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Translating innate response into long-lasting antibody response
by the intrinsic antigen-adjuvant properties of papaya mosaic virus
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Summary

Identifying the properties of a molecule involved in the efficient activation
of the innate and adaptive immune responses that lead to long-lasting
immunity is crucial for vaccine and adjuvant development. Here we show
that the papaya mosaic virus (PapMV) is recognized by the immune sys-
tem as a pathogen-associated molecular pattern (PAMP) and as an anti-
gen in mice (Pamptigen). A single immunization of PapMV without
added adjuvant efficiently induced both cellular and specific long-lasting
antibody responses. PapMV also efficiently activated innate immune
responses, as shown by the induction of lipid raft aggregation, secretion
of pro-inflammatory cytokines, up-regulation of co-stimulatory molecules
on dendritic cells and macrophages, and long-lasting adjuvant effects
upon the specific antibody responses to model antigens. PapMV mixed
with Salmonella enterica serovar Typhi (S. typhi) outer membrane protein
C increased its protective capacity against challenge with S. typhi, reveal-
ing the intrinsic adjuvant properties of PapMV in the induction of immu-
nity. Antigen-presenting cells loaded with PapMV efficiently induced
antibody responses in vivo, which may link the innate and adaptive
responses observed. PapMV recognition as a Pamptigen might be trans-
lated into long-lasting antibody responses and protection observed. These
properties could be used in the development of new vaccine platforms.
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derived macrophages; CFA, complete Freund’s adjuvant; CFSE, 5(6)-carboxyfluorescein diacetate N-succinimidyl ester; CP, coat protein;
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ovalbumin; PAMP, pathogen-associated molecular pattern; Pamptigen, pathogen-associated molecular pattern and antigen; PapMV,
papaya mosaic virus; PBS, phosphate-buffered saline; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; PRR, pattern recognition
receptor; s.c., subcutaneous; SD, standard deviation; TCR, T-cell receptor; TLR, Toll-like receptor; TNF-a, tumour necrosis factor-o.
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Introduction

The onset of the immune response against a given patho-
gen depends on the recognition of microbial components
by non-clonal (innate) and clonal (adaptive) receptors
expressed on the appropriate cells. Innate receptors
known as pattern-recognition receptors (PRR) allow the
recognition of microbial products known as pathogen-
associated molecular patterns (PAMP).! In contrast, the
adaptive immune response is characterized by clonally
expressed B-cell receptor (BCR) or T-cell receptor (TCR)
recognition of molecules, which define the antigenicity of
these molecules.” The outcome of the immune response
activated through these receptors is that protection or
immunity (which may last for many years or a lifetime)
is generated against the infecting pathogen™ and this
phenomenon is the basis of vaccination. However, the
immunological mechanisms mediating the induction of
long-term immunity remain obscure.

High, long-lasting protective antibody titres are
induced mainly after pathogenic infection, or by vaccina-
tion with an attenuated pathogen or with purified anti-
gens mixed with adjuvants.>® Two key factors achieve
this response. First, antigen immunogenicity depends on
the antigen molecular nature and structure.” Thus, viruses
that infect mammals exhibit a quasicrystalline, highly
organized surface with a regular array of epitopes that
efficiently cross-link epitope-specific membrane immuno-
globulins on B cells, inducing a T-cell-independent anti-
body response.” Second, the presence of adjuvants
increases the magnitude and duration of the immune
response by activating the innate immune system.® The
adjuvant effect of most molecules depends on activation
of the innate immune response through PRR.” This opens
the possibility that pattern recognition through the innate
immune system could be responsible for shaping the
long-lasting protective response induced by pathogens or
vaccines.

Plant viruses are effective tools for antigen expression.'®
Unlike conventional live attenuated or recombinant vac-
cines, plant viruses are considered non-pathogenic for
mammals'® and fulfil the immunogenic properties
described for mammal-infecting viruses. Thus, they repre-
sent an excellent non-infectious model for using to study
immunogenicity and adjuvanticity. Our experimental
model is the papaya mosaic virus (PapMV), a potexvirus
that infects Carica papaya (papaya) leaves.'"'? The Pap-
MYV virion is a flexible rod, 500 nm long and 15 nm in
diameter, composed of 1400 subunits of the viral coat
protein (CP) assembled around the genomic positive
single-stranded RNA.'” In this study, we show that a
single immunization with PapMV in the absence of added
adjuvant efficiently induced both cellular and specific
long-lasting antibody responses. In addition, PapMV
efficiently activated innate immune responses and, when

used as an adjuvant for model antigens or for an experi-
mental vaccine, promoted a long-lasting specific antibody
response and increased the protective capacity of the
experimental vaccine. We propose that this strong
immunogenicity shown by PapMV is the consequence of
its recognition both as a PAMP and as an antigen [patho-
gen-associated molecular pattern and antigen (Pampti-
gen)] by the immune system, thus translating the innate
immune recognition into long-lasting antibody responses
and protection. These properties could be used in the
development of new vaccine platforms to support the
induction of long-lasting immunity.

