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Montréal, Québec, Canada1; Centre de recherche en infectiologie, Pavillon Centre hospitalier de l’Université Laval (CHUL),
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The development of versatile vaccine platforms is a priority that is recognized by health authorities
worldwide; such platforms should induce both arms of the immune system, the humoral and cytotoxic-T-
lymphocyte responses. In this study, we have established that a vaccine platform based on the coat protein of
papaya mosaic virus (PapMV CP), previously shown to induce a humoral response, can induce major histo-
compatibility complex (MHC) class I cross-presentation of HLA-A*0201 epitopes from gp100, a melanoma
antigen, and from influenza virus M1 matrix protein. PapMV proteins were able to assemble into stable
virus-like particles (VLPs) in a crystalline and repetitive structure. When we pulsed HLA-A*0201� antigen-
presenting cells (APCs) with the recombinant PapMV FLU or gp100, we noted that antigen-specific CD8� T
cells were highly reactive to these APCs, demonstrating that the epitope from the VLPs were processed and
loaded on the MHC class I complex. APCs were preincubated with two different proteasome inhibitors, which
did not affect the efficiency of peptide presentation on MHC class I. Classical presentation from an endogenous
antigen was abolished in the same conditions. Clearly, antigen presentation mediated by the PapMV system
was proteasome independent. Finally, PapMV-pulsed APCs had the capacity to expand highly avid antigen-
specific T cells against the influenza virus M1 HLA-A*0201 epitope when cocultured with autologous periph-
eral blood mononuclear cells. This study demonstrates the potential of PapMV for MHC class I cross-
presentation and for the expansion of human antigen-specific T cells. It makes VLPs from PapMV CP a very
attractive platform to trigger cellular responses for vaccine development against chronic infectious diseases
and cancers.

The need for the development of versatile and efficient vac-
cine platforms has become a priority (7). The resistance of
bacteria to antibiotics, the aging of the population in devel-
oped countries, which weakens the capacity of the immune
system to respond to pathogens and cancers, the emergence of
new pandemic strains of viruses (avian influenza virus, Ebola
virus, etc.), the increasing number of deaths in developed
countries from cancers, and the weak immunogenicity of cur-
rently available vaccines are major problems that justify this
need (7).

Ideally, an adjuvant should trigger both arms of the immune
system, the humoral and cytotoxic-T-lymphocyte (CTL) re-
sponses, to face the threats of chronic diseases (those caused
by hepatitis C virus [HCV] and human immunodeficiency virus
type 1 [HIV-1] and many others) and increasing cancer cases.
However, vaccine development usually focuses on the induc-
tion of humoral immune responses, which has led to the de-
velopment of adjuvants with the ability to enhance antibody

responses. Specifically, aluminum salts (20) and oil-in-water
emulsion MF59 (28), known to stimulate only humoral re-
sponses, are the most important available licensed adjuvants
for humans. Consequently, most current vaccines failed to
elicit significant Th1 responses or CTLs (19), which may be
required to neutralize escape mechanisms from microbes and
cancer cells.

Several viruses (HIV-1, influenza virus, and HCV, for exam-
ple) have acquired immune escape mechanisms by constantly
modifying their surface epitopes, resulting in resistance to pre-
existing antibodies. Therefore, an efficient approach is to de-
velop a vaccine platform able to trigger cellular responses
towards highly conserved antigens, such as viral nucleocapsids,
structural proteins located inside the virus, or highly conserved
viral proteins involved in the replication process. A major
obstacle to this development is that exogenous antigens, as
they are normally presented in a vaccine preparation, rarely
lead to CTL responses due to their inability to present major
histocompatibility complex (MHC) class I epitopes, which are
usually restricted to endogenously synthesized proteins (12). In
some circumstances, exogenous antigens have been shown to
be presented by MHC class I molecules, a process named
cross-presentation (31). A vaccine with the ability to induce the
loading of MHC class I molecules by cross-presentation from
an exogenous particle therefore could be used to induce a
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cellular response that is deficient in currently available vac-
cines.

