLPs to induce the development of
a specific CTL response in mice was then evaluated. Since we
showed that PapMV VLPs possess adjuvant-like properties,
C57BL/6 mice were injected i.v. with 100 pg of VLPs in PBS



Vor. 82, 2008 PapMV VLPs INDUCE PROTECTIVE CTL RESPONSES 789

A PapMV PapMV-p33 B
— 125% % “#11% PBS PapMV PapMV-p33
2]
o
[
P~ ~
§ 3
. +
o o
-l L |
> >
CD11c CD11c
PapMV PapMV-p33 PapMV-p33
4.6% 31.1%
o
E {
Q
"3 :
e -
- | 8 8
> > i .
B220 B220
PapMV PapMV-p33 /B
2 _ _ 7.2% ‘_ 23.0% A W
g 1 CD80
L | F]
=13
2
g M~ I~ “'»
2 % % :‘;:(
0. o i
a=d - F f 1
o > [ \.r-'\\ \"«:"\\\_
F4/80 F4/80 wo e
CD86

FIG. 2. Splenic DCs take up PapMV-like particles in vivo and acquire a mature phenotype. (A) C57BL/6 mice were injected i.v. with 100 pg
of Alexa Fluor 647-labeled VLPs in PBS or with 100 pl of sterile PBS as a negative control. Spleens were collected at 2 h postimmunization, and
total CD11c™ splenic DCs were isolated by magnetic bead separation and stained with FITC-labeled CD11c-specific MAbs. The negative fraction
obtain after magnetic purification of CD11c” cells was stained with FITC-coupled B220 or F4/80 specific MAb. Cells were analyzed by flow
cytometry. Values shown in the upper right quadrants represent the percentages of given cell populations associated with labeled VLPs within the
total population. (B) In vivo capture of VLPs was visualized by confocal microscopy analysis. Mice were injected with 100 pg of Alexa Fluor
647-labeled VLPs (red) in PBS or with 100 w1 of sterile PBS as a negative control, and CD11c™ spleen cells were purified 2 h later. Purified CD11c*
spleen cells were allowed to adhere for 12 h to glass slides coated with poly-L-lysine and were fixed with 4% paraformaldehyde. Cells were labeled
with wheat germ agglutinin conjugated to Alexa Fluor 488 (green) to visualize the plasma membrane. (C) C57BL/6 mice were injected i.v. with
100 pwg VLPs in PBS. Spleens were collected at 6 h postimmunization, and CD11c™ cells were isolated by magnetic separation. Mice injected
with 25 pg LPS served as positive controls. Purified CD11c* DCs were stained with FITC-labeled CD11c-specific antibodies in combination with
PE-labeled anti-CD40, -CD80, or -CD86 or isotypic control antibodies. Data are gated on the CD11c¢™ population. Data are shown for isotypic
controls (dotted lines), PBS-injected mice (filled histograms), and VLP-injected mice (bold lines). These results are representative of three
independent experiments.

without adjuvant. Following the administration of three iden-
tical booster injections at 10-day intervals, total spleen cells
were directly analyzed ex vivo by p33 tetramer staining (Fig. 4).
Mice given PapMV-p33 VLPs developed significant numbers
of p33-specific T cells (0.75% = 0.05%) compared to mice
injected with control PapMV VLPs (0.03% * 0.008%) (P <
0.0001; n = 6). This shows that PapMV VLPs can efficiently
prime peptide-specific T-cell responses in vivo without the
need for an adjuvant.

