Rioux et al. J Nanobiotechnol (2016) 14:43
DOI 10.1186/512951-016-0200-2

Influence of PapMV nanoparticles on the

Journal of Nanobiotechnology

® CrossMark

kinetics of the antibody response to flu vaccine

Gervais Rioux', Damien Carignan', Alexis Russell', Mariléne Bolduc', Marie-Eve Laliberté Gagné', Pierre Savard?

and Denis Leclerc"”

Abstract

Background: The addition of an adjuvant to a vaccine is a promising approach to increasing strength and immuno-
genicity towards antigens. Despite the fact that adjuvants have been used in vaccines for decades, their mechanisms
of action and their influence on the kinetics of the immune response are still not very well understood. The use of
papaya mosaic virus (PapMV) nanoparticles-a novel TLR7 agonist-was recently shown to improve and broaden the
immune response directed to trivalent inactivated flu vaccine (TIV) in mice and ferrets.

Results: We investigated the capacity of PapMV nanoparticles to increase the speed of the immune response toward
TIV. PapMV nanoparticles induced a faster and stronger humoral response to TIV that was measured as early as 5 days
post-immunization. The addition of PapMV nanoparticles was shown to speed up the differentiation of B-cells into
early plasma cells, and increased the growth of germinal centers in a CD4+ dependent manner. TIV vaccination with
PapMV nanoparticles as an adjuvant protected mice against a lethal infection as early as 10 days post-immunization.

Conclusion: In conclusion, PapMV nanoparticles are able to accelerate a broad humoral response to TIV. This prop-
erty is of the utmost importance in the field of vaccination, especially in the case of pandemics, where populations

need to be protected as soon as possible after vaccination.
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Background

Vaccines are undeniably highly efficient in lowering the
morbidity associated with many infectious diseases.
However, it is also recognized that vaccines need to be
improved. For example, the seasonal trivalent inacti-
vated influenza vaccine (TIV) has an overall effectiveness
of only 59 % in adults aged 18-65 years [1]. In elderly
patients, vaccine efficiency is reduced, and new strat-
egies are needed to enhance efficacy [2, 3]. Addition-
ally, modern vaccine development is based mostly on
recombinant protein technology, yielding highly purified
molecules that are safer, but considerably less immuno-
genic, than live or attenuated pathogen vaccines [4, 5].
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To compensate for this lack of antigen immunogenic-
ity, the use of immune boosters or adjuvants in vaccine
formulation has become a priority in today’s vaccine
development.

Vaccine adjuvants are used primarily to prime a naive
population; increase the duration of protection; drive
the immune response toward a specific arm; increase
the breadth of an immune response; and enhance the
immune response in a immunodepressed population,
all with minimal toxicity [6—8]. Activation of the innate
immune system through engagement of toll-like recep-
tors (TLRs), NOD-like receptors (NLRs), RIG-I-like
receptors (RLRs), STING and C-type lectin receptor
(CLRs) pathways to boost the adaptive immune response
[4, 7, 9], are currently exploited for the discovery of new
generation adjuvants. Surface (MPL and Flagellin) and
intracellular [Imiquimod, CpG ODN, Poly(I:C)] TLR
agonists, that trigger TLR4, 5, 7, 9 and 3, respectively, are
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potent inducers of the innate immune response, and have
been shown to improve the resulting adaptive immune
response against an antigen in a vaccination program [7,
10]. TLR7 and 8 have recently attracted attention because
most human immune cells carry them; they are good
inducers of interferon (IFN) type 1, and are the targets of
choice for immunomodulatory molecules [11]. However,
to date, no TLR7/8 agonist that can be used for prophy-
lactic vaccination has been approved by regulatory bod-
ies, mainly due to the toxicity seen with these agonists in
clinical trials [12, 13]. There is a medical need for novel
TLR7/8 agonists that can be used to improve the efficacy
of prophylactic vaccines.

Papaya mosaic virus (PapMV) nanoparticles are com-
posed of PapMV coat proteins assembled around a
single-stranded RNA forming highly ordered rod-like
structures of 100 nm long by 15 nm wide [14]. They can
be utilised either as a vaccine platform [15-19], adjuvant
[20, 21] or immunomodulator [22, 23], making them a
particularly promising technology in the field of vaccina-
tion. In fact, PapMV nanoparticles improve the immune
response toward TIV by enhancing the breadth and
strength of the response 14 days after a single immuni-
zation [21]. In addition, PapMV can efficiently trigger
innate immunity by stimulating secretion of proinflam-
matory cytokines and chemokines, and recruitment of
immune cells in mice lungs [22]. Mechanistic studies
have shown that PapMV nanoparticles can stimulate
TLR7 [23], highlighting its role as a vehicle for the deliv-
ery of single-stranded RNA to immune cell endosomes.
The Denis Leclerc y-4-14 14:12 induction of innate
immunity through TLR7 in mice leads to secretion of
IFN- and led to a significant decrease in tumour growth
in the B16F10 model [24]. Although the adjuvant proper-
ties of PapMV nanoparticles with TIV have been inves-
tigated previously, its influence on the kinetics of the
response to a vaccine has not yet been described thor-
oughly. The objective of this study was to determine the
effect of PapMV nanoparticles on the kinetics and deci-
sion making pathways of the humoral immune response,
using TIV as the model antigen.