Materials and methods

Bacterial strains

The wild-type S. typhi strain was obtained from the
American Type Culture Collection 9993 (ATCC, Mana-
ssas, VA). Isogenic Salmonella mutant strain STYF302
(KmR)),

14,15

(AompF, Kanamycin resistance expressing

OmpC, has been described previously.

Antigens

PapMV was purified as described previously.'® Lipopoly-
saccharide (LPS)-free ovalbumin (OVA) grade VI was
from Sigma-Aldrich (St Louis, MO, USA). Hen egg-white
lysozyme (HEL) was from Research Organics Inc. (Cleve-
land, OH, USA). LPS was from Escherichia coli O111:B4
(Sigma-Aldrich). Outer membrane protein C (OmpC)
was purified from S. typhi STYC302 (AompF, KmR), as
described previously."

Mice

BALB/c (Harlan, Mexico City, Mexico) and C3H/HeJ"”
mice, 6-8 weeks of age, were housed in the animal facilities
of the Experimental Medicine Department, Faculty of
Medicine, UNAM, and were cared for in conformity with
good laboratory practice guidelines. These studies were
reviewed and approved by the IMSS National Scientific
Research Committee (project no. 2005-785-016).

Immunizations

Groups of mice were immunized intraperitoneally (i.p.)
on day 0 with 30 pug of PapMV diluted in sterile isotonic
saline solution (saline) to a total volume of 0-5 ml. To
study the effects of adjuvant, groups of mice were immu-
nized i.p. on day 0 with 2 mg of OVA or HEL alone, or
with 30 pg of PapMV and 2 mg of OVA or HEL in com-
plete Freund’s adjuvant (CFA) 1:1 (v/v) or with 5 ug of
LPS from E. coli O111:B4 (Sigma-Aldrich). To study the
adjuvant effect of PapMV in the anti-OmpC response,
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mice were immunized i.p. on day 0 with 10 pg of OmpC
alone or with 30 pug of PapMV and 10 pg of OmpC in
incomplete Freund’s adjuvant (IFA) 1:1 (v/v). On day 15,
mice received 10 pg of OmpC ip. without adjuvant.
Control mice were injected with saline or with 30 pg of
PapMV only. Blood samples were collected at various
time-points, as indicated in each figure. Individual serum
samples were stored at —20° until analysis. The number
of mice used in the experiment is indicated in the figure
legends.

Determination of antibody titres by enzyme-linked
immunosorbent assay

High-binding 96-well polystyrene plates (Corning, New
York, NY, USA) were coated with 1 pg/ml of PapMYV,
10 pg/ml of OmpC, 100 pg/ml of HEL or 150 pg/ml of
OVA in 0-1 M carbonate-bicarbonate buffer (pH 9-5).
Enzyme-linked immunosorbent assay (ELISA) was per-
formed as described previously.'> Antibody titres are
given as —log, dilution x 40 or as the inverse of serum
dilution. A positive titre was defined as three standard
deviations (3 SD) above the mean value of the negative
control.

Delayed-type hypersensitivity test

BALB/c mice were immunized subcutaneously (s.c.) in
the footpad with 30 pg of wild-type PapMV, 30 pg of
ultraviolet light-inactivated PapMV, buffer (Tris—HCI, pH
6-8) or sterile pyrogen-free saline solution. Seven days
after immunization, mice were challenged by s.c. injection
of 3 pug of PapMV into the right ear. Ear thickness was
measured before the challenge and 24 hr after injection
using a digital micrometer (Mituyoto, Tokyo, Japan).

Generation of bone marrow-derived macrophages

Bone marrow-derived macrophages (BMDM) were
obtained from the femurs of BALB/c mice (6-8 weeks of
age) and cultured in Dulbecco’s modified Eagle’s minimal
essential medium (DMEM) with bone marrow medium
[30% L cell-conditioned medium, 20% heat-inactivated
fetal bovine serum (FBS) and 50% DMEM)], as described
previously.'®

Generation of bone marrow-derived dendritic cells

Bone marrow-derived dendritic cells (BMDC) were gener-
ated by 6 days of culture of BALB/c bone marrow cells
with granulocyte—macrophage colony-stimulating factor
(GM-CSF)-containing supernatant from the cell line
X63-GM-CSF (kindly provided by Dr Antonius Rolink,
University of Basel, Basel, Switzerland). Dendritic cells
(DC) were further purified using Optiprep density-gradi-

ent centrifugation (Sigma-Aldrich Co., Basel, Switzer-
land). CD11c* B220™ cells were more than 95% pure
when analysed by flow cytometry.

Peritoneal macrophage purification

Thioglycolate-elicited macrophages were collected from
the peritoneal cavity of BALB/c mice, cultured at
1 x 10°cells per well in DMEM (containing 10% FCS,
L-glutamine 2 mM, penicillin 100 U/ml, streptomycin
100 pg/ml) overnight at 37°. Non-adherent cells were
removed by washing with cold phosphate-buffered saline
(PBS).

