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Current inactivated vaccines against influenza A viruses (IAV) mainly induce immune
responses against highly variable epitopes across strains and are mostly delivered
parenterally, limiting the development of an effective mucosal immunity. In this study, we
evaluated the potential of intranasal formulations incorporating conserved IAV epitopes,
namely the long alpha helix (LAH) of the stalk domain of hemagglutinin and three tandem
repeats of the ectodomain of the matrix protein 2 (3M2e), as universal mucosal anti-IAV
vaccines in mice and chickens. The IAV epitopes were grafted to nanorings, a novel
platform technology for mucosal vaccination formed by the nucleoprotein (N) of the
respiratory syncytial virus, in fusion or not with the C-terminal end of the P97 protein
(P97c), a recently identified Toll-like receptor 5 agonist. Fusion of LAH to nanorings boosted
the generation of LAH-specific systemic and local antibody responses as well as cellular
immunity in mice, whereas the carrier effect of nanorings was less pronounced towards
3M2e. Mice vaccinated with chimeric nanorings bearing IAV epitopes in fusion with P97c
presented modest LAH- or M2e-specific IgG titers in serum and were unable to generate a
mucosal humoral response. In contrast, N-3M2e or N-LAH nanorings admixed with
Montanide™ gel (MG) triggered strong specific humoral responses, composed of serum
type 1/type 2 IgG and mucosal IgG and IgA, as well as cellular responses dominated by
type 1/type 17 cytokine profiles. All mice vaccinated with the [N-3M2e + N-LAH + MG]
formulation survived an H1N1 challenge and the combination of both N-3M2e and N-LAH
nanorings with MG enhanced the clinical and/or virological protective potential of the
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preparation in comparison to individual nanorings. Chickens vaccinated parenterally or
mucosally with N-LAH and N-3M2e nanorings admixed with Montanide™ adjuvants
developed a specific systemic humoral response, which nonetheless failed to confer
protection against heterosubtypic challenge with a highly pathogenic H5N8 strain. Thus,
while the combination of N-LAH and N-3M2e nanorings with Montanide™ adjuvants
shows promise as a universal mucosal anti-IAV vaccine in the mouse model, further
experiments have to be conducted to extend its efficacy to poultry.
Keywords: influenza A viruses, highly pathogenic avian influenza virus, mucosal vaccines, adjuvants, nanoparticles,
M2e/HA2 subunit vaccines
INTRODUCTION

Avian influenza A viruses (AIV) remain one of the most
important respiratory pathogens in humans and various
animal species, including poultry. According to the disease
severity in poultry, AIV can broadly be categorized as either
highly pathogenic (HPAIV) or low pathogenic (LPAIV) AIV. In
poultry, infection with LPAIV is asymptomatic or causes low to
mild pathophysiological damages to the respiratory, digestive,
and reproductive systems (resulting in a drop in egg production),
while infection with HPAIV is characterized by high morbidity
and mortality rates. AIV can not only dramatically impact the
poultry industry by causing severe economic losses, but can also
pose a serious threat to public health worldwide through their
high rates of zoonotic infection and pandemic potential (1, 2).

Vaccination is the most efficient and cost-effective approach
to protect human and animal populations against IAV. Current
vaccines are primarily designed to generate an immune response
directed towards surface hemagglutinin (HA) (especially the
immunodominant HA head domain HA1) or neuraminidase
(NA) glycoproteins. However, circulating IAV are continuously
evolving, leading to the emergence of strains with new antigenic
properties. Point mutations occurring in the HA protein caused
by the error-prone viral RNA-dependent RNA polymerase
(“antigenic drift”) lead to strains which can escape pre-existing
host immune responses. In addition, the segmented nature of the
viral genome allows for exchanges of viral segments in host cells
co-infected with distinct IAV strains, resulting in reassortant
viruses with new combinations of HA or NA surface
glycoproteins (“antigenic shift”). These genetic reassortments
could contribute to the emergence of novel IAV subtypes with
pandemic potential (3). These antigenic drift and shift events
occurring in circulating IAV may strongly reduce the efficiency
of influenza vaccines (4, 5).

Owing to the high variability of IAV, an active area of
research focuses on developing subunit vaccines containing
conserved “universal” viral antigens, including epitopes located
in the membrane proximal stalk domain of HA (HA2)
and the ectodomain of the matrix protein 2 (M2e) (4, 6–8).
Multiple vaccine candidates and platforms incorporating
HA2 and/or M2e epitopes are under development, including
fusion proteins with bacterial enterotoxins, flagellin, Neisseria
meningititis outer membrane protein complex orMycobacterium
org 2
tuberculosis heat-shock protein 70, virus-like particles, bacterial
outer membrane vesicles, bacteriophages, liposomes, immune
stimulating complexes (ISCOM), bacterial or viral vectored
vaccines, DNA or RNA vaccines, organic polymers such as
chitosan, poly(lactic-co-glycolic acid) or poly-g-glutamic acid
particles and inorganic nanoparticles such as gold
nanoparticles (5, 7–15). These vaccine candidates were shown
to provide protection against homologous and/or heterologous
IAV challenges in pre-clinical trials. Whereas anti-HA1
antibodies block viral entry into host cells by inhibiting the
interaction between HA1 and sialic acid residues on cellular
receptors, anti-HA2 antibodies neutralize infection at other
stages of the virus life cycle, including the fusion step between
viral and endosomal membranes. The HA2-specific antibodies
also operate by engaging Fc-mediated effector functions
including antibody-dependent cellular phagocytosis (ADCP) or
antibody-dependent cell-mediated cytotoxicity (ADCC) (4, 6, 8).
Vaccines incorporating a linear contiguous fragment of HA2,
the long alpha helix (LAH), elicited protective LAH-specific
humoral responses in mouse studies (16–18). M2e is sparsely
expressed at the surface of the virus but is abundant at the surface
of infected cells. M2e-specific antibodies are non-neutralizing
but exhibit Fc-mediated protective effector functions (4, 6–8).
The protective potential of HA2- and M2e-based vaccines also
correlates with the generation of specific cell-mediated immune
responses (7, 8). Although vaccine trials with HA2- or M2e-
based formulations gave encouraging results in mouse or ferret
models, inconsistent results have been obtained in poultry
(5, 9, 11, 12, 19–21).