Virus-like particles (VLPs) have recently demonstrated
promising attributes for vaccination (26). VLPs made from
the major capsid protein L1 of human papillomavirus were
recently shown to provide 100% protection in women
against the development of cervical cancers (2, 11), and this
is probably the most efficient vaccine currently available.
Protection appears to be provided by the neutralization of
antibodies, from which titers can be improved by using alu-
minum-based salt adjuvants (9). Other platforms, such as
the bacteriophage Q� (23), hepatitis B virus (HBV) VLPs
made of viral core protein (25, 30), parvovirus VLPs (1, 27),
and plant virus VLPs (5), have the capacity to carry epitopes
and evoke strong antibody responses. HBV VLPs supple-
mented with CpG (33) and parvovirus VLPs (21) have also
shown their capacity to induce CTL responses. Vaccine plat-
forms derived from plant viruses were previously reported
to be biased toward a Th1 response, as suggested by anti-
body isotyping (22, 24) and cytokine secretion (29). The
icosahedral VLPs of HBV were demonstrated to mediate
cross-presentation on MHC class I molecules (40). In this
study, HBV VLPs alone failed to induce gamma interferon
(IFN-�) secretion by CD8�-specific T cells in the absence of
CpGs, which acted as a costimulatory signal and activated
antigen-presenting cells (APCs) (40). However, cross-pre-
sentation induced by VLPs in human cells has never been
properly demonstrated and characterized previously.

We have developed a vaccine platform based on the coat
protein (CP) of papaya mosaic virus (PapMV). We have shown
that the PapMV CP expression in Escherichia coli leads to the
formation of VLPs that appear to be similar to the wild-type
(WT) virus (43). Furthermore, we recently established that
PapMV VLPs can be used as epitope carriers, induce memory
response, and trigger a balanced Th1/Th2 response in the ab-
sence of adjuvant (J. Denis, N. Majeau, E. Acosta-Ramirez, C.
Savard, M.-C. Bédard, S. Simard, K. Lecours, M. Bolduc, C.
Paré, P. Tessier, A. Lamarre, R. Lapointe, C. Lopes Macias,
and D. Leclerc, submitted for publication). The repetitive and
crystalline structure of VLPs is important for the induction of
immune responses, since a monomeric form of the protein
structurally identical to the WT protein (17) is unable to in-
duce an immune response (J. Denis et al.; submitted). The
balanced immunoglobulin G1/immunoglobulin G2a profile
suggests that the PapMV platform is able to induce CTL re-
sponses. However, it is unclear if engineered PapMV VLPs can
mediate cross-presentation in human cells.

We have engineered PapMV CP by the fusion of two dif-
ferent MHC class I epitopes at its carboxy terminus with an
influenza virus M1 epitope or with one derived from gp100
protein, a protein found in melanoma. We have demonstrated
that the PapMV platform mediates the cross-presentation of
the inserted peptides. Processing appears to be proteasome
independent, and APCs pulsed with modified PapMV VLPs
are efficient in inducing the expansion of avid antigen-specific
T cells. This is the first demonstration that plant VLPs can
mediate MHC class I cross-presentation and generate avid T
cells in human cells.

MATERIALS AND METHODS

Cloning and engineering of PapMV gp100 and PapMV FLU constructs. The
PapMV CP construct (CP�N5) used for this study has been described previously
(43). To generate the PapMV gp100 construct, sense (5� CTAGTTCTTCTGC
GTTCACCATCATGGACCAGGTTCCGTTCTCTGTTTCTGTTTCTCAG
CTGA 3�) and antisense (5� CTAGTCAGCTGAGAAACAGAAACAGAGAA
CGGAACCTGGTCCATGATGGTGAACGCAGAAGAA 3�) oligonucleotides
were annealed and cloned into the SpeI and MluI sites of the PapMV CP clone
linearized with the same enzymes. To generate the PapMV FLU construct, sense
(5� CTAGTTCTCCGCTGACCAAAGGTATCCTGGGTTTCGTTTTCACCC
TGACCGTTCCGTCTGAAA 3�) and antisense (5� CTAGTTTCAGACGGAA
CGGTCAGGGTGAAAACGAAACCCAGGATACCTTTGGTCAGCGG
AGAA 3�) oligonucleotides were annealed and cloned as before at the C
terminus of PapMV CP. The resulting clones, PapMV gp100 and PapMV FLU,
were made of the PapMV CP gene with fusion of the peptide at their C termini,
followed by a six-histidine tag for the purification process. We kept five amino
acids on each side of the HLA-A*0201 epitopes to ensure efficient processing, as
in native gp100 and influenza virus M1 proteins. The sequences of the PapMV
clones were confirmed by DNA sequencing.