Lipid raft aggregation

Ten-thousand BMDM were cultured on sterile circular
slides and stimulated for 30 min with 1 pg/ml of
PapMV in 100 ul of DMEM. After the stimulus was
removed, the slides were washed twice with PBS con-
taining 2% FBS and once with PBS alone. The cells were
fixed using 3% p-formaldehyde and incubated at 4° for
20 min. Cells were washed as described above. Cholera
toxin B subunit (CTB) coupled to fluorescein isothiocya-
nate (FITC) (CTB-FITC, 1:500; Sigma-Aldrich) was
added and the slides were incubated in the dark at
room temperature. Non-specific binding sites were
blocked with goat serum (1:100 dilution) for 1 hr at
room temperature. After incubation, the slides were
washed three times with PBS and then rat anti-PapMV
(1:100 dilution) was added. The slides were incubated
overnight at 4°. As an isotype control, mouse anti-
PapMV (1:100) was used. The slides were washed three
times with PBS and incubated for 1 hr at room temper-
ature with tetramethylrhodamine isothiocyanate-tagged
anti-rat IgG (1:200). The slides were washed three times
with PBS, mounted and assessed using a confocal micro-
scope (Zeiss Axiovert 100 M microscope with LSMsio
expert mode software; Carl Zeiss, Aalen, Germany).

BMDM, peritoneal macrophage and BMDC stimulation,
and determination of cytokine production

One-million BMDM, peritoneal macrophages or BMDC
were stimulated with 1 pig/ml of PapMV or with 100 ng/ml
of LPS from E. coli O111:B4 (Sigma-Aldrich). Unstim-
ulated cells were used as a control. At the time-points
indicated in the graphs, the culture supernatant was har-
vested and stored at —70° until analysis. Tumour necrosis
factor-oo (TNF-a) and interleukin (IL)-6 were quantified
by ELISA (all OptEIA sets; BD Pharmingen, San Diego,
CA, USA), following the manufacturer’s instructions. The
concentration of final reaction product was determined at
450 nm in an ELISA plate reader (Dynex Technologies
MRII, Chantilly, VA) with BloLiNnx 2.22 software (Dynex
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Technologies). The detection limit was 15-6 pg/ml for
both cytokines. Mouse interferon-o. (IFN-a) concentra-
tion in cell culture supernatants was measured using
ELISA (PBL Biomedical Laboratories, NJ, USA) according
to the manufacturer’s instructions.

In vivo DC, macrophage and B-lymphocyte activation
assay

BALB/c mice (7 weeks of age) were immunized i.p. with
30 ug of PapMV and 50 pug of Poly I:C suspended
respectively in 500 pl of saline. Saline (500 pl) was used
as a control, and 24 hr after immunization lymph nodes
and spleens were obtained. Cell suspensions were pre-
pared from these organs, and flow cytometry staining
was performed using phycoerythrin (PE)-CDllc, allo-
phycocyanin—-CD11b, B220-peridinin chlorophyll protein
(PerCP), FITC-CD80, FITC-CD86, FITC-CD40, FITC-
CD69 and FITC-major histocompatibility complex class
II (MHC class II) antibodies (all purchased from BD
Pharmingen).

Transference of BMDM

BMDM were pulsed with 30 pg/ml of PapMV in 5 ml of
DMEM containing 10% FBS and incubated for 3 hr at
37°. The supernatant was removed, the cells were washed
four times with PBS, and, before harvesting, the last cell
wash was collected. Totals of 10%, 10°> and 10° harvested
cells were immediately transferred i.v. into BALB/c mice
in a final volume of 300 pl. Culture supernatant, the last
cell wash supernatant, 10° unstimulated BMDM and
30 pg of PapMV were suspended in a final volume of
300 pl and transferred i.v. into the control mice. The
numbers of mice used are indicated in the figure legends.

Protection assay

BALB/c mice were immunized i.p. on day 0 with 10 pg of
OmpC or 10 pug of OmpC that had been incubated previ-
ously for 1 hr with 30 ug of PapMV at 4°. A boost on
day 15 was performed using 10 pg of OmpC only. Con-
trol mice were injected with saline or 30 pg PapMV
alone. The challenge was performed on day 21 with 100
and 500 lethal dose 50% (LDs;) of 5% mucin-suspended
S. typhi, and the survival rate was registered for 10 days
after the challenge, as described previously.'” The num-
bers of mice used are indicated in the figure legends.