A growing body of evidence emphasizes the importance of
mucosal vaccination in the fight against IAV (15, 22–24).
Current mucosal anti-IAV vaccines licensed in humans are
intranasal cold-adapted live attenuated influenza vaccines
(LAIV) displaying limited replication at high temperatures of
the lower respiratory tract, but efficient replication at lower
temperatures of the upper respiratory tract. Alternative
attenuation strategies for the generation of LAIV under
development in mammals and birds include the use of non-
structural protein 1 (NS1) deficient, altered or truncated viruses,
codon deoptimized viruses, or single-cycle infectious viruses
obtained after mutation, deletion or substitution of viral
components such as the transmembrane and cytoplasmic
domains of M2 protein (5, 25, 26). LAIV have the potential to
November 2021 | Volume 12 | Article 772550
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generate local and systemic humoral and cell-mediated immune
responses and provide broad protection against IAV infections.
However, some drawbacks have been associated with the use of
LAIV such as safety issues related to the possible reversion of the
vaccine strains into virulent strains by mutations or genetic
reassortment with other circulating strains (27). Besides LAIV,
mucosal inactivated subunit vaccines are being developed. To
ensure the immuno-availability and the immuno-stimulating
capacity of the IAV antigen(s), innovative delivery/adjuvant
systems for subunit vaccines have been successfully developed
in pre-clinical and clinical tests, including micro/nanosized
particulate carriers associated or not with immunopotentiators
such as agonists of pattern recognition receptors (PRRs)
including Toll-like receptors (TLRs) (15). These formulations
boost the magnitude, the duration and/or the breadth of the
immune responses directed against the IAV antigen(s) (15). In
this context, we previously fused three tandem repeats of M2e
peptide to a ring nanoplatform based on recombinant
nucleoprotein (N) of the respiratory syncytial virus (RSV),
which self-assembled in homogenous rings of about 15 nm
diameter when expressed in Escherichia coli (“N-3M2e
nanorings”) (28). Mice immunized intranasally with these
nanorings developed potent M2e-specific local and systemic
humoral responses and were significantly protected against
homologous IAV challenge (28). Recent studies have focused
on the P97 protein of Mycoplasma hyopneumoniae, the
etiological agent of porcine enzootic pneumonia, which plays a
major role in the bacterial adhesion to the respiratory epithelium
and stimulates the production of pro-inflammatory cytokines
during infection (29). The fusion of the C-terminal end of P97
protein (P97c) to viral proteins boosted the anti-viral immune
responses in mice (30), and the adjuvant effect of P97c may be
mediated through its interaction with TLR-5 (29).

The goal of this study is to evaluate the immunogenicity and
the protective potential of chimeric nanorings bearing 3M2e and
LAH epitopes in fusion or not with P97c as universal mucosal
anti-IAV vaccines in mice and chickens.
MATERIALS AND METHODS

Plasmid Constructions
The M2e (GenBank accession number BAV59614.1, 1-24 aa)
and LAH (GenBank accession number CAA24272.1, 420-474
aa) sequences derived from A/Puerto Rico/8/1934 (H1N1) (PR8)
strain, the M2e (GenBank accession number AGY42150.1, 1-24
aa) and LAH (GenBank accession number AGY42146.1, 418-468
aa) sequences derived from A/mallard/Sweden/49/2002 (H5N9)
strain, and the P97c sequence derived from M. hyopneumoniae
232 strain (GenBank accession #U50901.1, 799-1108 aa) were
used in this study. The two cysteine residues of the M2e sequence
(aa 17 and 19) were replaced by two serine residues to avoid
formation of a disulfide bond that could perturb the assembly of
nanorings (28). The pET-N-Sac plasmid was obtained from the
pET-N plasmid, which contained the full-length coding sequence
of N derived from RSV Long strain (ATCC VR-26, GenBank
accession number AY911262.1), by introducing a SacI restriction
Frontiers in Immunology | www.frontiersin.org 3
enzyme site in frame and at the C-terminal end of the N
sequence (28). The pET-N-3M2e plasmid containing three
repetitions of the PR8 M2e sequence in frame and the C-
terminal end of the N sequence was obtained previously (28).
To obtain the pET-N-3M2e plasmid containing three repetitions
of the H5N9 M2e sequence, the synthesized pUC57-3M2e
plasmid (ProteoGenix, Schiltigheim, France) containing the
H5N9 3M2e sequence was used as a template to amplify the
3M2e sequence by PCR using the Phusion high-fidelity DNA
polymerase (Thermo Fisher Scientific, Waltham, MA, USA) with
gene-specific primers flanked with SacI/SacI (forward primer/
reverse primer) sites. The PCR-amplified 3M2e sequence was
then digested by SacI enzyme and inserted into the pET-N-Sac
plasmid using the same restriction site. The pET-LAH plasmid
was obtained by inserting the PR8 LAH sequence between NdeI
and XhoI sites into a pET-22 vector. The pET-N-LAH plasmid
was obtained by inserting the PR8 or H5N9 LAH sequence
containing a linker sequence GCCGGAGCA at its N-terminal
end between the SacI and XhoI sites into the pET-N-Sac plasmid.
The pET-N-P97c plasmid was obtained by inserting the P97c
sequence containing a linker sequence GGCGGAAGC at its N-
terminal end between the SacI and EcoRI sites into the pET-N-
Sac plasmid. The pET-N-3M2e-P97c plasmid was obtained by
inserting the PR8 3M2e sequence at the SacI site into the pET-N-
P97c plasmid. The pET-N-P97c-3M2e plasmid was obtained by
inserting the P97c sequence containing a linker sequence
GGCGGAAGC at its N-terminal end at the SacI site into the
pET-N-3M2e plasmid. The pET-N-LAH-P97c and pET-N-
P97c-LAH plasmids were obtained by inserting the PR8 LAH
and P97c sequences at the SacI site into the pET-N-P97c and
pET-N-LAH plasmids, respectively. The LAH-P97c and P97c-
LAH gene fragments were PCR-amplified using the pET-N-
LAH-P97c and pET-N-P97c-LAH plasmids as templates and
gene-specific primers flanked with NdeISacI/XhoI and NdeI/
SacIXhoI sites, respectively. NdeI/XhoI-digested LAH-P97c and
P97c-LAH PCR products were finally inserted into a pET-22
vector identically treated with restriction enzymes to generate the
pET-LAH-P97c and pET-P97c-LAH plasmids, respectively. The
PCR-amplified PR8 3M2e sequence flanked with SacI/SacI site
was digested by SacI and inserted into either the SacI-digested
pET-LAH-P97c plasmid to generate the pET-3M2e-P97c
plasmid, or into the SacI-digested pET-P97c-LAH plasmid to
generate the pET-P97c-3M2e plasmid. The primers and the
restriction enzymes were purchased from Sigma-Aldrich
(Saint-Louis, MO, USA) and Thermo Fisher Scientific,
respectively. The entire coding sequences of all plasmid
constructions were validated on both strands by DNA
sequencing. All sequences and primers are available
upon request.