Immunization with PapMV-p33 VLPs induces protective ef-
fector CTL responses against LCMYV infection. Acute LCMV
infection is exclusively controlled by CTLs (5, 21, 49). To
determine whether the CTL responses induced by PapMV
VLP immunization could protect against viral infections, vac-
cinated mice were challenged with LCMV. Mice were primed
with an i.v. injection of 100 pg of PapMV VLPs without adju-
vant and received two or three identical booster injections at
10-day intervals. Mice were challenged with 200 PFU of
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FIG. 3. In vitro and in vivo processing of the LCMV p33 CTL epitope displayed on PapMV-like particles by splenic DCs and cross-priming of
naive T cells. (A) Splenic DCs were purified by CD11c magnetic bead separation and pulsed for 8 h with the indicated concentrations of VLPs
in 96-well culture plates. DCs pulsed with the p33 synthetic peptide served as a positive control. Splenic p33-specific CD8* T lymphocytes purified
from TCR transgenic P14 mice were then added to the pulsed DC cultures. Proliferation of p33-specific CD8" T lymphocytes was assayed 48 h
later by [*H]thymidine incorporation into cellular DNA. (B) Activation of p33-specific CD8" T lymphocytes was analyzed by flow cytometry
following 24 h of coculture between specific T cells and DCs pulsed for 8 h with 1 ug of VLPs. Cells were stained with FITC-labeled anti-CD8
antibodies, PerCP-labeled anti-CD69 antibodies, and PE-labeled p33-specific tetramers. (C) P14 mice were injected i.v. with 100 pg of VLPs in
PBS, and 24 h later, total spleen cells were stained with FITC-labeled anti-CDS8 antibodies, PerCP-labeled anti-CD69 antibodies, and PE-labeled
p33-specific tetramers. Data are gated on the CD8" T-cell population. Values shown in the upper right quadrants represent the percentages of
activated p33-specific CD8" T lymphocytes within the total spleen p33-specific CD8" T-lymphocyte population. These results are representative

of three independent experiments.
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FIG. 4. Immunization with PapMV-p33 VLPs generates p33-spe-
cific CD8" T lymphocytes. C57BL/6 mice were injected i.v. with 100 g
of VLPs in PBS, and identical recall injections were given 10, 20, and
30 days later. Total spleen cells were then double stained with FITC-
labeled anti-CD8 antibodies and PE-labeled p33-specific tetramers.
7-AAD was used for dead cell exclusion. Data are gated on the total
lymphocyte population. Values shown in the upper right quadrants
represent the percentages of p33-specific CD8" T lymphocytes within
the total CD8" T-lymphocyte population. These results are represen-
tative of four independent experiments.

LCMYV 7 days after the last booster injection. To visualize CTL
expansion, the number of p33-specific T cells was determined
by tetramer staining 5 days following infection (Fig. 5A), at a
time when p33-specific T cells generated by the primary re-
sponse to LCMV are not yet detectable (data not shown). Mice
who received two booster injections of PapMV-p33 VLPs
showed p33-specific T-cell frequencies of ~3.3% of CD8* T
cells (data not shown), whereas mice receiving three booster
injections had even larger numbers of specific T cells (~7.3%),
suggesting that the frequency of specific T cells generated by
vaccination increased through repeated injections. Impor-
tantly, mice vaccinated with either two (data not shown) or
three booster injections of the control PapMV VLPs showed
no detectable p33-specific CTLs (Fig. 5SA). We next deter-
mined whether the p33-specific T cells generated through VLP
vaccination displayed effector function by intracellular IFN-y
staining (Fig. 5B). Mice vaccinated with PapMV-p33 VLPs
showed frequencies of IFN-y production of ~6.9% of CD8" T
cells, whereas no significant IFN-y production was detected in
the control PapMV-vaccinated group. It is noteworthy that the
frequencies detected by tetramer staining and IFN-y staining
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FIG. 5. Expansion of effector p33-specific CTLs following LCMV infection. C57BL/6 mice were injected i.v. with 100 pwg of VLPs in PBS,
followed by three recall injections at 10-day intervals. Seven days after the last recall injection, immunized mice were infected i.v. with 200 PFU
of LCMV. (A) Expansion of p33-specific CD8" T lymphocytes was assayed at 5 days postinfection by flow cytometry. Total spleen cells were double
stained with FITC-labeled anti-CD8 antibodies and PE-labeled p33-specific tetramers. 7-AAD was used for dead cell exclusion. Data are gated
on the total lymphocyte population. Values shown in the upper right quadrants represent percentages of p33-specific CD8" T lymphocytes within
the total CD8" T-lymphocyte population. (B) Production of IFN-y by CD8" T lymphocytes was also assayed at 5 days postinfection by flow
cytometry. Total spleen cells were restimulated with the p33 peptide for 5 h in vitro. Spleen cells were then surface stained with a PE-labeled
anti-CDS8 antibody. After fixation and permeabilization, cells were stained with an anti-IFN-y—FITC MAD. 7-AAD was used to exclude dead cells.
Data are gated on the total lymphocyte population. Values shown in the upper right quadrants represent percentages of CD8" IFN-y* T
lymphocytes within the total CD8* T-lymphocyte population. (C) Spleen cells were tested for cytotoxic activity in a standard 5-h *'Cr release assay
of unpulsed (open circles) and p33-pulsed (closed circles) EL-4 target cells. Results are representative of four independent experiments.