B-cell activation and proliferation

One-million splenic B cells per well were incubated
with PapMV (1 pg/ml) and harvested after 18 hr to
assess the activation markers, and were harvested again
after 80 hr to assess cell differentiation into plasma

cells. LPS (10 ug/ml) from E. coli O111:B4 (Sigma-
Aldrich) was used as a positive control. Flow cytometry
staining was performed with CD44-FITC, MHC class
II-PE, CD86-FITC, CD22-PE, CD138-PE and B220-all-
ophycocyanin antibodies (BD Pharmingen). One-million
cells were incubated for 15 min with a mixture of fluo-
rescein-, PE- and allophycocyanin-conjugated antibodies.
Cell proliferation was tested using fifty-million splenic
cells suspended in 1 ml of PBS containing 1 pl of
a 1 mMm solution of 5(6)-carboxyfluorescein diacetate
N-succinimidyl ester (CFSE) (Molecular Probes, Eugene,
OR, USA). Cells were stimulated as described above.
Data were acquired using a FACSCalibur (Becton Dick-
inson, San Jose, CA, USA) and analysed using CELLQUEST
software (Becton Dickinson).

Results

PapMV induces a long-lasting antibody immune
response

B-cell activation is facilitated by antigenic organization
and molecular repetitiveness (more than 20 subunits), as
shown in a paracrystalline array.”” PapMV virions contain
about 1400 copies of a single CP arranged in a helical
form.”! We immunized BALB/c mice i.p. with 30 pg of
PapMV and measured PapMV-specific antibody titres for
1 year. During the primary antibody response on day 8,
we observed a 1024-fold increase in IgM titre and a 256-
fold increase in IgG titre (Fig. la). In the absence of
boosting, the IgM response decreased to the basal level on
day 20 and remained there until day 365. In contrast, the
IgG titre reached its maximum, a 1024-fold increase,
around day 21 and remained at this level until the end of
the experiment 1 year later. PapMV induced production
of the four subclasses of IgG. The antibody titres of the
IgG subclasses were observed first between days 4 and 12
and all reached their maximum values around day 20,
where they remained until day 365 (Fig. la). Similar
results were obtained when 50 pg of PapMV was used for
immunization (data not shown). In addition, i.v. and s.c.
immunization with PapMV induced similar antibody
kinetics (data not shown). This antibody response was
observed for 1 year after a single immunization without
adjuvants.

PapMV did not induce naive B-lymphocyte prolifera-
tion in vitro (Fig. 2b); however, it induced minor up-
regulation of activation markers such as CD44, CD86,
CD22 and MHC class II (Fig. 2a). Additionally, PapMV
induced in vivo up-regulation of CD69 and CD40 on B
cells (Fig. 3). PapMV did not induce B-cell differentia-
tion into plasma cells in vitro (Fig. 2c). The experiments
were repeated by adding IL-4 to the PapMV stimulus or
by using 30 or 50 pg/ml of PapMV (data not shown),
confirming that PapMV did not activate B cells from
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Figure 1. Papaya mosaic virus (PapMV) induces T-cell and long-lasting antibody immune responses. (a) Titres of anti-PapMV IgM and IgG,
and of IgG subclasses IgG1, IgG2a, IgG2b and IgG3, were measured in female BALB/c mice immunized intraperitoneally (i.p.) with 30 pg of
PapMV or with saline. Blood samples were collected at the time-points depicted. Results are expressed as the mean + standard deviation (SD) of

five mice per group. Data correspond to one representative result from five independent experiments. (b) T-cell responses were assessed by the
delayed-type hypersensitivity (DTH) test. Groups of five female BALB/c mice were immunized subcutaneously (s.c.) in the footpad with 30 pg of
wild-type PapMV or with 30 pg of ultraviolet light (UV) light-inactivated PapMV. Buffer (Tris-HCI, pH 6-8) alone or saline was used as a con-
trol. On day 7, the mice were challenged with 3 pug of PapMV administered s.c. in the ear. Ear thickness was measured using a micrometer before
and 24 hr after injection. Means were analysed by the Student’s #-test. Significant differences are indicated by asterisks: **P < 0-001. One repre-

sentative result from two independent experiments is shown.

naive mice and did not prepare B cells for activation by
IL-4. We conclude that PapMV is not a thymus-inde-
pendent type 1 antigen. However, it induces some up-
regulation of activation marker expression levels in B
cells.

To determine whether the antibody response observed
was influenced by the presence of undetected traces of
LPS or polysaccharides,”** which could have contami-
nated the PapMV preparation during purification, C3H/
HeJ] mice [an LPS hyporesponsive Toll-like receptor 4
(TLR-4) mutant strain] were immunized with 30 pg of
PapMV. IgM and IgG titre kinetics were similar to those
observed in BALB/c mice (data not shown). Thus, unde-
tected contamination with TLR-4 ligands that could be
present in the PapMV did not contribute to the antibody
response observed. These results show that the PapMV is
a strong immunogenic particle able to induce a sustained

and specific long-lasting antibody response comprising all
IgG subclasses.