Results

PapMV nanoparticles accelerate the humoral immune
response to TIV PapMV nanoparticles were recently
shown to improve and broaden the immune response to
TIV [21]. However, the speed at which PapMV nanoparti-
cles induce an immune response against a vaccine has not
yet been investigated. Therefore, we measured the anti-
body response in Balb/C mice immunized intramuscular
(i.m.) once with either TIV alone (1 pg) or TIV (1 pg) adju-
vanted with PapMV nanoparticles (15 pg) at different time
points (3, 5, 7, 10 and 14 days post-immunization). Mice
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immunised with the adjuvanted vaccine exhibited signifi-
cantly higher IgM titers against TIV starting at day 5 post-
immunization as compared to mice immunised with TIV
alone (Fig. 1a). This difference fades by day 10 as the anti-
body classes switch to IgGs (Fig. 1b, c¢). Consequently, mice
immunised with the adjuvanted vaccine show accelerated
production of TIV-specific IgG and IgG2a (Fig. 1b, c). Sig-
nificant differences between titers in mice immunised with
the adjuvanted or non-adjuvanted formulation are seen
at all time points following the initial response observed
at day 5. In a previous study, PapMV nanoparticles was
shown to efficiently expand the breadth of a vaccine-elic-
ited immune response by inducing a stronger response
against non-immunogenic antigens, such as influenza
nucleoprotein (NP) [20, 21]. Mice immunised with the
adjuvanted vaccine exhibit faster and stronger NP-specific
IgG2a production, starting at day 7 post-immunization
(Fig. 1d). These results show that PapMV nanoparticles
are able to induce a strong and broad humoral response
toward vaccine antigens, as well as an immunoglobulin
class-switch shortly after a single immunization.

CD4+ T-cells are essential for the induction of a rapid
immune response

As asserted in other studies, TLRs agonists can over-
come the dependency on the humoral response of
CD4+ T-lymphocytes by directly activating B cells and
rapidly inducing antibody production [25]. Thus, con-
sidering the immunomodulatory properties of PapMV
nanoparticles, and the accelerated immune response
induced by its addition to a vaccine, the dependency of
CD4+ T cells was investigated. Mice were injected intra-
peritoneal (i.p.) with a CD4-specific antibody to deplete
CD4+ T-cells. Depletion was confirmed by flow cytom-
etry 24 h post-injection (Additional file 1: Figure S2).
Depleted and non-depleted mice were immunised i.m.
with either TIV alone (1 pg) or TIV adjuvanted with
PapMV nanoparticles (15 pg) as before. The humoral
response was measured at days 5 and 14 post-immuni-
zation. The depletion of CD4+ T cells completely abol-
ished the initiation of a humoral response toward TIV
in groups vaccinated with either TIV or TIV adjuvanted
with PapMV nanoparticles (Fig. 2a, b). Those results
show that the humoral response against TIV, regardless
of the presence of PapMV nanoparticles, is dependent
on CD4+ T cells. In the same manner, and since PapMV
nanoparticles are proteinaceous in nature, we verified if
a humoral response could be mounted toward PapMV
nanoparticles in CD4-depleted mice. Antibodies against
PapMV nanoparticles were also induced in CD4+ T cell-
depleted mice, although the levels were lower than in
undepleted mice (Additional file 2: Figure S3). PapMV
nanoparticles are likely stimulating B cells and inducing
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Fig. 1 PapMV nanoparticles accelerate the humoral immune response against TIV. Blood samples from mice vaccinated with TIV adjuvanted with
PapMV or TIV alone were collected at different time points (3, 5, 7, 10 and 14 days post-immunization) and assayed for IgM (a), total IgG (b) and
IgG2a (c) against TIV and IgG2a against GST-NP (d) by enzyme-linked immunosorbent assay (ELISA). IgM titers are depicted as the O.D. using a
serum dilution factor of 1:400. Data are shown as mean = SEM, and significant differences are marked by *p < 0.05, **p < 0.01 and ***p < 0.001
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a T-independent response against itself-a characteristic
of highly ordered viral structures [26]. Interestingly, this
property could not be transferred to TIV antigens when
the adjuvanted formulation was used (Fig. 2).