Expression and Purification of Proteins
The purification of nanorings depends upon specific interactions
between the C-terminus of the phosphoprotein P of RSV (161-
241 aa) (PCT) fused to glutathione S-transferase and the N
protein, as previously described (31). Briefly, E. coli Rosetta 2
(DE3) competent cells (Novagen, Madison, WI, USA) co-
transformed with the pGEX-PCT plasmid and either the
November 2021 | Volume 12 | Article 772550
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pET-N-Sac, pET-N-P97c, pET-N-LAH, pET-N-3M2e, pET-N-
LAH-P97c, pET-N-P97c-LAH, pET-N-3M2e-P97c or pET-N-
P97c-3M2e plasmid were grown at 37°C for 8 h in Luria-Bertani
(LB) medium containing 100 µg/ml ampicillin, 50 µg/ml
kanamycin and 40 µg/ml chloramphenicol. The protein
expression was induced by adding 0.8 mM isopropyl-b-D-thio-
galactoside (IPTG) to the medium and bacteria were incubated
overnight at 28°C. Bacterial pellets were then incubated for 1 h
on ice in lysis buffer (50 mM Tris-HCl pH 8, 60 mMNaCl, 1 mM
EDTA, 2 mM dithiothreitol (DTT), 0.2% Triton X-100, 1 mg/ml
lysozyme) supplemented with complete protease inhibitor
cocktail (Roche, Basel, Switzerland), then sonicated, and finally
centrifuged at 4°C for 30 min at 10,000 × g. Supernatants were
incubated overnight with glutathione-sepharose 4B beads (GE
Healthcare, Chicago, IL, USA). Beads were then washed three
times in lysis buffer and three times in phosphate-buffer saline
(PBS), and incubated with thrombin (Novagen) overnight at 20°C.
Recombinant nanorings separated from the beads were finally
loaded onto a HiLoad Superdex 200 column (GE Healthcare)
using 20 mM Tris-HCl (pH 8.5) and 150 mMNaCl as the eluent.

The purification of LAH, LAH-P97c, P97c-LAH, 3M2e-P97c
or P97c-3M2e relied on the presence of a 6xHis-tag located at the
C-terminal end of the coding sequence. E. coli competent cells
transformed with the pET-LAH, pET-LAH-P97c, pET-P97c-
LAH, pET-3M2e-P97c or pET-P97c-3M2e plasmid were grown
at 37°C for 8 h in LB medium containing 100 µg/ml ampicillin
and 40 µg/ml chloramphenicol. After protein expression,
bacterial pellets were re-suspended in lysis buffer (20 mM Tris-
HCl pH 8, 500 mM NaCl, 0.1% Triton X-100, 10 mM imidazole,
1 mg/ml lysozyme) supplemented with complete protease
inhibitor cocktail, incubated for 1 h on ice, sonicated, and then
centrifuged at 4°C for 30 min at 10,000 × g. Supernatants were
then loaded onto a HiTrap immobilized metal ion affinity
chromatography (IMAC) column (GE Healthcare) charged
with 0.2 M NiSO4. The column was washed in the washing
buffer (20 mM Tris-HCl pH 8.5, 500 mM NaCl, 50 mM
imidazole) and proteins were eluted in the same buffer with
500 mM imidazole before being loaded onto a HiLoad Superdex
200 column using 20 mM Tris-HCl (pH 8.5) and 150 mM NaCl
as the eluent. P97c and 3M2e peptides were synthesized by
ProteoGenix. The absence of endotoxin was tested by a Limulus
amebocyte lysate (LAL) endotoxin quantification kit (Thermo
Fisher Scientific) with a sensitivity limit of 0.1 endotoxin unit/ml.

SDS-PAGE and Western Blot Assays
Proteins were prepared in Laemmli buffer (62.5 mM Tris-HCl
pH 6.8, 5% b-mercaptoethanol, 2% sodium dodecyl sulfate
(SDS), 20% glycerol, 0.01% bromophenol blue) and denatured
5 min at 95°C. Samples were then run on 12.5% SDS-
polyacrylamide gels with to ProSieve Prestained protein ladder
and detected by Coomassie brilliant blue staining. Alternatively,
gels were electroblotted onto a nitrocellulose membrane for 1 h
at 20 V. Membranes were blocked with PBS containing 5% skim
milk during 1 h at room temperature (RT) and then incubated
overnight at 4°C with either a rabbit anti-N polyclonal sera (Pab)
(1:5,000) (32), a mouse anti-M2 monoclonal antibody (Mab)
(1:5,000; clone 14C2) (Santa Cruz Biotechnology, Dallas, TX,
Frontiers in Immunology | www.frontiersin.org 4
USA) or a mouse anti-P97c Mab (1:3,000; clone 8H4-G6) (30) in
PBS with 0.3% Tween 20 (PBS-T 0.3%) and 5% skim milk.
Membranes were washed in PBS-T 0.3% and finally incubated
1 h at RT with relevant peroxidase-conjugated secondary
antibodies (SeraCare, Milford, MA, USA) diluted in blocking
solution. Proteins were visualized by chemiluminescence with
Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA).

Size Measurements of Nanorings by
Dynamic Light Scattering (DLS)
Size measurements with the Zetasizer Nano series (Malvern
Panalytical, Malvern, UK) based on the principle of DLS, were
made at 20°C using a helium-neon laser wavelength of 633 nm
and detection angle of 173°. The results were presented as size
distribution by volume calculated from the Malvern
software (28).

Visualization of Nanorings by
Transmission Electron Microscope (TEM)
Electron micrographs were acquired using a CM12 TEM (Royal
Philips Electronics, Amsterdam, Netherlands) at 80 kV
excitation voltage. Samples at 0.05-1 mg/ml were applied onto
an airglow- discharged carbon-coated 200-mesh copper grid and
stained with a 2% uranyl acetate aqueous solution (28).

In Vivo Experiments in Mice
Six to 7-week-old female BALB/c mice were purchased from
Janvier Labs (Le Genest-Saint-Isle, France) and housed under
specific-pathogen-free (SPF) conditions in a biosafety level 2
facility (IERP, INRAE, Jouy-en-Josas, France) with access to
food and water ad libitum. All mouse experiments were carried
out in accordance with INRAE guidelines, which are compliant
with the European animal welfare regulation. The protocols were
approved by the Animal Care and Use Committee at the Centre de
Recherche de Jouy-en-Josas (COMETHEA) under relevant
institutional authorization (Ministère de l’éducation nationale,
de l’enseignement supérieur et de la recherche; authorization
number 2015100910396112v1, APAFIS number 1487).