PapMV-induced T-cell responses

The presence of all IgG subclasses revealed that T cells
must help in the response induced by PapMV. A delayed-
type hypersensitivity (DTH) test was performed to test
the capacity of PapMV to induce systemic T-cell
responses. Groups of five BALB/c mice were immunized
s.c. with 30 ug of intact or UV-inactivated PapMV.
UV-inactivated PapMV was used to control the influence
of virus viability in the response observed, even though
the plant virus replication machinery is not compatible
with mammalian systems and plant viruses are non-
pathogenic in mammals.'" PapMV and UV-inactivated
PapMV induced a strong DTH response compared with
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Figure 2. Papaya mosaic virus (PapMV) did not induce in vitro naive B-lymphocyte proliferation; however, it induced a small shift in the
expression of activation markers on these cells. Flow cytometric analysis of B cells was performed after stimulation with PapMV. (a) Induction of

B-cell activation markers. (b) B-cell proliferation. Naive B cells were pulsed after 18 hr with 100 pg/ml of lipopolysaccharide (LPS) (grey solid
line) or with 1 pg/ml of PapMV (black solid line); non-pulsed cells are shown by shading. (c) To assess B-cell differentiation into plasma cells
induced by PapMYV, cells were stimulated with the virus for 80 hr and stained for B220 and CD138. One representative result from three experi-

ments is shown. CFSE, 5(6)-carboxyfluorescein diacetate N-succinimidyl ester.

the control (Fig. 1b). Thus, PapMV induced a strong
T-cell response in addition to the sustained long-lasting
antibody response. Taken together, these results show that
PapMV is a highly immunogenic antigen for both the
humoral and cellular immune responses.

PapMV induces the aggregation of lipid rafts
on BMDM

During the molecular recognition process on antigen-
presenting cells (APC), a cluster of surface molecules
present in lipid raft aggregates, allowing the induction of a
signalling cascade to induce cell activation.** To determine
whether PapMV induces lipid raft aggregation, murine
BMDM were stimulated with 1 pg/ml of PapMV for
30 min. The cells were then stained with cholera toxin
subunit B coupled with FITC to target the lipid raft-
resident glycolipid, GM1. PapMV stimulated the BMDM,
which showed an increased aggregation of lipid rafts.
Moreover, on these cells, PapMV co-localized with these
aggregated lipid rafts (Fig. 4a panel ii). By contrast, lipid
raft aggregation was not observed in unstimulated cells
(Fig. 4a panel i). Aggregation was manifested as the accu-
mulation of lipid rafts in localized regions of the stimulated
cells, whereas FITC staining in unstimulated cells was
homogenous around the cell periphery. These results
suggest that PapMYV is recognized at the surface of BMDM.

© 2007 The Authors Journal compilation © 2007 Blackwell Publishing Ltd, /Immunology, 124, 186-197

PapMYV induces pro-inflammatory cytokine secretion
in APC

To determine whether the lipid raft aggregation induced
by PapMV is associated with cell activation, we measured
cytokine secretion after PapMV stimulation. BMDM were
stimulated with 0-01, 0-1 (data not shown) or 1 pg/ml of
PapMV, and the secretion of TNF-o. and IL-6 was mea-
sured in the culture supernatants. As a control, 100 ng/ml
of E. coli UHOI111 LPS was used. Only stimulation with
1 pg/ml of PapMV induced IL-6 secretion in BMDM
12 hr after the initial stimulation. The maximum amount
of IL-6 was detected at 50 hr, after which time IL-6 con-
the supernatants
(Fig. 4c). TNF-a secretion was detected in culture super-
natants 4 hr after stimulation with 1 pg/ml of PapMV,
and an increased amount of TNF-o was present in cell
supernatants during the 24 hr of the experiment (Fig. 4c).
Thus, in addition to lipid raft aggregation, PapMV
induces the secretion of pro-inflammatory cytokines in
BMDM. As DC are an important link between innate and
adaptive immune responses, we evaluated the production
of IL-6 and TNF-a by BMDC pulsed with PapMV. Both
cytokines were observed in BMDC culture supernatants
18 and 24 hr after PapMV stimulation (Fig. 4d). Because
type I IFN is suggested to contribute to the generation of

centrations in culture decreased

a virus-specific adaptive immune response, we measured
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Figure 3. Papaya mosaic virus (PapMV) induces co-stimulatory molecule up-regulation in dendritic cells (DC), macrophages and B cells in vivo.
BALB/c mice were immunized intraperitoneally (i.p.) with 30 pg of saline-diluted PapMV (grey line) or with 50 pg of Poly I:C (black line), and
control mice were injected with saline (filled histogram). Twenty-four hours after immunization, lymph nodes and spleen cells were collected
and stained. Flow cytometry was performed to analyse cell populations defined as: CD11c" CD11b~ (DCs), CD11c” CD11b* (macrophages) and
CD11c™ B220" (B cells). A representative result of two experiments is shown. FITC, fluorescein isothiocyanate; MHC II, major histocompatibility

complex class II.

IFN-a production by macrophages and DC after PapMV
stimulation. Peritoneal macrophages and BMDC were
pulsed with PapMV, and, after 24 hr of stimulation, IFN-a
was measured in the cell supernatants. Peritoneal macro-
phages did not produce IFN-o after PapMV stimulation
(Fig. 4c), whereas PapMV-stimulated BMDC produced
this cytokine more efficiently than did BMDC stimulated
with LPS (Fig. 4d).