Expression of PapMV, PapMV FLU, and PapMV gp100 in E. coli. The ex-
pression and purification steps were performed as described elsewhere (43).
Three modifications were made to this protocol: the bacteria were lysed by one
passage through the French press, and two washing steps to remove lipopoly-
saccharide contaminants from our preparations, one with 10 mM Tris-HCl, 50
mM imidazole, 0.5% Triton X-100, pH 8, and another with 10 mM Tris-HCl, 50
mM imidazole, 1% Zwittergent, pH 8, were added before the elution step. For
the PapMV gp100, PapMV FLU, and PapMV CP proteins, the eluted proteins
were subjected to a high-speed ultracentrifugation (100,000 � g) for 120 min in
a Beckman 50.2 Ti rotor. VLP pellets were resuspended in endotoxin-free phos-
phate-buffered saline (PBS; Sigma, St. Louis, MO). Finally, the protein solutions
were filtered with 0.45-�m filters. Protein concentrations were evaluated by use
of a bicinchoninic acid protein kit (Pierce, Rockford, IL). The lipopolysaccharide
level in the purified proteins was evaluated with the Limulus test according to the
manufacturer’s instructions (Cambrex, Walkersville, MD) and was below 0.005
endotoxin units/�g of protein. This procedure yielded more than 20 mg of
purified VLPs per liter of bacterial culture. The gp100 (ITD QVP FSV and IMD
QVP FSV) and FLU (GIL GFV FTL) peptides (underlining indicates a modified
site at position 210) were synthesized by Macromolecular Resources (Fort Col-
lins, CO) and resuspended in dimethyl sulfoxide (Sigma).

Media and cell culture. T lymphocytes, dendritic cells (DCs), and CD40-
stimulated B lymphocytes (CD40-B) were cultured as previously described (13)
in complete medium, which is Iscove’s modified Dulbecco’s medium (Invitrogen,
Carlsbad, CA, and Wisent, St-Bruno, Quebec, Canada) supplemented with 7.5%
human serum (heat inactivated, prepared from normal donors), 2 mM L-glu-
tamine, 100 U/ml penicillin-streptomycin, and 10 �g/ml gentamicin (the last
three from Invitrogen and Wisent).

CD40-B were expanded and cultured from peripheral blood mononuclear cells
(PBMCs) (13, 18) by the addition of 500 ng/ml of soluble trimeric CD40L
(Immunex Corporation, Seattle, WA) and 500 U/ml recombinant human inter-
leukin 4 (IL-4) (Peprotech, Rocky Hill, NJ).

DCs were generated from PBMCs collected by apheresis preparation from
normal donors (16) by modifying the original protocol described by Sallusto and
Lanzavecchia (34). Briefly, PBMCs were enriched from blood by centrifugation
on a lymphocyte separation medium (Wisent). The monocytes were enriched by
2 h of adherence in tissue culture flasks or plates at 37°C (3 � 107 cells in T-25,
1.5 � 107 cells/well in 6-well flat bottom plates, or 5 � 106 cells/well in 24-well flat
bottom plates, all from Costar, Corning, NY). Adherent cells were washed once
with PBS (Wisent) and then cultured in complete medium supplemented with
100 ng/ml of granulocyte-macrophage colony-stimulating factor (1,000 U/ml) and
500 ng/ml of IL-4 (1,000 U/ml) (both from Peprotech). Granulocyte-macrophage
colony-stimulating factor and IL-4 were added again on days 3 and 5. PapMV
was added on day 6 and harvested on day 7 for recognition and expansion
experiments.