Three sets of experiments were conducted to evaluate the
immunogenicity of vaccine candidates bearing PR8 epitopes and
the immunostimulatory effect of nanorings and P97c. In the first set
of experiments, mice were anesthetized with a solution of ketamine
and xylazine (50 and 10 mg/kg of body weight, respectively) and
immunized three times, at 2-week intervals, by intranasal instillation
of 50 µl of endotoxin-free PBS containing 20 µg of nanorings
bearing PR8 epitopes in fusion or not to P97c (N-LAH, [n = 10]; N-
3M2e, [n = 8]; N-LAH-P97c, [n = 9]; N-P97c-LAH, [n = 9]; N-
3M2e-P97c, [n = 9]). Control groups received intranasal
administrations of 20 µg of free PR8 peptides (LAH, [n = 8];
3M2e, [n = 7]) or PR8 peptides fused to P97c (LAH-P97c, [n = 9];
P97c-LAH, [n = 9]; 3M2e-P97c, [n = 10]; P97c-3M2e, [n = 9]).
Preparations which did not contain P97c were adjuvanted with 5%
MG (SEPPIC, Air Liquide, La Garenne-Colombes, France).
Negative control groups received preparations without PR8
epitopes (P97c (20 µg), [n = 5]; N (20 µg) + MG, [n = 8]; N-P97c
(20 µg), [n = 10]; MG, [n = 5]). The antigen dose was selected
according to previous studies (28). On day 42, sera were isolated
November 2021 | Volume 12 | Article 772550
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from blood samples collected via cheek puncture. Mice were then
sacrificed and bronchoalveolar lavage fluids (BAL) were collected by
flushing the lungs via tracheal puncture with 1 ml PBS and clarified
by centrifugation. In the second set of experiments, mice were
immunized three times, at 2-week intervals, by intranasal instillation
of 50 µl of endotoxin-free PBS containing nanorings bearing PR8
epitopes (N-LAH (20 µg) +MG, [n = 5]; N-3M2e (20 µg) +MG, [n =
5]). Control groups received intranasal administrations of free PR8
peptides (LAH (20 µg) + MG, [n = 5]; 3M2e (20 µg) + MG, [n = 5])
or subcutaneous injections of an equivalent of 100 lethal dose 50
(LD50) of UV-inactivated PR8 strain (iPR8, [n = 4]) admixed with
MG. This latter group has been included in the study as an
experimental control representative of current anti-IAV vaccines
which are mainly inactivated viruses administered via the
parenteral route (15). Negative control group received MG (n = 4).
On day 42, spleens were collected to evaluate LAH- or M2e-specific
cellular responses. In the last set of experiments, mice were
immunized three times, at 2-week intervals, by intranasal
instillation of 50 µl of endotoxin-free PBS containing nanorings
bearing PR8 administered alone (N-LAH (20 µg) + MG, [n = 7]; N-
3M2e (20 µg) +MG, [n = 7]), or in combination (N-3M2e (20 µg) +
N-LAH (20 µg) + MG, [n = 8]). Control groups received intranasal
administrations of free PR8 peptides (LAH (20 µg) + MG, [n = 7];
3M2e (20 µg) + MG, [n = 7]) or MG (n = 4), or subcutaneous
injections of [iPR8 +MG] (n = 7). On day 42, spleens (n = 4 forMG
and [iPR8 +MG] groups; n = 5 for [N-LAH +MG] and [N-3M2e +
MG] groups), sera and BAL were collected.

A final set of experiments aimed at evaluating the protective
potential of nanorings bearing PR8 epitopes against an
experimental homologous IAV infection. In a first stage, mice
received three administrations of vaccine formulations or vehicle
as described above (N-LAH +MG, [n = 10]; N-3M2e + MG, [n =
10]; N-3M2e + N-LAH + MG, [n = 10]; LAH + MG, [n = 10];
3M2e + MG, [n = 10]; MG, [n = 9]). Two weeks after the last
immunization, mice were anesthetized and inoculated
intranasally with 15 LD50 of PR8 strain in 50 µl endotoxin-free
PBS. Mice immunized with [iPR8 + MG] (n = 8) were included
as a positive control group because conventional vaccination
with inactivated virus is known to confer protection against
homologous challenge with the induction of neutralizing anti-
HA antibodies contributing critically to viral clearance (15, 28).
Body weight and mortality of each mouse were monitored daily
until 14 days post-infection (p.i.). Mice that had lost 20% or more
of their initial weight were euthanized according to ethical
endpoints . In a second stage, mice received three
administrations of vaccine formulations or vehicle and were
then infected with 15 LD50 of PR8 strain as described above.
Four days after infection, individual viral loads were measured
from lung homogenates (N-LAH + MG, [n = 4]; N-3M2e + MG,
[n = 5]; N-LAH + N-3M2e + MG, [n = 4]; LAH + MG, [n = 5];
3M2e + MG, [n = 5]; iPR8 + MG, [n = 4]; MG, [n = 5]) by
quantitative real-time polymerase chain reaction (qRT-PCR).

In Vivo Experiments in Chickens
Experimentations were conducted in accordance with the
European Council Directive CEE86/609 and animal protocols
approved by the Ethics Committee “Sciences et santé animale”,
Frontiers in Immunology | www.frontiersin.org 5
committee number 115. Three-week-old white Leghorn chickens
were purchased from the Plateforme d ’Infectiologie
Expérimentale (INRAE, Nouzilly, France) and housed under
SPF conditions in a biosafety level 2 facility at the National
Veterinary School of Toulouse (France) (experimental unit
agreement number C3155527) with access to food and water
ad libitum. Birds were transferred in biosafety level 3 cabinets (I-
Box; Noroit, Nantes, France) under negative pressure with
HEPA-filtered air before experimental AIV infection. Chickens
were immunized three times at 2-week intervals with a
combination of two chimeric nanorings bearing H5N9 LAH
and 3M2e epitopes. The first group received 100 µl of endotoxin-
free PBS containing 50 µg of each chimeric nanorings adjuvanted
with 70% Montanide™ ISA 71 VG (ISA) (SEPPIC)
intramuscularly (N-LAH + N-3M2e + ISA, [n = 15]). ISA is a
blend of oil and an ester from mannitol sugar and oleic fatty acid
(anhydromannitol octadecenoate ether) with specific
emulsifying properties due to its sugar polar head, its non-
ionicity and the specificity of fatty acid chains of the surfactant
system, which is extensively used in parenteral vaccination in
chickens. The second group received 100 µl of endotoxin-free
PBS containing 25 µg of each chimeric nanorings adjuvanted
with MG by choanal route in addition to 40 µl of endotoxin-free
PBS containing 25 µg of each chimeric nanorings adjuvanted
with MG by eye drop (20 µl/eye) (N-LAH + N-3M2e + MG, [n =
15]). Non-vaccinated control group received PBS (n = 16). On
day 46, sera were isolated from blood samples collected via
jugular vein punction and tears were obtained by sprinkling salt
in an eye of each bird (n = 3-5 per group) and collecting the fluid
with a micropipette (33). On day 49, chickens were inoculated
via the choanal route with 5 LD50 of HPAIV A/duck/Tarn/RG/
2016 (H5N8) strain in 100 µl endotoxin-free PBS and the
mortality was recorded daily until 7 days p.i.