BMDM bearing PapMV participate in the induction
of the specific antibody response

APC can directly deliver antigen to B cells for the induc-
tion of the antibody response.”>*® To address the contri-
bution of APC in the induction of the antibody responses
against PapMV, BMDM were cultured with 30 pg/ml of
PapMV for 3 hr. After incubation, cells were injected i.v.
into BALB/c mice at one of three doses (10% 10° or 10°
cells). As the control for the free virus, the cell culture
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supernatant from the PapMV-stimulated cells and the last
wash supernatant of these cells were independently
injected i.v. in mice. As a positive control, mice were
injected i.v. with 30 pg of PapMV, and 10° non-pulsed
BMDM were transferred as a control (Fig. 4b). Neither
10* nor 10> PapMV-pulsed cells induced a specific IgG
titre. By contrast, transfer of 10° PapMV-stimulated cells
induced a specific antibody titre on day 12 after transfer.
The titre increased 16-fold around day 20 and remained
at this level until the last day tested (day 30; Fig. 4b).
Neither the last cell wash supernatant nor the 10° unstim-
ulated BMDM induced a PapMV-specific antibody titre,
showing that transferred cells did not contain free virus
and that the antibody response induced was specific.
Moreover, both the culture supernatant from PapMV-
stimulated BMDM, and PapMYV injected i.v. induced spe-
cific antibody titres (Fig. 4b).

These results show that BMDM were able to provide
PapMV to B cells efficiently, inducing a specific antibody
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Figure 4. Papaya mosaic virus (PapMV) efficiently activates antigen-presenting cells (APC) and these cells participate in the induction of the
specific antibody response. (a) Aggregation of lipid rafts induced by PapMV. (i) Unstimulated cells. (ii) Cells pulsed with 1 pg/ml of PapMV.
Original magnification x100. (b) Bone marrow-derived macrophages (BMDM) pulsed with PapMV efficiently induced specific IgG titres. BMDM
were stimulated with 30 pg/ml of PapMV and transferred intravenously (i.v.) to BALB/c mice. Non-pulsed cells, culture supernatant, final-wash
supernatant and 30 pg of PapMV were injected iv. as controls. The PapMV-specific IgG titres in mice sera were measured by enzyme-linked
immunosorbent assay (ELISA) at the time-points depicted in the graph. Results are expressed as the mean + standard deviation (SD) of six mice
per group. Data correspond to one representative result from three independent experiments. (c,d) Production of inflammatory cytokines in
macrophages and dendritic cells induced by 1 pg/ml of PapMV or by 100 ng/ml of lipopolysaccharide (LPS) from Escherichia coli UHO111 (as a
positive control). Results are expressed as the mean = SD of four wells per time chased. Data correspond to one representative result from three
independent experiments. CTB, cholera toxin B subunit; FITC, fluorescein isothiocyanate; IFN-a, interferon-o; IL-6, interleukin-6; TNF, tumour
necrosis factor.

immune response. This mechanism could also be involved
in translating the innate immune response induced by
PapMV into a specific long-lasting antibody response.

PapMV induces the up-regulation of activation
markers on DC, macrophages and B cells in vivo

If PapMV is indeed recognized by the immune system as
a PAMP, it should drive the maturation of immature DC
or activate APC, as do other PRR agonists. To character-
ize the capacity of PapMV to stimulate APC in vivo, we
isolated lymph nodes and spleens of mice immunized
with PapMV and analysed the up-regulation of co-stimu-
latory and activation molecules (CD80, CD86, CDA40,
CD69 and MHC class II). Mice were immunized i.p. with

30 pg of PapMV, 50 pg of Poly I:C (both in saline) or
saline alone (control). Twenty-four hours after immuniza-
tion, lymph nodes and spleen cells were harvested. As
shown in Fig. 3, PapMV induced the up-regulation of
CD80 and CD69 in lymph node (LN) DC
(CD11c" CD11b™) and CD40 and CD69 in spleen DC.
For macrophages (CDI11c” CD11b"), up-regulation of
CD80 and CD69 was observed in LN, whereas CD40
and CD69 up-regulation was observed in the spleen.
CD69 was up-regulated in LN B lymphocytes (CD11c™
B220%), and CD40 and CD69 were up-regulated in sple-
nic B cells. The TLR-3 agonist, Poly I:C, induced the up-
regulation of the markers tested, although the profile
observed was markedly different from that induced by
PapMV (Fig. 3).
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Figure 5. Papaya mosaic virus (PapMV) strengthens the antibody response to model antigens. (a) Groups of three female BALB/c mice were

immunized with 2 mg of ovalbumin (OVA) or hen egg-white lysozyme (HEL), either alone or with the following adjuvants: 30 pg of PapMV,

complete Freund’s adjuvant (CFA) (1:1, v/v) or 5 pg of lipopolysaccharide (LPS) from Escherichia coli O111:B4. Control mice were injected with

saline only (isotonic saline solution (ISS)). Serum was obtained from the immunized mice at the time-points depicted. A representative result
from two experiments is shown. (b) The PapMV adjuvant effect is characterized by the induction of higher OVA-specific IgG2a and IgG2b titres.
Analysis of IgG subclasses present on day 20 in serum from mice immunized with OVA, PapMV-OVA, LPS-OVA and CFA-OVA.