The melanoma cell line 1088mel was established at the Surgery Branch (Na-
tional Cancer Institute, NIH, Bethesda, MD). SK23, T2, and the breast tumor
cell line MDA231 were obtained from the American Type Culture Collection
(Manassas, VA). All tumor cell lines were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
100 U/ml penicillin-streptomycin, and 10 �g/ml gentamicin.

Electron microscopy and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins were diluted in PBS and absorbed for 3 min on
carbon-coated Formvar grids. The grids were washed twice with deionized water
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and stained with uranyl acetate 0.1% for 10 min at room temperature. The grids
were then observed on a Jeol JEM220FS transmission electron microscope. The
average length of 100 VLPs was evaluated with Adobe Photoshop software (San
Jose, CA).

SDS-PAGE analyses were performed (18) using the mini-protean system from
Bio-Rad (Hercules, CA). Proteins were revealed by Coomassie blue staining
(Bio-Rad). In some experiments, proteinase K (Invitrogen) was added at a final
concentration of 13 �g/ml.

Cross-presentation from PapMV-pulsed APCs. Different target cells were
analyzed for MHC class I presentation of defined epitopes with gp100- or
influenza virus M1-specific T cells. gp100-specific CD8� T-cell clones, kindly
provided by Mark Dudley (National Cancer Institute; NIH, Bethesda, MD), are
specific to both the native HLA-A*0201-restricted epitope at positions 209 to 217
(ITD QVP FSV) and to the modified version with an M at position 210, which
enhances the stability of the peptide-MHC complex. gp100-specific T cells were
expanded under the rapid expansion protocol described by Dudley et al. (8).

T-cell lines specific to the influenza virus M1-derived HLA-A*0201-restricted
epitope (59-67; GIL GFV FTL) were generated as follows. PBMCs from HLA-
A*02� normal donors were identified by flow cytometry (FACSCalibur; BD
Biosciences, Mississauga, Ontario, Canada) with a specific antibody (OneL-
ambda, Canoga Park, CA). PBMCs prepared as described above were stimulated
in multiple wells of 48-well plates with 1 �M of synthetic FLU peptide in the
medium described above. Cultures were restimulated 7 days later with either
peptide-pulsed (1 �M for 3 h followed by three washes in PBS) autologous
PBMCs or CD40-B cultures. IL-2 (Chiron, Emeryville, CA) was then added
every 2 or 3 days at 150 IU/ml, and the cultures were kept between 0.5 � 106 and
2 � 106 cells/ml. The specificities of the individual cultures were assessed by
IFN-� secretion assays by enzyme-linked immunosorbent assay (ELISA) with
coupled antibodies (Endogen, Woburn, MA) after coculturing with peptide-
pulsed T2 cells as described previously (15).

To evaluate cross-presentation mediated by PapMV CP, CD40-B or DCs were
pulsed with various versions of modified PapMV CP at 10 to 50 �g/ml for 20 h.
The cells were harvested, washed twice with PBS, and seeded in complete media
(at 4 � 104 to 10 � 104 cells/well) in 96-well plates. gp100- or influenza virus
M1-specific T cells were added at 2 � 104 to 10 � 104 cells/well in complete
media for 20 h. Culture supernatants were harvested, and IFN-� was evaluated
by ELISA (18). In some experiments, APCs were pretreated for 1 h with 50 to
70 �M chloroquine (Sigma), 20 to 25 �g/ml lactacystin, or 1.3 to 3.3 �M MG-132
(the last two from Calbiochem, San Diego, CA). The cells were washed with PBS
and resuspended in media containing 1/20 of the original inhibitor concentration.

Treated cells were pulsed with the different PapMV variants, and MHC class
I-mediated presentation was analyzed as described above.

T-cell expansion. CD40-B or DCs were pulsed with various versions of PapMV
CP for 20 h. The cells were harvested and washed twice with PBS. Pulsed APCs
(2 � 105 to 5 � 105) were cocultured with autologous PBMCs at 2 � 106 cells in
500 �l of complete media, in single wells of a 48-well plate. When the medium
turned yellow, 200 �l of it was removed, and 400 �l fresh complete medium was
added. On days 7 to 10, freshly PapMV-pulsed APCs (5 � 105; pulsed for 20 h
and washed twice in PBS) were added to individual cultures. IL-2 was then added
at 100 IU/ml every 3 days.