IgG-secreting plasma cell proliferation is enhanced

by PapMV nanoparticles

The acceleration of antibody secretion must reflect a change
in the population of B cells. Therefore, we evaluated the
effect of PapMV nanoparticles on early and late differentia-
tion of TIV-specific B cells into extrafollicular plasma cells
in the proximal lymph nodes. We quantified the number of
IgG-secreting cells specific for TIV in the draining (ingui-
nal) lymph node early (5 days) and late (14 days) after a

single immunization. As expected, PapMV nanoparticles
were found to expand the number of TIV-specific plasma
cells in the early and late stages of immune response devel-
opment as compared to TIV alone (Fig. 3). The reduction in
plasma cells at day 14 for both TIV and TIV adjuvanted with
PapMV nanoparticles suggested that plasma cells entered
apoptosis or migrated to other lymphoid tissues [27]. These
results suggested that PapMV nanoparticles dictate the fate
of B cells, directing increasing proliferation of early plasma
cells and therefore the early production of antibodies.

PapMV nanoparticles increase the size of germinal centers
To determine the effect of PapMV nanoparticles on ger-
minal centers (GC)-a key structure in the humoral affinity
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Fig. 2 The early and late anti-TIV humoral response in PapMV nanoparticles adjuvanted vaccine is CD4-dependent. Blood samples from non-
depleted (black, CD4+) or CD4-depleted (gray, CD4—) mice vaccinated with TIV containing PapMV nanoparticles or TIV alone were collected at
5and 14 days post-immunization. Total IgG (a) and IgG2a (b) against TIV were assayed by ELISA. Data are shown as mean =+ SEM, and significant
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Fig. 3 PapMV nanoparticles increase the number of TIV-specific
plasma cells in an early response. TIV-specific IgG plasma cells were
assayed by an enzyme-linked immunospot assay (ELISPOT) in the
draining lymph nodes of vaccinated mice with TIV alone or together
with PapMV nanoparticles. Data are shown as mean £ SEM, and
significant differences are marked by **p < 0.01 and **p < 0.001

maturation [28]-we measured the number of GCs by flow
cytometry by staining with PNA and for T- and B cell activa-
tion antigen (GL7) on CD45R-positive cells. The adjuvanted
vaccine increased the magnitude of GC development in the
draining (inguinal) lymph nodes starting at day 7 as com-
pared to TIV alone (Fig. 4). In the adjuvanted formulation,
the GC cells were twice as abundant than with TIV alone.

This observation was confirmed in frozen sections of ingui-
nal lymph nodes observed by confocal microscopy. As in
the flow cytometry experiments, GCs were larger in mice
immunised with the adjuvanted vaccine at day 14 (Addi-
tional file 3: Figure S4). PapMV nanoparticles are therefore
able to increase the number of mature B cells in GCs.

PapMV nanoparticles induce early and broad protection

to a heterologous influenza strain

To determine if early influenza infection could be prevented
by the use of PapMV with TIV, immunised mice were chal-
lenged with the heterologous influenza strain A/WSN/33
(HIN1) at early time points post-immunization (5, 7 and
10 days). This strain differs from those contained in TIV, to
which it does not trigger a protective immune response. As
expected, mice vaccinated with TIV alone were not protected
from a lethal infection; meanwhile, mice immunized with the
adjuvanted vaccine exhibited better protection against influ-
enza virus infection as early as 10 days post-immunization
(Fig. 5¢c). As expected, the same efficacy of protection was
recorded at day 14 (Fig. 5d). We also showed they were less
affected by the infection, as evidenced by lower weight loss
in the vaccinated animals (Additional file 4: Figure S5) This
result confirms that PapMV nanoparticles are able to induce
a protective response against a lethal influenza virus challenge
by improving a non-protective vaccine in a short time frame.

Discussion

The results of this study have shown that PapMV nano-
particles speed up the kinetics of the antibody response
toward TIV. This acceleration is dependent on CD4+ T
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Fig. 4 PapMV nanoparticles increase the proportion of germinal
centers in the late response in TIV vaccinated mice, a Draining lymph
nodes of mice immunised with TIV supplemented with PapMV or TIV
alone were collected at different time points post-immunization (3, 5,
7,10 and 14 days). Germinal centers (PNAhi and GL7hi) were assayed
among CD45R+ cells by flow cytometry, b Spleen labelled with
CD45R and PNA specific antibodies revealed that animals vaccinated
with TIV + PapMV nanoparticles show larger germinal centers as
compared to the control groups.

lymphocytes; the proliferation and differentiation of
B cells into antibody secreting cells is improved, and
the size of the GCs early after immunization increases.
The addition of the PapMV adjuvant also generates an
immune response that allowed the animals to be rapidly
protected against a heterologous influenza virus infection
after a single immunization.