Antigen-Specific Antibody Titration by ELISA
Microtiter plates (Immulon 2HB, Thermo Fisher Scientific) were
coated overnight at 4°C with synthesized LAH or M2e
(ProteoGenix) derived from PR8 (for the analysis of mouse
samples) or H5N9 (for the analysis of chicken samples) strains
(200 ng per well in 100 µl carbonate-bicarbonate buffer 0.1 M pH
9.5). Plates were washed five times with PBS-T 0.05% between
each step of the assay. After coating, the plates were blocked with
PBS-T 0.05% and 5% skim milk for 2 h at RT. Sera, BAL and LS
were serially diluted (2-fold dilutions) in PBS-T 0.05% and 5%
skim milk (starting at 1:3 for LS and at 1:50 for serum/BAL) and
incubated for 1 h at RT. Negative wells contained only PBS-T
0.05% and 5% skim milk. Antigen-bound mouse antibodies were
detected using peroxidase-conjugated goat anti-mouse IgG
(H+L) (1:5,000) (KPL, Gaithersburg, MD, USA), IgA (1:5,000)
(Southern Biotech, Birmingham, AL, USA), IgG2b (1:1,000)
(Southern Biotech), or IgG3 (1:1,000) (Southern Biotech), or
peroxidase-conjugated rat anti-mouse IgG1 (1:1,000) (BD
Biosciences, Franklin Lakes, NJ, USA) or IgG2a (1:1,000) (BD
Biosciences). Antigen-bound chicken antibodies were detected
using peroxidase-conjugated goat anti-chicken IgG (Fc)
(1:50,000 or 1:10,000 for sera or LS, respectively) (Bio-Rad) or
IgA (1:10,000) (Bio-Rad). After incubation for 1 h at RT, plates
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were developed with 3,3’,5,5’-tetramethylbenzidine (TMB)
substrate (KPL), and the enzyme reaction was stopped by
addition of 1 M H2SO4. Absorbance was read at 450 nm with
an Infinite 200 Pro microplate reader (Tecan, Männedorf,
Switzerland). The reciprocal of the last sample dilution that
resulted in an optical density at 450 nm (OD450) ≤ twice the
OD450 of negative wells (cutoff) was considered the titer of that
sample. When the OD450 of the first dilution of a sample was
lower than the cutoff, its titer was arbitrarily fixed to 3 or 50
for LS or sera/BAL, respectively. Optimal dilutions of the
coating antigen (LAH or M2e) and peroxidase-conjugated
anti-mouse or anti-chicken antibodies were determined during
preliminary standardizations.

Preparation of Mouse Spleen Cells
Individual spleens were mechanically disrupted in sterile RPMI-
1640 medium (Thermo Fisher Scientific) supplemented with
10% heat-inactivated fetal calf serum (FCS, Eurobio Scientific,
Les Ulis, France) and filtered through a 100 µm nylon filter. After
incubation with NH4Cl lysing buffer (Sigma-Aldrich) to remove
red blood cells, total spleen cells were adjusted to 5 x 106 viable
cells/ml in complete medium consisting of RPMI-1640 medium
supplemented with 10% FCS, 2 mM L-glutamine, 50 µM b-
mercaptoethanol and 100 U/ml penicillin-streptomycin
(Thermo Fisher Scientific) and were re-stimulated ex vivo to
evaluate specific cellular immune responses by ELISA and
ELISpot assay (see below). All solutions were tested for the
absence of endotoxin by the LAL test. Any possible residual
endotoxin during cell stimulation was controlled by the addition
of polymyxin B sulfate (MilliporeSigma, Burlington, MA, USA)
at 20 µg/ml (34).

Cytokine Quantification by ELISA
Mouse spleen cells were distributed in 96-well flat-bottom cell
culture plates (5 × 105 cells/well) and incubated in triplicate with
synthesized LAH or M2e (2 µg/well) as activators or with
complete medium as negative control. Cell cultures were
incubated at 37°C in 5% CO2 for 72 h, and supernatants were
harvested. Levels of interferon gamma (IFN-g), interleukin-17A
(IL-17A), IL-4, IL-5, IL-6 and IL-10 were measured from
supernatants by sandwich ELISA using pair-matched
antibodies from eBioscience (San Diego, CA, USA) (IFN-g,
IL-4, IL-5, IL-6, IL-10) or BD Biosciences (IL-17A). Two-fold
dilutions of recombinant mouse cytokines were used to generate
standard curves. Sample dilutions giving OD450 readings in the
linear portion of the appropriate standard curve were used to
quantify the levels of each cytokine.

ELISpot Assay
Ninety-six-well MultiScreenHTS-IP polyvinylidene fluoride
membrane plates (MilliporeSigma) were coated overnight at
4°C with capture anti-mouse IFN-g Mab (clone R4-6A2, BD
Biosciences) or IL-17A Mab (clone TC11-18H10) (1 µg per well
in 100 µl PBS). Plates were then washed three times with sterile
PBS and blocked with complete medium for 2 h at 37°C. Mouse
spleen cells were serially diluted (two-fold dilution) in complete
medium (starting at a concentration of 5 × 106 cells/ml) and
Frontiers in Immunology | www.frontiersin.org 6
100 µl/well of each dilution was incubated with synthesized LAH
or M2e (2 µg/well) for 24 h at 37°C.

Negative control wells were coated wells containing complete
medium or uncoated wells containing 5 × 105 cells. Subsequently,
plates were washed in PBS-T 0.05% and incubated with 100 µl/
well of biotinylated rat anti-mouse IFN-g Mab (clone XMG1.2)
or IL-17A Mab (clone TC11-8H4) at 2 µg/ml in PBS-T 0.05%
supplemented with 1% BSA for 2 h at 37°C. After further washes
and 45 min incubation with streptavidin-alkaline phosphatase
at 1 µg/ml (Mabtech, Nacka Strand, Sweden), IFN-g- or IL-17A-
secreting cells were visualized by adding BCIP-NBT (5-bromo-4-
chloro-3-indolyl-phosphate/nitro blue tetrazolium; Thermo
Fisher Scientific) substrate for 30 min. The spots were
counted using the iSPOT reader from AID Autoimmun
Diagnostica GmbH (Straßberg, Germany). The background
from the negative wells was subtracted and the results were
expressed as the number of spot-forming cells per 5 × 105

input cells. Optimal dilutions of coating antibodies and
biotinylated anti-mouse antibodies were determined during
preliminary standardizations.

Determination of Pulmonary Viral Loads
by qRT-PCR
Total RNA was extracted from mouse lung homogenates using
the RNeasy Plus Mini Kit (Qiagen, Venlo, Netherlands) and 100
ng of RNA samples were reverse-transcribed with SuperScript II
Reverse Transcriptase (Thermo Fisher Scientific) using the
specific IAV M1 primer: 5’-TCT AAC CGA GGT CGA AAC
GTA-3’ (35). Resulting cDNA samples were mixed with iTaq
universal SybR green PCR supermix (Bio-Rad) and primers
targeting a conserved region of the PR8 M1 gene (sense: 5’-
TCT AAC CGA GGT CGA AAC GTA-3’; antisense: 5’-AGG
GCA TTT TGG ACA AAG CGT CTA-3’). The qRT-PCR
program was run on the MasterCycler R realplex (Eppendorf,
Montesson, France) as follows: an initial DNA denaturation step
at 95°C for 3 min, then 40 cycles composed firstly of a
denaturation step at 95°C for 15 s, then an annealing step at
64°C for 15 s, and finally an extension step at 72°C for 30 s. Each
cDNA sample and non-template controls were run in triplicate.
To ensure that primers produced a single and specific PCR
amplification product, a dissociation curve was performed at the
end of the PCR cycle. In each assay, serial ten-fold dilutions of
the pPOLI-M/PR8 plasmid (Pr. Ervin Fodor, University of
Oxford, UK) were run in duplicate, allowing to quantify the
number of M1 gene copies generated from unknown samples by
comparison of the cycle threshold values using the Realplex
software (Eppendorf). Results were expressed as the number of
copies of M1 RNA per 100 ng of input total lung RNA.