PapMV strengthens the antibody response
to model antigens

Adjuvants are substances capable of augmenting the anti-
body response or the cellular immune response against
poor immunogenic antigens.”” Adjuvant effects are medi-
ated by the activation of DC and macrophages through
PRR such as TLR.?® As mentioned above, PapMV
induced the activation and maturation of APC, suggesting
that it has intrinsic adjuvant properties. To determine
whether PapMV is an adjuvant that can promote a long-
lasting antibody response to other antigens, BALB/c mice
were immunized i.p. on day 0 with 2 mg of OVA or
HEL, either alone or together with the following adju-
vants: PapMV, CFA or LPS. The IgG titre specific for
OVA or HEL was measured by ELISA at the time-points
indicated (Fig. 5a). The adjuvant effect of PapMV was
observed on the total IgG response to OVA and HEL in
immunized animals. An adjuvant effect induced by Pap-
MV was observed for HEL on day 30 after immunization,
when the antibody titre increased eightfold compared
with the antibody titre induced by HEL alone. This differ-
ence in antibody titre was maintained until day 120, but
not to day 400 (Fig. 5a). Although LPS induced an adju-
vant effect only in the first 30 days after immunization,
CFA showed the strongest adjuvant effect from day 8 to
the end of the experiment on day 400 after immunization
(Fig. 5a). For immunization with OVA, the adjuvant
effect on total IgGtitres was observed only until day 120
after the first immunization, after which the antibody
titre decreased with time, but was still fourfold higher
than for OVA on day 400 (Fig. 5a). Further analysis was
performed on day 20 to identify which IgG subclasses
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were induced by OVA and by OVA co-immunized with
adjuvants (where PapMV did not show an adjuvant effect
on the total IgG response). PapMV, LPS and CFA
induced OVA-specific IgG2a and IgG2b titres, whereas
OVA alone induced only IgGl-specific antibody titres
(Fig. 5a). No adjuvant effect for IgG1 was observed when
OVA was co-administered with any of the adjuvants used.
Thus, PapMV, LPS and CFA induce an adjuvant effect on
the IgG subclass responses to OVA. Moreover, PapMV
exhibits adjuvant properties that induce a long-lasting
increase in specific antibody titres to model antigens.
Taken together, these data suggest that PapMV has intrin-
sic adjuvant properties that may have mediated the trans-
lation of the innate response into an antigen-specific
long-lasting antibody response.””

Co-administration of PapMV and S. typhi OmpC
porin increases the OmpC protective capacity against
S. typhi challenge

An adjuvant is also used to promote the antigen protec-
tive capacity.”” To test whether the adjuvant properties of
PapMV could increase the protection of a vaccine, we co-
administered PapMV with an experimental vaccine to
typhoid fever, composed of S. typhi OmpC porin, devel-
oped in our laboratory.'>** Compared to mice immu-
nized with the OmpC porin, mice immunized with
OmpC mixed with PapMV showed a survival rate 30%
higher after challenge with 100 and 500 LDs, of S. typhi
(Fig. 6b). No protection was observed in mice immunized
only with PapMV on days 0 and 15 and challenged on
day 21 (Fig. 6b) or in mice immunized with PapMV and
challenged 24 hr later (data not shown). These data reject
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Figure 6. Papaya mosaic virus (PapMV) promotes the increase of antibody titres and potentiates the protection induced by an experimental vac-
cine. (a) Groups of five female BALB/c mice were immunized intraperitoneally (i.p.) on day 0 with 10 pg of outer membrane protein C (OmpC)
alone or together with 30 pg of PapMV or Freund’s incomplete adjuvant (IFA) (1:1, v/v). On day 15, all mice were boosted with 10 pg of OmpC
only. Control mice were injected with saline only (isotonic saline solution (ISS)). Antibody titres were measured by enzyme-linked immunosor-
bent assay (ELISA) on day 21 after the first immunization. (b) PapMV increased the protective capacity of OmpC porin. Groups of 10 female
BALB/c mice were immunized i.p. with 10 pg of OmpC either alone or with 30 pg of PapMV. The booster was given on day 15 using Omp C
alone. Control mice were injected with saline (ISS) or PapMV. The challenge of experimental groups was performed on day 21 with a 100 (filled
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10 days after the challenge. Control groups were challenged with 20 LDs, of S. typhi. A representative result of three experiments is shown.

the idea that the protection observed is the result of
enhanced inflammation induced by PapMV. To test if
increased protection correlates with an increase in the
antibody titre specific for OmpC, we measured the
PapMV adjuvant effect on the OmpC-specific antibody
titres. PapMV co-immunization with OmpC induced an
increase in the anti-OmpC IgG1, IgG2a, 1gG2b and IgG3
titres (Fig. 6a).These results further corroborate that the
adjuvant properties of PapMV potentiate both innate and
adaptive immune responses elicited by OmpC to achieve
protection against S. typhi challenge.