Although we could already detect antibodies against
TIV as soon as 5 days post- immunization, following
vaccination with PapMV nanoparticles, the protec-
tion against a lethal influenza challenge was found only
in mice that received the vaccine 10 days before infec-
tion. Moreover, antibody titers against nucleoprotein
(NP) reveal that the breadth of expansion of the humoral
response takes longer than against more immunogenic
antigens, such as HA and NA, contained in the vaccine.
The addition of PapMV nanoparticles is nonetheless
required to boost the response toward NP, and to pro-
tect mice against a lethal heterologous influenza virus
challenge, as previously shown [21]. It is anticipated
that the protection to influenza virus infection could be
observed earlier if the infecting strain matched that used
to make the vaccine, since antibody titers against other
epitopes in the vaccine, e.g., HA or NA, seem to increase
more rapidly.
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PapMYV nanoparticles were previously found to activate
B and T lymphocytes, dendritic cells and macrophages
24 h after a single intravenous (i.v.) immunization, as
revealed by the up-regulation of CD69, CD86 and MHC-I
at the surface of immune cells [23]. This activation was
abolished in TLR7, Myd88, Irf5/7 or Ifnar knockout mice,
therefore highlighting the significant role played by those
receptors, adapter proteins and transcription factors in
the immune response induced by PapMV nanoparticles.
The activation of the aforementioned cells is essential for
the induction of a strong and sustained adaptive immune
response against an antigen [29, 30]. This activation is
also linked to B cell proliferation and differentiation into
short-lived plasma cells, and in GC formation [31]. These
parameters were all shown to be increased by PapMV in
this study, and thus, in all likelihood, represent the out-
come of the early innate activation that ultimately leads
to a faster and more robust adaptive immune response.

Other adjuvants that trigger innate immunity by target-
ing TLRY (CpG-ODN), and TLR7/8 [resiquimod (R848)],
have been shown to increase the speed of antibody affin-
ity maturation and GC development with an antibody or
adjuvant conjugated model hapten, 4-hydroxy-3-nitro-
phenyl [32, 33]. The trigger of innate immunity through
TLR agonists has been shown to increase antigen-spe-
cific and neutralizing antibodies. Consistent with this
finding, persistance of GCs, and of plasma cell responses,
which persisted in the lymph nodes to ensure a memory
response, were also enhanced [34]. Since TLR agonists
induce innate immunity and have been shown to be
linked to an increased adaptive response in various stud-
ies [10], it is likely that other TLR agonists will also be
able to increase the speed at which a humoral immune
response is developed, but this still needs to be demon-
strated when used with a vaccine formulation like TIV.

Finally, to further enhance the quality and the strength
of the immune response to the flu antigen, it has been
demonstrated that direct attachment to the TLR agonist
can be of great benefit. For example, it was recently shown
that linkage of the HA head to the phage Qb can enhance
the immune response to the antigen, and trigger high lev-
els of protection [35]. Therefore, since PapMV nanoparti-
cles can also be used as a vaccine platform, it is tempting
to speculate that direct attachment to nanoparticles could
enhance the immune response directed to the antigen
even further, as we have previously shown [36].

Conclusion

In conclusion, PapMV nanoparticles-a TLR7 agonist-
are able to accelerate the humoral response to a vaccine
antigen. This feature is of major significance as it justi-
fies the use of PapMV nanoparticles in vaccines where a
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rapid response against pandemic diseases is needed. To
our knowledge, this is the first time that this property is
described for an adjuvant in an actual commercial vac-
cine. This attribute is of the utmost importance, espe-
cially in case of pandemics where populations need to be
protected as soon as possible after vaccination.

Methods

Adjuvants and antigens

PapMV nanoparticles (lot # Eng-1211) were provided by
Folia Biotech Inc. (Quebec City, Quebec, Canada) and
were produced as described in our previous study [21].
In brief, PapMV nanoparticles used in this report are

self assembled in vitro with a non-coding ssSRNA in vitro
transcript of 1517 nucleotides. The nanoparticles show
an average length of 100 nm and a diameter of 15 nm as
shown by electron microscopy (Additional file 5: Figure
S1A) and dynamic light scattering (Additional file 5: Fig-
ure S1B). The potential zeta was estimated at —6.12 mV
(Additional file 5: Figure S1C), and is consistent with
other batches of PapMV nanoparticles produced in the
laboratory. LPS contamination was always below 50
endotoxin units (EU)/mg of protein, and was considered
negligible.

The commercially available formulation of the triva-
lent inactivated influenza vaccine (TIV) 2013-2014 (lot
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#3YF27) (A/California/7/2009 NYMC X-179A (HIN1),
A/Texas/50/2012 NYMC X-223A (H3N2) and B/Massa-
chusetts/2/2012 NYMC BX-51B) from GlaxoSmithKline
(GSK; Fluviral) was used as the model antigen.