Statistical Data Analysis
The log-rank (Mantel-Cox) test was used to compare the survival
rates between the mouse groups. Otherwise, differences between
the experimental groups were analyzed for significance using the
Mann-Whitney rank sum test. All analyses were done using the
Sigma Plot system v11.0 (Systat Software, San Jose, CA, USA).
A P value < 0.05 was considered statistically significant.
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RESULTS

Biochemical and Biophysical
Characterization of LAH- and M2e-Based
Fusion Proteins
In this study, we explored the adjuvant potential of N nanorings
and P97c for the development of efficient anti-IAV vaccine
formulations containing conserved IAV epitopes. To this end,
we produced a series of chimeric nanorings with PR8 (H1N1)
epitopes linked alone or in combination with P97c at the C-
terminal end of the N sequence exposed at the surface of
nanorings (36). Different combinations of PR8 epitopes and
P97c were conceived because the fusion protein orientation
could influence the characteristics of the humoral response
generated against the viral epitopes (30). M2e-based
constructions were designed with three M2e copies to increase
the immunogenicity of the peptide (28). Five different chimeric
nanorings were thus created, namely N-LAH, N-3M2e, N-LAH-
P97c, N-P97c-LAH and N-3M2e-P97c. In parallel, we produced
LAH-P97c, P97c-LAH, 3M2e-P97c and P97c-3M2e fusion
Frontiers in Immunology | www.frontiersin.org 7
proteins. Naked nanorings (N) and nanorings bearing P97c
(N-P97c) were generated as controls. Due to very low
production yield, N-P97c-3M2e nanorings were excluded from
the study. Analysis by SDS-PAGE followed by Coomassie blue
staining revealed the presence of a unique band at the expected
theorical molecular weight for each sample (Figure 1A). Western
blot assays using specific antibodies confirmed the identity and
antigenicity of each preparation (Figure 1B). The presence of
LAH epitopes was validated by liquid chromatography coupled
with tandem mass spectrometry (data not shown). Observation
by TEM showed that nanorings carrying IAV and/or P97c
epitopes formed similar ring-like structures as those previously
observed with N or N-3M2e nanorings (28) (Figure 1C). DLS
analysis indicated that N and N-3M2e nanoring preparations
were mainly composed of a homogenous population with a
hydrodynamic radius of 17 nm and 18 nm, respectively, in
accordance with previous observations (28, 31). A similar DLS
profile with a hydrodynamic radius of 18 nm was obtained with
the N-LAH nanoring preparation (Supplemental Figure 1). The
size of the particles was increased after the fusion of P97c to
A B

C

FIGURE 1 | Biochemical and biophysical characterization of LAH- and 3M2e-based fusion proteins. Recombinant nanorings bearing PR8 epitopes in fusion or not
with P97c (N-LAH, N-3M2e, N-LAH-P97c, N-P97c-LAH, N-3M2e-P97c), fusion proteins composed of PR8 epitopes and P97c (LAH-P97c, P97c-LAH, 3M2e-P97c,
P97c-3M2e), nanorings bearing P97c (N-P97c) and naked nanorings (N) were produced and purified as described in “Materials and Methods” and then analyzed by
(A) SDS-PAGE followed by Coomassie blue staining and (B) Western blot assay with (B, left panel) N-specific Pab, (B, central panel) M2-specific Mab and (B, right
panel) P97c-specific Mab. (C) Nanorings were negatively stained and observed by transmission electron microscopy.
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nanorings, and a major population with a hydrodynamic radius
of 25 nm, 41 nm, 32 nm and 34 nm was detected with N-P97c,
N-LAH-P97c, N-P97c-LAH and N-3M2e-P97c samples,
respectively. Therefore, nanorings are versatile nanoplatforms
on which different IAV epitopes can be grafted alone or in
combination with adjuvant sequence (P97c) without affecting the
self-assembly and the structural integrity of nanorings.
Evaluation of the Immunopotentiator
Effect of Nanorings and P97c on LAH- and
M2e-Specific Systemic and Mucosal
Humoral Responses in Mice
In a first set of experiments, we evaluated the immunopotentiator
effect of nanorings and P97c on the development of humoral
immunity directed against IAV epitopes in mice. Animals received
three intranasal administrations of LAH or 3M2e peptides derived
from PR8 strain fused to nanorings and/or P97c. Vaccine
preparations which did not contain P97c were admixed with MG,
a commercial adjuvant efficient in mucosal immunization (28). The
magnitudeandcompositionof systemic and local antibody responses
directed against LAH or M2e were evaluated (Figure 2).

Concerning LAH-specific humoral responses, mice vaccinated
with [LAH + MG] did not present significant systemic (Figure 2A)
or mucosal (Figures 2C, E) antibody titers. In contrast, mice
immunized with P97c-LAH or LAH-P97c fusion proteins
developed a potent systemic IgG response, and the antibody titers
were significantly higher in the P97c-LAH group than in the LAH-
P97c group (Figure 2A). Nonetheless, although IgG were detected
in the BAL of the P97c-LAH group, overall mice presented low to
negligible IgA titers, and the mucosal humoral response of [LAH-
P97c]-instilled mice was not significantly different from negative
control groups (Figures 2C, E). The LAH-specific humoral
response of mice immunized with N-LAH-P97c or N-P97c-LAH
nanorings was only composed of serum IgG, whose titers were not
increased in comparison to mice immunized with LAH-P97c or
P97c-LAH fusion proteins, respectively, and no significant mucosal
antibody titers could be measured (Figures 2C, E). Finally, the [N-
LAH+MG] formulation triggered the strongest humoral responses,
composed of serum IgG as well as local IgG and IgA.

Regarding M2e-specific humoral responses, mice vaccinated
with [3M2e + MG] exhibited significant systemic IgG titers
(Figure 2B) and local IgG (Figure 2D) and IgA (Figure 2F)
titers in contrast with [3M2e-P97c]- or [P97c-3M2e]-vaccinated
mice. There was a tendency towards higher levels of antibodies in
serum and BAL in the [N-3M2e + MG] group compared to the
[3M2e + MG] group, however these differences were not
statistically significant (Figures 2B, D, F). N-3M2e-P97c
nanorings induced modest serum IgG titers (Figure 2B) but
no mucosal Ig were detected (Figures 2D, F).