T-cell specificity was assessed on days 15 to 20. Briefly, expanded cells were
cocultured with peptide-pulsed T2 cells as described previously (15) or with
PapMV-pulsed APCs. IFN-� secretion was evaluated by ELISA. Alternatively,
the frequency of antigen-specific T cells was assessed by enzyme-linked immu-
nospot assay (ELISPOT assay), using coupled antibodies (MABTECH, Stock-
holm, Sweden) according to the manufacturer’s instructions. Spots were enu-
merated with an automated counter (CTL Technologies, Cleveland, OH).

RESULTS

Production, purification, and characterization of PapMV
CP, PapMV gp100, and PapMV FLU VLPs. PapMV VLPs
form stable and repetitive structures that are excellent plat-
forms for the induction of humoral responses. In this study, we
evaluated the potential of PapMV VLPs as a tool for cross-
presenting MHC class I epitopes on human-derived APCs.
Specifically, we inserted, at the C terminus of PapMV CP,
HLA-A*0201 epitopes from a well-defined tumor antigen
gp100 and from influenza virus M1 protein (Fig. 1A). The
9-mer HLA-A*0201 epitopes were flanked by five native resi-
dues on the N and C termini to favor natural processing by the
proteasome as in whole WT proteins. Electron microscopy of
the different PapMV VLPs produced in E. coli (Fig. 1B) re-
vealed the typically long, rod-shaped structure, ranging from
80 to 200 nm in length and being 15 nm in diameter for PapMV
VLPs and 16 nm for engineered PapMV gp100 and FLU

FIG. 1. Preparation of chimerical PapMV CP fused with MHC class I epitopes from influenza virus M1 and gp100 proteins. (A) C-terminal
sequences of PapMV CP (PapMV) and modified PapMV with HLA-A*0201-restricted epitopes from influenza virus M1 protein (positions 57 to
65; designated PapMV FLU) or from gp100 (positions 209 to 217 with an M in position 210; designated PapMV gp100) constructs. (B) Electronic
microscopy of each recombinant autoassembled PapMV preparation.
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VLPs. PapMV CP was able to spontaneously assemble in E.
coli into VLPs that were similar in size and shape to PapMV
VLPs.

Stability is an important attribute for a vaccine. We per-
formed SDS-PAGE analysis of fresh and 7-month-old VLP
preparations that were kept in PBS at 4°C (Fig. 2). No evidence
of degradation was found on the gel. Furthermore, we incu-
bated the preparations for an additional 7 days at room tem-
perature or at 37°C, without any noticeable degradation. Fi-
nally, we incubated the PapMV preparations with proteinase K
as a positive control for degradation, which resulted in the
rapid breakdown of the engineered PapMV VLPs. PapMV
VLPs without fusions were more resistant to proteinase K,
indicating that fusion at the C terminus probably destabilizes
this region locally and increases susceptibility to the enzyme. In
summary, we have prepared stable PapMV VLPs with MHC
class I epitopes inserted in the C terminus.

Cross-presentation of PapMV VLP MHC class I epitopes to
specific CD8� T cells. We next assessed the capacity of cross-
presentation of the inserted MHC class I epitopes within
PapMV. DCs and CD40-activated B lymphocytes were pre-
pared from HLA-A*02 donors as sources of APCs. DCs are
defined as optimal APCs (3); we and others have demonstrated
that B lymphocytes expanded after CD40 stimulation are effi-
cient APCs (4, 13, 14, 36, 44, 45). These APCs were pulsed with
the different versions of PapMV VLPs and cocultured with
defined T cells specific to MHC class I epitopes from gp100
and influenza virus M1 proteins. As seen in Fig. 3A, only APCs
pulsed with PapMV gp100 were recognized by the gp100-spe-

cific T-cell clone. Conversely, only PapMV FLU-pulsed APCs
were recognized by influenza virus M1-specific T lymphocytes
(Fig. 3B). The specificity of each T-cell culture was confirmed
by pulsing CD40-B with the synthetic peptides corresponding
to each epitope. Also, the addition of PapMV FLU to specific
T cells failed to stimulate IFN-� secretion, meaning that APCs
are essential for peptide recognition.