were very similar, suggesting that most p33-specific T cells
detected by tetramer staining display effector function. We
then evaluated whether these CTLs also displayed lytic effector
function by using a standard *'Cr release assay (Fig. 5C). The
PapMV-p33-vaccinated group showed high levels of cytolytic
activity, whereas no cytotoxicity could be observed in the
PapMV-vaccinated control group. To determine if such cyto-
toxic responses are protective against LCMYV infection, splenic
viral titers were determined 5 days following challenge (Fig. 6).
Mice who received one or two booster injections of PapMV-
p33 VLPs were partially protected from LCMV infection,
whereas mice receiving three booster injections of the same
VLP preparation were fully protected, as indicated by the
absence of detectable virus in the spleen. In contrast, mice
receiving three booster injections of control PapMV VLPs
showed high LCMV titers in the spleen. Taken together, these
results demonstrate that vaccination with PapMV-p33 VLPs

induces the development of p33-specific effector T cells in a
dose-dependent manner and that protection from LCMYV in-
fection correlates with the number of effector T cells gener-
ated.

DISCUSSION

There is an urgent need for the development of vaccines
capable of inducing cellular responses against chronic viral
infections and cancers. We describe here a novel plant virus-
based vaccination platform that induces protective cellular im-
mune responses. PapMV-like particles displaying the immuno-
dominant p33 CTL epitope from LCMYV are internalized by
DCs and cross-presented to specific CTLs. We recently re-
ported that this is achieved through a proteasome-independent
pathway (14), as shown for another VLP-based system (30).
Importantly, and in contrast to many VLPs described so far,
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FIG. 6. Immunization with PapMV-p33 VLPs induces protective
immunity against LCMV infection. C57BL/6 mice were injected i.v.
with 100 pg of VLPs in PBS, followed by identical recall injections 10,
20, and 30 days later. Seven days after the last recall injection, immu-
nized mice were infected i.v. with 200 PFU of LCMV. Spleens from
infected mice were removed 5 days after infection, and LCMYV titers
were determined by a standard focus-forming assay. Results are rep-
resentative of three identical and independent experiments.

PapMV-like particles directly prime protective CTL responses
in vivo without an adjuvant (i.e., CpGs or anti-CD40). This
ability probably resides in their intrinsic capacity to induce DC
maturation. The critical importance of activating APCs for
priming CTL responses to VLPs was demonstrated in a study
by Storni et al. (37). Hepatitis B virus VLPs fused to the p33
CTL epitope induced effective protection against LCMV in-
fection only when they were coadministered with anti-CD40
antibodies or CpG oligonucleotides, suggesting that these par-
ticular VLPs do not directly induce DC maturation. Similarly,
another VLP system based on bacteriophage Q could induce
large numbers of peptide-specific T cells in a prime-boost reg-
imen, but again, CpG oligonucleotides were required (32).
CpGs have been shown to be potentially harmful by destroying
splenic architecture and inducing immunosuppression follow-
ing repetitive treatment and by altering fetal development at
high doses (11, 26). Thus, the ability of PapMV VLPs to induce
DC maturation without the need of coinjecting CpGs offers a
significant advantage compared to other systems that are more
dependent on adjuvant administration. Our results suggest that
PapMYV particles possess pathogen-associated molecular pat-
terns (PAMPs) recognized by a pattern recognition receptor
on DCs which, upon binding, leads to their maturation. We
previously showed that assembly of PapMV VLPs into rod-like
structures requires RNA (39). Thus, one possible PAMP can-
didate associated with PapMV VLPs could be bacterial RNA.
Pattern recognition receptors, such as Toll-like receptors, have
been implicated in the activation of DCs by VLPs, as illus-
trated by the failure of human papillomavirus VLPs to upregu-
late interleukin-12 and IFN-« and -y in DCs lacking MyDS88, a
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key adaptor protein involved in the signaling pathway of many
Toll-like receptors (43). Recently, McCormick et al. reported
that tobacco mosaic virus (TMV)-like particles also induce DC
maturation, demonstrating that recognition of plant virus
PAMPs by DCs is not restricted to PapMV but is probably a
more general phenomenon (18). However, in this system, the
ability of TMV VLPs to induce DC maturation was not suffi-
cient to allow avoidance of the use of adjuvant, since admin-
istration of CpG DNA was needed to confer partial protection
against tumor challenge (18).