To summarize, while fusion of P97c to LAH boosted LAH-
specific systemic humoral responses, no adjuvant effect of P97c
could be observed towards 3M2e. The fusion of LAH to
nanorings boosted both systemic and local LAH-specific
antibody responses, whereas the carrier effect of nanorings was
less pronounced towards 3M2e. Chimeric proteins composed of
Frontiers in Immunology | www.frontiersin.org 8
the IAV epitopes fused to P97c either administered alone or in
fusion with nanorings were unable to trigger potent mucosal
humoral responses and were thus excluded from the following
experiments. In contrast, preparations incorporating N-LAH or
N-3M2e nanorings admixed with MG were shown to be efficient
mucosal vaccine formulations.
Evaluation of the Immunopotentiator
Effect of Nanorings on LAH- and 3M2e-
Specific Cell-Mediated Immune
Responses in Mice
Both humoral and cellular immune defenses are involved in the
fight against IAV infections. Accordingly, we analyzed the
characteristics of LAH- and M2e-specific cell-mediated immunity
generated in [N-LAH + MG]- and [N-3M2e + MG]-vaccinated
mice, respectively. The carrier effect of nanorings was investigated
and the cellular response of mice immunized with the inactivated
homologous IAV strain (iPR8) via the parenteral route was
analyzed in parallel. We focused our study on prototypical type 1
(IFN-g), type 2 (IL-4, IL-5 and IL-10), and type 17 (IL-17A)
cytokines and on IL-6, a pleiotropic cytokine with multiple
immunoregulatory effects including the promotion of T helper
(Th) 2 and Th17 responses as well as antibody responses and
mucosal IgA immunity (37).

Mice vaccinated with [LAH + MG] developed LAH-specific
cellular responses with type 1 and type 17 cytokine profiles as seen
by the detection of IFN-g (Figure 3A) and IL-17A (Figure 3B) in
culture supernatants of LAH-restimulated spleen cells,
respectively. Low levels of IL-5 (Figure 3D) and IL-6
(Figure 3E) were also measured, whereas there were no
differences in the levels of IL-4 or IL-10 between LAH-
restimulated cells isolated from [LAH + MG]- and MG-instilled
mice (Figures 3C, F). The cell-mediated immune response of mice
vaccinated with [N-LAH + MG] exhibited similar cytokine
profiles, with higher levels of secreted IFN-g, IL-6 and IL-17A
than [LAH + MG]-immunized mice. Mice vaccinated with [3M2e
+ MG] developed M2e-specific cellular responses with type 1
(Figure 4A) and type 17 (Figure 4B) cytokine profiles. While
M2e-restimulated cells isolated from [3M2e + MG]-vaccinated
mice secreted significant levels of IL-10 (Figure 4F) and IL-6
(Figure 4E), the cells released low levels of IL-5 (Figure 4D) and
no significant amount of IL-4 could be detected (Figure 4C). The
M2e-specific cellular responses were generally similar in [3M2e +
MG] and [N-3M2e +MG] groups. High levels of IFN-g, IL-4, IL-5,
IL-6, and IL-10 and low levels of IL-17A were detected in culture
supernatants of spleen cells isolated from [iPR8 + MG]-vaccinated
mice (Figures 3, 4). However, nodifferenceswere obtainedbetween
cells restimulated with PR8 peptides and non-restimulated cells.
Thus, no cell-mediated immunity specifically directed against LAH
or M2e epitopes could be measured in the spleen of mice
immunized with [iPR8 + MG]. The quantification of LAH-
(Supplemental Figure 2A) or M2e- (Supplemental Figure 2B)
specific IFN-g-secreting cells by ELISpot assay led to the same
conclusions as those obtained with ELISA. An immunostimulatory
effect of nanorings on 3M2e was nevertheless observed in ELISpot
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assay, which reported a higher frequency of M2e-specific IFN-g-
secreting cells in the [N-3M2e + MG] group than in the [3M2e +
MG] group (Supplemental Figure 2B).

Thus, administration of [N-LAH +MG] and [N-3M2e +MG]
promoted the development of LAH- and M2e-specific cellular
responses in mice, respectively, which were dominated by type 1
and type 17 cytokine profiles. In contrast, the inactivated
homologous IAV strain was unable to trigger specific
responses against the two conserved IAV epitopes. Nanorings
exerted a potent immunostimulatory effect on the formation of
LAH-specific cellular immunity, whereas the carrier effect of
nanorings was less pronounced towards 3M2e.
Frontiers in Immunology | www.frontiersin.org 9
Nasal ImmunizationWith Bi-Component
Vaccine Formulations Incorporating LAH-
and 3M2e-Bearing Nanorings AdmixedWith
MG Promoted the Development of a Potent,
Multi-Factorial andMulti-Compartmental
Immunity Directed Against Both IAV Epitopes
and ProtectedMice Against H1N1 Challenge
In light of the promising immunogenicity results obtainedwith [N-
LAH + MG] and [N-3M2e + MG] formulations, we evaluated the
protective potential of these preparations administered separately
or in combination against a homologous H1N1 challenge in mice.
A

D

B

C

E F

FIGURE 2 | Evaluation of the immunopotentiator effect of nanorings and P97c on LAH- and M2e-specific systemic and mucosal humoral responses in mice. Mice
received at 2-week intervals three intranasal administrations of LAH or 3M2e peptides fused to nanorings and/or P97c or, as controls, free LAH or 3M2e peptides.

Preparations without P97c were admixed with Montanide™ gel (MG). Mice receiving P97c nanorings (N-P97c), naked nanorings (N + MG), P97c or MG were
included as negative control groups. Two weeks after the third immunization, (A) anti-LAH or (B) anti-M2e IgG titers in the serum, and anti-LAH (C) IgG and (E) IgA
or anti-M2e (D) IgG and (F) IgA titers in the bronchoalveolar lavage fluids (BAL) were determined by ELISA. The titer of each mouse sample is presented, including
the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05) in comparison to the respective negative control groups (MG, P97c,
N + MG, N-P97c). ¤, statistically significant difference (P < 0.05) between the indicated groups.
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Firstly, we compared the characteristics of LAH- and M2e-
specific immune responses between mice immunized with
[N-3M2e + MG] or [N-LAH + MG] and mice immunized with
[N-3M2e + N-LAH +MG]. The addition of N-3M2e nanorings to
the [N-LAH + MG] formulation partially reduced the magnitude
of LAH-specific systemic (Figure 5A) and local (Figures 5C, E)
humoral responses. In contrast, addition of N-3M2e nanorings to
the [N-LAH + MG] formulation did not impede the generation of
M2e-specific humoral responses (Figures 5B,D,F). The serumIgG
response generated by the chimeric nanorings was composed of
both type 1 (IgG2a, IgG2b) (Figures 6B,C,7B,C) and type2 (IgG1)
Frontiers in Immunology | www.frontiersin.org 10
(Figures 6A, 7A) IgG subclasses.M2e-specific IgG3 titers were also
detected inmice immunized with [N-3M2e +MG] and [N-3M2e +
N-LAH + MG] (Figure 7D), and low levels of LAH-specific IgG3
titersweremeasured in [N-3M2e+N-LAH+MG]-vaccinatedmice
(Figure 6D). Mice parenterally vaccinated with [iPR8 + MG]
developed a LAH-specific IgG response detectable only in the
serum (Figure 5) and composed of both type 1 and type 2 IgG
subclasses (Figure 6), but were unable to mount a M2e-specific
humoral response (Figures 5, 7). Whereas the addition of N-3M2e
nanorings to the [N-LAH + MG] formulation did not impact the
generation of LAH-specific IFN-g-secreting cells (Figure 8A),
A