To ensure that HLA-A*02 was the restriction element in-
volved in peptide presentation, we performed similar experi-
ments with APCs prepared from two additional HLA-A*02�

donors and from two others negative for this allele. As shown
in Fig. 4A, FLU-specific T cells were mostly reactive with
PapMV FLU pulsed on HLA-A*02� donors (left panel). The
weak reactivity with donor 3 may be explained by the fact that
the FLU T-cell line was heterogeneous, and T cells specific to
the peptide, potentially presented by another MHC class I
allele, may have occurred in culture. Moreover, the gp100-
specific T-cell clone was reactive only with PapMV gp100-
pulsed HLA-A*02� APCs (Fig. 4A; right panel), further con-
firming that APCs expressing the relevant restriction element
are necessary for antigenic presentation. Finally, MHC class I
presentation was controlled by using antibodies blocking either
MHC class I, MHC class II, or HLA-DR presentation, as
described elsewhere (13, 15). As a control, a melanoma line
expressing both HLA-A*0201 and gp100 was cocultured with
the gp100-specific T-cell clone, and only antibody blocking
MHC class I presentation abrogated recognition, as expected

FIG. 2. Recombinant PapMV CPs are stable. The integrity of the
three PapMV-purified proteins was analyzed by SDS-PAGE 2 and 7
months after their synthesis. Also, 7-month-old proteins were incu-
bated for 7 additional days at 23 or 37°C. Finally, proteinase K was
added for 5 min prior to the addition of loading buffer and incubation
in boiling water. The loading of PapMV gp100 was lower due to low
protein concentration compared to those of the two other PapMVs.

FIG. 3. MHC class I epitopes from both antigens can be cross-
presented when pulsed on two different APC sources. CD40-activated
B lymphocytes and DCs were prepared from an HLA-A*0201 donor
and pulsed for 18 h with the indicated preparations at various concen-
trations. Pulsed cells were washed, and gp100-specific (A) or FLU-
specific (B) T cells were added for an additional 18 h. Evidence of
T-cell activation was revealed by IFN-� secretion determined by
ELISA. NA, not available.
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(Fig. 4B, right section). Coculturing of gp100-specific T-cell
clones with either HLA-A*02�/gp100�, HLA-A*02�/gp100�,
or HLA-A*02�/gp100� tumor cell lines failed to provoke
IFN-� secretion (data not included; demonstrated elsewhere
[8, 15]). When the panel of blocking antibodies was applied
to PapMV FLU-pulsed APCs, only anti-MHC class I de-
creased recognition by the specific T-cell line (Fig. 4B, left
section). The latter data showed that the FLU peptide de-
rived from PapMV FLU was presented by MHC class I,
specifically HLA-A*02.

MHC class I cross-presentation mediated by PapMV VLPs
is proteasome independent. Antigens have to be processed by
proteases to generate epitopes recognized by T cells, and for
MHC class I epitopes, classical processing is mediated by pro-
teasomes. Furthermore, the cross-presentation of exogenous
antigen by MHC class I can also be mediated by cathepsins and
other residents of the endosomal pathway (31). Interestingly,
we know that the VLPs from PapMV can get internalized in
vesicles when pulsed on APCs (J. Denis et al., submitted). We
determined if the processing of PapMV VLPs was mediated by
proteasomes. We exploited two different proteasome inhibi-
tors, lactacystin and MG-132, and controlled their activities by
blocking classical MHC class I presentation by melanoma cells
of the HLA-A*0201 epitope from gp100 (Fig. 5, right section).
When using PapMV FLU-pulsed APCs, presentation of the
M1 peptide was unaffected by both inhibitors (Fig. 5, left sec-
tion). Pretreatment with chloroquine, which neutralizes the pH
of endosomes, had a weak, negative effect on the cross-pre-
sentation of the FLU epitope, whereas similar treatment did
not change the classical MHC class I presentation of mela-
noma cells, as expected.

Overall, these data suggest that the MHC class I cross-
presentation mediated by the PapMV VLPs is proteasome
independent.