Discussion

The characterization and study of molecules able to
induce long-lasting immune responses, and the mecha-
nisms involved in their recognition, are important for
understanding the generation of long-term immunity.'>>°
We found, in this study, that PapMV is a strong immuno-

genic antigen able to induce a long-lasting antibody

response with a single dose and without added adjuvants
(Fig. 1a). We also observed that PapMV induces a T-cell
response (Fig. 1b). Because PapMV is not pathogenic in
mammals,'” the mammalian immune system has had
no evolutionary selective pressure to generate immunity
against PapMV. Therefore, the highly immunogenic activ-
ity of this virus suggests that the molecular patterns rec-
ognized by PRR on cells from the innate immune system
and by B and T cells — rather than pathogenicity of the
virus — might be the driving force in the recognition of
PapMV. The relationship between the distribution of epi-
topes within a molecule and the capacity to activate B
lymphocytes independently of T cells has been described
previously,”’ suggesting that highly repetitive and orga-
nized antigens promote the establishment of a long-
lasting B-cell response. Similarly to many vertebrate
pathogenic viruses, PapMV repetitive-pattern epitopes
may cross-link specific immunoglobulins efficiently on
B-cell surfaces. The specificity of PapMV recognition by B
cells is supported by the observation that PapMV is not a
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type 1 thymus-independent antigen (Fig. 2). However, the
small up-regulation of B-cell activation markers observed
both in vitro and in vivo suggest that PapMV could also
be recognized by non-BCR receptors on B cells. The con-
tribution of non-BCR receptors, such as TLRs, expressed
on B cells, to the humoral immune response is a topic of
debate.”®** TLR stimulation has been proposed as a third
signal required for the activation of human naive B cells’*
or as a signal to maintain B-cell memory compartments.*
Thus, PapMV could stimulate B cells to favour processes
such as antigen presentation, co-stimulation or as survival
signal for some B cells.

Recognition of repetitive, organized molecular patterns
is also important to activate the innate immune response.
This has been studied for mannose-binding lectin,*® for a
polymeric bacterial protein that signals through TLR-4°"
and for highly ordered flagellin, a TLR-5 agonist, for
which immunogenicity is dependent on its level of poly-
merization.”®Accordingly, PapMV particles efficiently acti-
vated innate immune system cells, as shown in Figs 3 and
4. Although we did not identify the PRR involved in the
innate immune activation, this response indicated that
PapMV is recognized by the immune system similarly to
PAMP. Because PAMP are important components of
many adjuvants, we tested the adjuvant properties of
PapMV. PapMV promoted long-lasting antibody responses
to HEL and to OVA (Fig. 5a) and has been found to
potentiate the protective capacity of an experimental vac-
cine'>* (Fig. 6). Previously, we have reported a lack of
adjuvanticity of the monomeric form of PapMV CP, indi-
cating the critical function of multimerization in the
induction of an antibody response to the expressed anti-
gen.” These data confirm that PapMV activates immune
responses similarly to PAMP.

Antigen presentation by APCs to T cells has shown the
importance of the innate immune system to activate the
adaptive immune system. APCs loaded with PapMV effi-
ciently induced antibody responses (Fig. 4b), as previ-
ously observed for a mammalian infecting virus.>> These
data, and the effects elicited by PapMV on APCs (Figs 3
and 4), suggest that PapMV-stimulated APCs provide the
antigen and the cytokine environment needed to promote
an efficient T-cell-dependent antibody response, and this
might be the mechanism involved in translating intrinsic
adjuvant signals delivered by PapMV into the long-lasting
antibody response observed. We propose that PapMV is
sensed by the immune system both as PAMP and as anti-
gen (Pamptigen), simultaneously activating innate and
adaptive immune responses, which would favour the
induction of a memory compartment. Pamptigens could
also bind both BCRs and PRRs, such as TLRs, on specific
B cells, leading to the differentiation of antibody-secreting
cells or to the generation of memory B cells. A Pamptigen
could reduce the antigen threshold required to activate
the immune response. Therefore, small amounts of the

persistent antigen could maintain a high antibody titre.
Most non-infectious antigens, such as OVA or HEL, or
PAMP (such as LPS), do not induce long-lasting antibody
titres on their own. Our results suggest that the innate
immune response makes an important contribution to
the development or to the maintenance of long-lasting
antibody responses.

The strong immunogenicity and intrinsic adjuvant
properties of PapMV translate into a specific long-lasting
antibody response to both PapMV and to model co-
immunized antigens. As PapMV can be produced using
inexpensive procedures and is stable at room temperature,
it offers biotechnology useful advantages to develop new
adjuvant or vaccine platforms® to induce long-lasting
immunity.
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