Mice immunization and depletion

The PapMV nanoparticles were formulated in 10 mM
Tris pH 8.0 at a concentration of 0.5 mg/mL. TIV was
prepared by GSK and contained 15 pg of each of the HA
in a volume of 0.5 mL. Seven- to ten-week-old female
BALB/c mice were immunised once by i.m. injection of
50 pL of a formulated vaccine, 1 pg (of each hemaggluti-
nin) TIV4 15 pg of PapMV nanoparticles, 1 ug (of each
hemagglutinin) TIV or buffer (10 mM Tris pH8.0). For-
mulations were prepared and administered on the same
day with syringes with 30G x 5/16? Needles. All the i.m.
injection were in a final volume of 50 pL.

CD4 depletion was performed using 200 pg of rat anti-
CD4 (Clone GK1.5) (Biolegend, San Diego, CA, USA)
injected intraperitoneally (i.p.). Depleted mice were immu-
nised 1 day post-depletion. Depleted mice were assayed
for remaining CD4+ cells in the blood by flow cytometry,
and immunised 1 day post-depletion. Cells were washed
and stained with rat anti-CD4 (Clone GK1.5) (Biolegend,
San Diego, CA, USA) and Alexa Fluor® 488 goat anti-rat
IgG (LifeTechnologies, Burlington, Ontario, Canada). Cells
were analyzed by flow cytometry using a BD FACS Canto
flow cytometer (BD, Mississauga, Ontario, Canada). The
approval of this project for animal work is found under
authorization number 2013-142 of the “Comité de Protec-
tion des Animaux-CHUQ (CPA-CHUQ)”.

Antibody assay

Blood samples were collected from mice and centrifuged
in BD microtainer blood collection tubes (BD, Mississauga,
Ontario, Canada) for 2 min at 10,000xg. Considering ethi-
cal obligations and blood sampling limitations, each time
point is represented by a different group of five mice. The
serum were assayed for total IgG, IgG2a serotype, and
IgM against TIV and IgG2a against GST-fused influenza
nucleoprotein (GST-NP) by enzyme-linked immunosorb-
ent assay (ELISA) as described elsewhere [15, 21]. IgGs
ELISA were conducted by serial dilutions in twofold steps
starting at 1 in 50 of serum in dilution buffer. Results are
expressed as an antibody endpoint titer greater than three-
fold the background optical density values consisting of
preimmune sera. IgM titers were measured by the optical
density values of sera with a dilution factor 1:400.

B cells enzyme-linked immunospot

Enzyme-linked immunospot (ELISPOT) 96-well PVDE-
membrane microtiter plates (Millipore, Billerica, MA,
USA) were activated with 50 pL of 35 % ethanol for 30 s,
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and washed five times with phosphate-buffered saline
(PBS). Plates were then coated overnight with 2 pL of TIV
in 100 pL PBS. Wells were then washed five times and
blocked for 30 min with RPMI 1640 medium containing
10 % decomplemented foetal bovine serum. Mice lymph
nodes were extracted at days 5 and 14 post-immunization
and digested with type IV Collagenase (0.5 mg/mL) and
DNase I (0.125 mg/mL) at 37 °C for 30 min. Digested lymph
nodes were transferred into a 50 mL tube through a 70 um
mesh and washed with PBS +2 mM EDTA. Cells were then
centrifuged at 500xg for 5 min at 4 °C and the supernatant
was discarded. Lymph node cells (1 x 105) were deposited
in the coated wells and incubated for 18 h at 37 °C, 5 % CO,.
Antibodies were detected using a biotinylated anti-IgG (Life
technologies, Burlington, Ontario, Canada) at 1 pg/mL and
a streptavidin—alkaline phosphatase (Promega, Madison,
WI, USA) diluted 1:1000. Spots were revealed with 100 puL
of BCIP-NBT for 15 min, and then washed with distilled
water. Plates were observed using a SMZ800 optical micro-
scope (Nikon, Mississauga, Ontario, Canada) and counted
automatically using Image] (Version 1.43 m, NIH, USA).

Germinal center assay by flow cytometry

The lymph nodes (5 mice per group) were extracted at
days 5 and 14 post- immunisation and digested with type
IV Collagenase (0.5 mg/mL) and DNase I (0.125 mg/mL)
at 37 °C for 30 min. Cells were stained with anti-mouse-
CD45R-PerCP (0.2 pg, BD, Mississauga, Ontario, Canada),
lectin PNA from Arachis hypogaea-AlexaFluor 647 (1 ug,
Life technologies, Burlington, Ontario, Canada) and anti-
mouse T- and B-cell activation antigen-FITC (Clone GL7)
antibody (0.2 pg, BD, Mississauga, Ontario, Canada). Stain-
ing was done for 30 min at 4 °C and cells were then washed
3 times with 1 mL of cold flow cytometry buffer. Germinal
centers were assayed on a flow cytometer by first gating for
positive CD45R staining. Cells were considered to originate
from GCs when they stained highly for PNA and GL7.