Expansion of FLU-specific T cells with PapMV FLU VLP.
We have demonstrated that PapMV VLPs pulsed on APCs can
efficiently mediate cross-presentation when exposed to defined
specific T cells. We have also evaluated if APCs pulsed with
PapMV VLPs would have the capacity to expand antigen-
specific T lymphocytes from a heterogeneous blood T-cell pop-
ulation prepared from PBMCs. DCs and CD40-activated B
lymphocytes were pulsed with PapMV VLPs and cocultured
with autologous PBMCs according to the protocol outlined in
Fig. 6A. The frequency of specific expanded T cells was first
evaluated by ELISPOT assay. As shown in Fig. 6B, cells spe-
cific to HLA-A*0201 influenza virus M1 peptide were gener-
ated when PapMV FLU-pulsed APCs were used with PBMCs.
Unpulsed APCs or those pulsed with PapMV or PapMV gp100
failed to generate FLU-specific T cells, as expected. No gp100-
specific T cells were generated, as expected for a healthy donor
with no melanoma. Expanded T cells were next evaluated for
reactivity against various pulsed APCs, and IFN-� secretion
seemed equally high when T cells expanded with APCs pulsed
either with the FLU peptide or PapMV FLU were deployed to
expand T cells (	5,000) (Fig. 6C). APCs pulsed with either
PapMV, PapMV gp100, or PapMV FLU failed to generate T
cells specific to PapMV CP, indicating that cellular preimmu-
nity to PapMV CP was marginal. Finally, expanded T cells
were cocultured with T2 cells pulsed with different amounts of
HLA-A*0201 influenza virus M1 peptide (Fig. 6D). In two
independent experiments, highly reactive T cells with high
avidity were generated, since T cells had the capacity to rec-

FIG. 4. Epitope presentation mediated by PapMV pulsing was HLA-A*02 restricted. (A) PapMV FLU- or PapMV gp100-pulsed CD40-
activated B lymphocytes prepared from HLA-A*02-positive or -negative donors were cocultured with FLU-specific (left panel) or gp100-specific
(right panel) T cells. (B) An HLA-A*0201� and gp100� melanoma line or PapMV FLU-pulsed HLA-A*02� CD40-activated B cells were
incubated with antibodies blocking MHC class I, MHC class II, or HLA-DR presentation. FLU- or gp100-specific T cells were then added. Results
are represented as percentages of recognition based on IFN-� secretion assay, with 100% corresponding to the amount secreted by positive controls
(NT). NA, not available.
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ognize T2 cells pulsed with 100 or 10 pM of the peptide.
Secretion was mostly 	100,000 pg/ml, which is very high, and
T cells raised with APCs pulsed with the influenza virus M1
peptide were generally less avid.

From these experiments, we conclude that PapMV-pulsed
APCs had the capacity to expand specific T cells with high
avidity. Interestingly, we found no evidence of preexisting cel-
lular preimmunity to PapMV CP.

DISCUSSION

Vaccine platforms allowing MHC class I presentation would
be of substantial advantage to elicit potentially long-lasting
cellular responses against highly conserved viral or tumor an-
tigens. In this report, we demonstrated that a plant virus-
derived VLP can mediate MHC class I cross-presentation in
human APCs, a process that is not affected by treatment with
two different proteasome inhibitors. Importantly, APCs pulsed
with PapMV FLU efficiently expanded influenza virus M1
HLA-A*0201 epitope-specific T cells. Expanded T cells seem
to be highly reactive and avid considering their high IFN-�
secretion at very low peptide concentration.

Stability is an important prerequisite for a vaccine. By using
a plant virus as a vaccine platform, we take advantage of a

genuine characteristic of plant viruses that have been selected
to be stable in adverse conditions in their natural environment.
This was reflected by stability for more than 7 months in PBS
and during incubation for a week at 37°C. Engineered PapMV
VLPs showed the same behavior as WT constructs. This result
is consistent with previous data disclosing that PapMV VLPs
remain stable to temperatures reaching 60°C (43).