We showed that larger amounts of PapMV-p33 VLPs than
control PapMV VLPs were associated with splenic APCs at 2 h
postimmunization. This was not due to different binding and
uptake efficiencies, since both VLPs were internalized similarly
by purified DCs in vitro. This suggests that PapMV-p33 VLPs
have different dissemination or degradation kinetics in vivo
from that of control PapMV-VLPs, indirectly influencing up-
take by splenic APCs. Supporting evidence for this comes from
confocal microscopy analysis showing that PapMV-p33 VLPs
are found mostly in intracytoplasmic vesicles as large aggre-
gates, in contrast to control PapMV VLPs, which appear to be
more evenly distributed in the cytoplasm. A similar observa-
tion was made using a control VLP expressing the SIINFEKL
CTL epitope of ovalbumin (data not shown). Slight modifica-
tions in the overall VLP structure induced by the insertion of
the foreign epitopes might render the VLPs more stable in
vivo. Additional experiments will be required to pinpoint the
exact mechanism involved and the precise intracellular local-
ization of the internalized VLPs.

In this study, we show that vaccination of naive C57BL/6
mice with PapMV VLPs without adjuvant induces p33-specific
CTLs. Relatively high p33-specific CTL frequencies were gen-
erated by VLP vaccination, as shown by their direct ex vivo
detection by tetramer staining. Most other VLP systems dis-
playing the p33 epitope have been shown to require the use of
adjuvant to generate significant CTL responses (32, 37, 38).
Moreover, compared to vaccination with peptide-loaded DCs
or peptide in adjuvant, PapMV-p33 VLPs induce either larger
or similar numbers of p33-specific T cells (17, 37, 45). In
addition, the p33-specific CTLs induced by PapMV-p33 VLP
vaccination rapidly expand following LCMV infection, and
their frequency is augmented with the number of injections
given. Moreover, induced CTLs produce IFN-y and show
strong cytolytic activity against p33-pulsed target cells. Impor-
tantly, protection from LCMYV infection correlates with the
frequency of specific T cells generated and the number of VLP
doses given. This situation is reminiscent of prime-boost pro-
tocols used to trigger highly effective T-cell responses. It is well
recognized that the heterologous prime-boost approach is a
highly effective way of generating specific CTLs (2, 12, 31).
However, the efficiency of a homologous prime-boost regimen
is less well documented. Nevertheless, a study by Schwarz et al.
showed that vaccines based on VLPs are equally effective at
inducing antiviral CTL responses if they are administered in a
homologous or heterologous prime-boost setting (32). In ad-
dition, they showed that repeated injections of VLPs were
required to maintain high frequencies of specific CTLs. Our
results support these data and suggest that repeated homolo-
gous recall injections of a CTL epitope displayed on PapMV
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VLPs also induce a highly efficient T-cell response that can
protect against a rapidly spreading viral infection.

In conclusion, our data demonstrate that PapMV-based
VLPs can directly interact with DCs, inducing their matura-
tion, leading to the efficient processing and cross-presentation
of an LCMV CTL epitope, and triggering a protective antiviral
T-cell response. We believe that the future use of plant virus-
based vaccines should provide a safe, stable, and economical
prophylactic tool for the fight against chronic viral infections
and cancer.
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