Frozen section and confocal microscopy

Mice inguinal lymph nodes from the same side as the
immunization site were extracted at day 14 and placed
in RPMI 1640. Lymph nodes were then transferred into
a mold containing premium frozen section compound
(OCT) (VWR, Ville Mont-Royal, Quebec, Canada). Lymph
nodes were then covered by OCT and snap-frozen in liq-
uid nitrogen. 8-um-thick sections were prepared using a
Jung Cryostat 2800 Frigocut-E (Leica, Concord, Ontario,
Canada) and applied to positively-charged slides. Sections
were fixed for 20 min using 4 % paraformaldehyde in PBS
and rinsed. Sections were then stained with anti-CD45R-
AlexaFluor 488 (Clone RA3-6B2, Biolegend, San Diego,
CA, USA) and PNA-AlexaFluor 647 (Life technologies,
Burlington, Ontario, Canada) in staining buffer (Phosphate
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buffer + 5 % bovine serum albumin). Slides were mounted
using SlowFade gold antifade mountant (Life technologies,
Burlington, Ontario, Canada) and observed with a Quo-
rum WaveFX (Quorum Technologies, Guelph, Ontario,
Canada) confocal spinning disk microscope at 10x.

Challenge with a heterologous influenza virus

Immunised mice, 10 per group, were challenged with 1.5
LD50 of A/WSN/33 (HIN1) influenza viruses at different
time points post-immunization by an intranasal instil-
lation of 50 pL viral preparation following anesthesia by
isoflurane. Mice were monitored for 14 days for survival.
Mice that lost 20 % or more of their initial weight were
euthanized. Mice immunized with TIV and infected with
A/WSN/33 (H1N1) develop viral symptoms and are not
protected against a mild challenge. A/WSN/33 (HIN1)
strain is therefore considered a heterologous strain in
comparison to the strains contained in TIV.

Statistical analysis of data

Data from more than two groups were analyzed with a para-
metric ANOVA test. Tukey’s post tests were used to com-
pare differences among groups. Data from only two groups
were compared using the ¢ test. Kaplan—Meier survival
curves were analysed by the log rank test. Values of *p < 0.05,
**p < 0.01 and ***p < 0.001 were considered statistically nifi-
cant. Statistical analyses were performed with GraphPad
PRISM 5.01 (GraphPad Software, La Jolla, California, USA).

Additional files

Additional file 1: Figure S2. Depletion of CD4 T-lymphocyte by
intraperitoneal injection of specific CD4 antibodies. Mice were depleted
of CD4 T-cells by an intraperitoneal injection of 200 ug of CD4-specific
antibodies. Flow cytometry was conducted on mice blood samples col-
lected 24 hours after injection.

Additional file 2: Figure S3. PapMV nanoparticles induce a CD4-inde-
pendent response against itself. Blood samples from non-depleted (black,
CD4+) or CD4-depleted (gray, CD4-) mice vaccinated with TIV containing
PapMV nanoparticles were collected at 5 and 14 days post-immunization.
Total IgG (A) and IgG2a (B) against PapMV were assayed by ELISA. Data are
shown as means + SEM, and significant differences are marked by (***)
p<0.001.

Additional file 3: Figure S4. PapMV nanoparticles increase the size of
germinal centers in the late response in TIV vaccinated mice. Draining
lymph nodes of mice immunised with TIV supplemented with PapMV or
TIV alone were collected at day 14 and germinal centers were snap-frozen,
sectioned and stained (CD45R+ and PNAhI).

Additional file 4: Figure S5. Weight losses of mice during the influenza
virus infection. The weight losses of mice infected with influenza virus

of Figure 5 was followed during 14 days post-challenge. Mice were
euthanized when their weight was equal or lower than 20% of their initial
weight.

Additional file 5: Figure S1. Biochemical characterization of PapMV
nanoparticles. Electron micrographs of PapMV nanoparticles (A) that
harbour a rod-shape of 100nm as shown by dynamic light scattering (DLS)
(B) . PapMV nanoparticles were in 10mM Tris buffer pH8.0.

Page 8 of 9

Abbreviations

CLR: C-type lectin receptor; GC: germinal centers; i.m.: intramuscular; i.p.: intra-
peritoneal; i.v.: intravenous; NLR: NOD-like receptor; NP: nucleoprotein; PapMV:
papaya mosaic virus; RLR: RIG-I-like receptor; TIV: trivalent inactivated influenza
vaccine; TLR: toll-like receptor.

Authors’ contributions

GR performed mice experiments and drafted the manuscript. DC and AR
helped to perform mice experiments and helped to draft the manuscript. MB,
MELG and PS were responsible for production of lot of the PapMV nanopar-
ticles that were used in this manuscript. DL supervised the study and revised
the manuscript. All authors read and approved the final manuscript.

Author details

! Department of Microbiology, Infectiology and Immunology, Infectious
Disease Research Center, Laval University, 2705 Boul. Laurier, Quebec City, PQ
G1V 4G2, Canada. 2 Neurosciences, Laval University, 2705 Boul. Laurier, Quebec
City, PQ G1V 4G2, Canada.