In this study, we demonstrated that activated B lymphocytes
and DCs can efficiently cross-present antigens. Basically, exog-
enous antigens get internalized in APCs, and, according to
most accepted models, reach the cytoplasmic compartment,
thereby gaining access to the proteasome (6, 10, 31, 32, 39).
Cross-presentation mechanisms were reviewed recently by
Cresswell et al. (6) and by Rock and Shen (31, 37). Interest-
ingly, we found that PapMV VLPs were not processed by
proteasomes prior to MHC class I cross-presentation. An al-
ternative proteasome-independent cross-presentation pathway
has been revealed with ovalbumin incorporated into micro-
sphere polymers and has been defined as the vacuolar pathway
(31). In this pathway, the antigen is processed by lysosomal
proteases, such as cathepsin S (38), and peptides are loaded on
recycling MHC class I molecules in the endosomal/lysosomal
compartments (31). Cross-presentation mediated by the HBV
VLP for delivering a MHC class I epitope from lymphocytic
choriomeningitis virus (33) has also been shown to be trans-
porter associated with antigen processing (TAP) independent.
Other antigens coupled with different carriers have been found
to get cross-presented by a proteasome-independent pathway
(35, 41, 42). PapMV VLPs, with their complex repetitive struc-
tures, may act similarly, and we are currently investigating the
exact processing mechanism involved in epitope release.

Interestingly, PapMV FLU had the capacity to expand
highly reactive specific T cells when pulsed on APCs. APCs
pulsed with the synthetic peptide also raised specific T cells,
but generally less effectively, when pulsed at 1 �g/ml as op-
posed to an estimated 2 �g/ml of equivalent FLU peptide with
PapMV FLU (total 50 �g/ml). These differences are marginal,
and hazardous to compare, considering the difference in load-
ing mechanisms and the fact that PapMV FLU needed to be
processed to release the peptide. The results presented in Fig.
3 suppose that loading is more efficient when the synthetic
peptide is directly added, but the T-cell expansion experiment
results shown in Fig. 6D revealed that pulsing with PapMV
VLPs is superior to peptide pulsing. The apparent high effi-
ciency in T-cell expansion with PapMV FLU could be ex-
plained by possible costimulation from PapMV CP on APCs
through Toll-like receptors or other pathogen-associated mo-
lecular pattern receptors. Actually, a VLP derived from human
papillomavirus has been demonstrated to stimulate DCs to
produce IFN-
 and Th1 immune responses via MyD88, a key
signaling molecule in several Toll-like receptors (46). The po-
tential stimulatory effects of PapMV CP on DC functions are
under investigation.

In conclusion, we show for the first time that a plant virus
VLP is able to trigger cross-presentation of MHC class I
epitopes and in vitro CD8� T-cell proliferation in human cells.
These results are now opening new avenues in the develop-
ment of candidate vaccines with PapMV VLPs. The induction
of cross-presentation implies that engineered PapMV VLPs
could be used for triggering a specific CTL response in hu-

FIG. 5. MHC class I cross-presentation mediated by PapMV is
proteasome independent. An HLA-A*0201� and gp100� melanoma
line or PapMV FLU-pulsed HLA-A*02� CD40-activated B cells were
incubated with chloroquine, which neutralizes the pH of endosomes/
lysosomes, or with lactacystin or MG-132, two proteasome inhibitors.
Cells were washed and pulsed with PapMV FLU, and FLU- or gp100-
specific T cells were then added as described in Materials and Meth-
ods. The results are presented as percentages of recognition based on
an IFN-� secretion assay, with 100% corresponding to the amount
secreted by positive controls (NT).
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mans. Therefore, the PapMV platform could be exploited in
cancer immunotherapy and for vaccine development against
chronic infectious diseases such as those caused by HIV-1 and
HCV. In addition, the PapMV platform has the advantage of
triggering both arms of the immune responses, namely, the
humoral and CTL responses, a characteristic that is unique for
a vaccine platform. Finally, PapMV VLPs are highly purified,
stable proteins devoid of chemicals, adjuvants (such as alum),
or potentially toxic agents (such as thimerosal) often added to
vaccine preparations as stabilizing agents. This is a major ad-
vantage considering the projected increase in the practice of
vaccination in the future to fight chronic infectious diseases
and cancers.
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