Acknowledgements
We would like to thank the "Plateforme de bio-imagerie du Centre de
Recherche en Infectiologie” for the imaging tools and the flow cytometer.

Competing interests

Author Denis Leclerc is a shareholder of the company FOLIA BIOTECH INC,, a
start-up company that has the mandate to exploit commercially this technol-
ogy to improve currently available vaccines and create new vaccines. This
does not alter the authors’adherence to all the journal policies.

Funding
We would like to thank CIHR (#MOP-89833) for funding this research program.

Received: 4 March 2016 Accepted: 26 May 2016
Published online: 10 June 2016

References

1. Osterholm MT, Kelley NS, Sommer A, Belongia EA. Efficacy and effective-
ness of influenza vaccines: a systematic review and meta-analysis. Lancet
Infect Dis. 2012;12:36-44.

2. Goodwin K, Viboud C, Simonsen L. Antibody response to influenza vac-
cination in the elderly: a quantitative review. Vaccine. 2006,24:1159-69.

3. Hag K, McElhaney JE. Immunosenescence: influenza vaccination and the
elderly. CurrOpin Immunol. 2014;29:38-42.

4. Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat
Med. 2013;19:1597-608.

5. O'Hagan DT, De Gregorio E. The path to a successful vaccine adjuvant—
"the long and winding road.. Drug Discov Today. 2009;14:541-51.

6. Garcon N, Hem S, Friede M. Chapter 5—evolution of adjuvants across the
centuries. In: Vaccines. 6th ed. London: W.B. Saunders; 2013: 58-70.

7. Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate immu-
nity to work. Immunity. 2010;33:492-503.

8. Alving CR, Peachman KK, Rao M, Reed SG. Adjuvants for human vaccines.
Curr Opin Immunol. 2012;24:310-5.

9. ShuC,YiG,Watts T, Kao CC, Li P. Structure of STING bound to cyclic
di-GMP reveals the mechanism of cyclic dinucleotide recognition by the
immune system. Nat Struct Mol Biol. 2012;19:722-4.

10. Steinhagen F, Kinjo T, Bode C, Klinman DM. TLR-based immune adjuvants.
Vaccine. 2011;29:3341-55.

11. Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune
responses. Nat Immunol. 2004;5:987-95.

12. Savage P, Horton V, Moore J, Owens M, Witt P, Gore ME. A phase | clinical
trial of imiquimod, an oral interferon inducer, administered daily. Br J
Cancer. 1996;74:1482.

13. Vasilakos JP, Tomai MA. The use of Toll-like receptor 7/8 agonists as vac-
cine adjuvants. Expert Rev Vaccines. 2013;12:809-19.

14. Tremblay M-H, Majeau N, Gagné MEL, Lecours K, Morin H, Duvignaud J,
Bolduc M, Chouinard N, Paré C, Gagné S, Leclerc D. Effect of mutations


http://dx.doi.org/10.1186/s12951-016-0200-2
http://dx.doi.org/10.1186/s12951-016-0200-2
http://dx.doi.org/10.1186/s12951-016-0200-2
http://dx.doi.org/10.1186/s12951-016-0200-2
http://dx.doi.org/10.1186/s12951-016-0200-2

Rioux et al. J Nanobiotechnol (2016) 14:43

20.

21

22.

23.

24,

K97A and E128A on RNA binding and self assembly of papaya mosaic
potexvirus coat protein. FEBS J. 2006;273:14-25.

Rioux G, Babin C, Majeau N, Leclerc D. Engineering of papaya mosaic virus
(PapMV) nanoparticles through fusion of the HA11 peptide to several
putative surface-exposed sites. PLoS ONE. 2012;7:31925.

Babin C, Majeau N, Leclerc D. Engineering of papaya mosaic virus
(PapMV) nanoparticles with a CTL epitope derived from influenza NP. J
Nanobiotechnol. 2013;11:10.

Denis J, Acosta-Ramirez E, Zhao Y, Hamelin M-E, Koukavica |, Baz M,

Abed Y, Savard C, Pare C, Lopez Macias C, Boivin G, Leclerc D. Develop-
ment of a universal influenza A vaccine based on the M2e peptide

fused to the papaya mosaic virus (PapMV) vaccine platform. Vaccine.
2008,26:3395-403.

Denis J, Majeau N, Acosta-Ramirez E, Savard C, Bedard M-C, Simard S,
Lecours K, Bolduc M, Pare C, Willems B, Shoukry N, Tessier P, Lacasse

P, Lamarre A, Lapointe R, Lopez Macias C, Leclerc D. Immunogenic-

ity of papaya mosaic virus-like particles fused to a hepatitis C virus
epitope: evidence for the critical function of multimerization. Virology.
2007;363:59-68.

Carignan D, Thérien A, Rioux G, Paquet G, Gagné MEL, Bolduc M, Savard P,
Leclerc D. Engineering of the PapMV vaccine platform with a shortened
M2e peptide leads to an effective one dose influenza vaccine. Vaccine.
2015;33:7245-53.

Rioux G, Mathieu C, Russell A, Bolduc M, Laliberté-Gagné ME, Savard P,
Leclerc D. PapMV nanoparticles improve mucosal immune responses to
the trivalent inactivated flu vaccine. J Nanobiotechnol. 2014;12:19.
Savard C, Guérin A, Drouin K, Bolduc M, Laliberté-Gagné M-E, Dumas
M-C, Majeau N, Leclerc D. Improvement of the trivalent inactivated flu
vaccine using PapMV nanoparticles. PLoS ONE. 2011;6:€21522.

Mathieu C, Rioux G, Dumas M-C, Leclerc D. Induction of innate immunity
in lungs with virus-like nanoparticles leads to protection against influenza
and Streptococcus pneumoniae challenge. Nanomedicine. 2013;9:839-48.
Lebel M-E, Daudelin J-F, Chartrand K, Tarrab E, Kalinke U, Savard P,
Labrecque N, Leclerc D, Lamarre A. Nanoparticle adjuvant sensing by
TLR7 enhances CD8+ T cell-mediated protection from Listeria monocy-
togenes infection. J Immunol. 2014;192:1071-8.

Lebel ME, Chartrand K, Tarrab E, Savard P, Leclerc D, Lamarre A. Potentiat-
ing cancer immunotherapy using papaya mosaic virus-derived nanopar-
ticles. Nano Lett. 2016;16:1826-32.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

Page 9 of 9

Vinuesa CG, Chang P-P. Innate B cell helpers reveal novel types of anti-
body responses. Nat Immunol. 2013;14:119-26.

Jennings GT, Bachmann MF. Designing recombinant vaccines with viral
properties: a rational approach to more effective vaccines. Curr Mol Med.
2007;7:143-55.

Smith KG, Hewitson TD, Nossal GJ, Tarlinton DM. The phenotype and
fate of the antibody-forming cells of the splenic foci. Eur J Immunol.
1996;26:444-8.

Goodnow CC, Vinuesa CG, Randall KL, Mackay F, Brink R. Control

systems and decision making for antibody production. Nat Immunol.
2010;11:681-8.

Iwasaki A, Medzhitov R. Regulation of adaptive immunity by the innate
immune system. Science. 2010;327:291-5.

Hua Z, Hou B. TLR signaling in B-cell development and activation. Cell
Mol Immunol. 2013;10:103-6.

Pulendran B, Ahmed R. Immunological mechanisms of vaccination. Nat
Immunol. 2011;131:509-17.

Chappell CP, Draves KE, Giltiay NV, Clark EA. Extrafollicular B cell activa-
tion by marginal zone dendritic cells drives T cell-dependent antibody
responses. J Exp Med. 2012;209:1825-40.

Rookhuizen DC, DeFranco AL. Toll-like receptor 9 signaling acts on multi-
ple elements of the germinal center to enhance antibody responses. Proc
Natl Acad Sci USA. 2014;111:E3224-33.

Kasturi SP, Skountzou |, Albrecht RA, Koutsonanos D, Hua T, Nakaya Hl,
Ravindran R, Stewart S, Alam M, Kwissa M, Villinger F, Murthy N, Steel J,
Jacob J, Hogan RJ, Garcia-Sastre A, Compans R, Pulendran B. Program-
ming the magnitude and persistence of antibody responses with innate
immunity. Nature. 2011;470:543-7.

Jegerlehner A, Zabel F, Langer A, Dietmeier K, Jennings GT, Saudan P,
Bachmann MF. Bacterially produced recombinant influenza vaccines
based on virus-like particles. PLoS ONE. 2013;8:e78947.

Savard C, Laliberté-Gagné M-E, Babin C, Bolduc M, Guérin A, Drouin K,
Forget M, Majeau N, Lapointe R, Leclerc D. Improvement of the PapMV
nanoparticle adjuvant property through an increased of its avidity for the
antigen [influenza NP]. Vaccine. 2012;30:2535-42.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Influence of PapMV nanoparticles on the kinetics of the antibody response to flu vaccine
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	CD4+ T-cells are essential for the induction of a rapid immune response
	IgG-secreting plasma cell proliferation is enhanced by PapMV nanoparticles
	PapMV nanoparticles increase the size of germinal centers
	PapMV nanoparticles induce early and broad protection to a heterologous influenza strain

	Discussion
	Conclusion
	Methods
	Adjuvants and antigens
	Mice immunization and depletion
	Antibody assay
	B cells enzyme-linked immunospot
	Germinal center assay by flow cytometry
	Frozen section and confocal microscopy
	Challenge with a heterologous influenza virus
	Statistical analysis of data

	Authors’ contributions
	References