D

B

C

E F

FIGURE 3 | Evaluation of the immunopotentiator effect of nanorings on LAH-specific cellular responses in mice. Mice received at 2-week intervals three intranasal

administrations of LAH peptide fused to nanorings admixed with Montanide™ gel (MG). Experimental control groups received intranasal administrations of free LAH
peptide admixed with MG or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Vaccine vehicle (MG) was intranasally administered
to the negative control group. Two weeks after the third immunization, spleen cells from individual mice were restimulated ex vivo for 72 h in presence (‘+’) or
absence (‘-’) of synthesized LAH peptide. The levels of secreted (A) IFN-g, (B) IL-17A, (C) IL-4, (D) IL-5, (E) IL-6 and (F) IL-10 in the culture supernatants were
quantified by ELISA. Data are presented as arithmetic means with SEM of 4-5 individual spleens. *, statistically significant difference (P < 0.05) in comparison to MG
group. ¤, statistically significant difference (P < 0.05) between the indicated groups.
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it reduced the frequency of LAH-specific IL-17A-secreting cells in
the spleen (Figure 8C). In contrast, the addition of N-LAH
nanorings to the [N-3M2e + MG] formulation resulted in an
increase in the frequency of M2e-specific IFN-g- and IL-17A-
secreting cells (Figures 8B, D). The frequency of cells secreting
type 2 cytokines was not significantly different between mice
immunized with the different preparations and mice instilled with
MGafter restimulationwithLAHorM2epeptides (datanot shown).

Two weeks after the third immunization, mice were challenged
with 15 LD50 of PR8 strain and monitored daily for mortality
(Figure 9A) and weight loss (Figures 9B–D). Only one out of nine
mice instilled with MG survived the infection after having lost 19%
Frontiers in Immunology | www.frontiersin.org 11
of its initial weight at day 6 p.i. In contrast, all mice immunized with
[iPR8 + MG] survived the challenge with minor weight loss (mean
percentage of initial weight of 92% at day 7 p.i.). The LAH peptide
administered free or in fusion with nanorings with MG conferred a
partial protection, and a similar clinical picture was observed for
both groups (survival rate of 50% in [LAH + MG] and [N-LAH +
MG] groups). The 3M2e peptide administered free or in fusion to
nanorings conferred a significant protection (survival rates of 80%
and 100% in [3M2e + MG] and [N-3M2e + MG] groups,
respectively) with little weight loss (mean percentage of initial
weight of 88% at day 7 and day 6 p.i. in [3M2e + MG] and [N-
3M2e + MG] groups, respectively). Finally, all mice immunized
A
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FIGURE 4 | Evaluation of the immunopotentiator effect of nanorings on M2e-specific cellular responses in mice. Mice received at 2-week intervals three intranasal

administrations of 3M2e peptide fused to nanorings admixed with Montanide™ gel (MG). Experimental control groups received intranasal administrations of free
3M2e peptide admixed with MG or subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Vaccine vehicle (MG) was intranasally
administered to negative control group. Two weeks after the third immunization, spleen cells from individual mice were restimulated ex vivo for 72 h in presence (‘+’)
or absence (‘-’) of synthesized M2e peptide. The levels of secreted (A) IFN-g, (B) IL-17A, (C) IL-4, (D) IL-5, (E) IL-6 and (F) IL-10 in the culture supernatants were
quantified by ELISA. Data are presented as arithmetic means with SEM of 4-5 individual spleens. *, statistically significant difference (P < 0.05) in comparison to MG
group. ¤, statistically significant difference (P < 0.05) between the indicated groups.
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with [N-3M2e + N-LAH +MG] survived infection and presented a
transient reduction of weight (mean percentage of initial weight of
88% at day 5 p.i.). These mice showed a faster weight recovery than
mice immunized with [N-3M2e + MG] or [iPR8 + MG] between
day 6 and day 10 p.i. (Figure 9D). Virus quantification in the lung
homogenates at day 4 p.i. (Figure 10) revealed no major decrease in
viral loads between MG-instilled mice and [LAH + MG] or [N-
Frontiers in Immunology | www.frontiersin.org 12
LAH + MG] groups, the latter showing nevertheless statistically
lower viral loads than theMG group. In contrast, the administration
of [N-3M2e + MG] induced more than 1-log decrease in viral loads
in comparison to MG instillation, and statistically less viral copies
were measured in the lungs isolated from mice vaccinated with [N-
3M2e + MG] than those vaccinated with [3M2e + MG]. Finally,
mice immunized with [N-3M2e + N-LAH + MG] displayed an
A
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C

E F

FIGURE 5 | Comparison of specific serum and mucosal humoral responses in mice immunized with LAH- and M2e-bearing nanorings instilled separately or in

combination. Mice received at 2-week intervals three intranasal administrations of N-LAH and N-3M2e nanorings admixed with Montanide™ gel (MG) instilled
separately or in combination. Control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG or vaccine vehicle (MG), or
subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, (A) anti-LAH or (B) anti-M2e IgG titers
in the serum, and anti-LAH (C) IgG and (E) IgA or anti-M2e (D) IgG and (F) IgA titers in the bronchoalveolar lavage fluids (BAL) were determined by ELISA. The titer
of each mouse sample is presented, including the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05) in comparison to MG
group. ¤, statistically significant difference (P < 0.05) between the indicated groups.
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almost 2-log reduction in viral loads versus the MG group and
significantly less viral copies than mice immunized with [N-3M2e +
MG]. Mice which received [iPR8 + MG] had more than 2-log
decrease in viral loads versus the MG group and there were no
statistical differences between [N-3M2e + N-LAH + MG]- and
[iPR8 + MG]-immunized groups.

Overall, these results demonstrate that the [N-3M2e + N-
LAH + MG] formulation elicited humoral responses composed
of serum type 1/type 2 IgG and mucosal IgG and IgA as well as
cellular responses dominated by type 1/type 17 cytokine profiles,
and conferred clinical and virological protection against H1N1
homologous infection in mice.
Evaluation of the Immunogenicity
and Protective Potential of LAH- and
3M2e-Bearing Chimeric Nanorings
Against Heterosubtypic HPAIV H5N8
Infection in Chickens
Experiments in mice have shown that intranasal vaccination of a
combination of N-LAH and N-3M2e nanorings admixed with
Frontiers in Immunology | www.frontiersin.org 13
MG generated a protective immunity against homologous IAV
infection. In a final set of experiments, we evaluated the
immunogenicity of this vaccine formulation in chickens, as well
as its cross-protective potential against heterosubtypic HPAIV
infection. H5N9 LAH and 3M2e peptides fused to nanorings were
administered to birds either mucosally with MG or parenterally
with ISA adjuvant. The stability of nanorings mixed with ISA was
confirmed previously (38). The non-vaccinated control group
received only PBS. Eighteen days after the third immunization,
anti-M2e- and anti-LAH antibodies were dosed in the serum
(Figures 11A, B) and in the LS (Figures 11C, D) to analyze
systemic and mucosal humoral responses, respectively. Chickens
immunized with [N-3M2e + N-LAH + ISA] developed LAH- and
M2e-specific serum IgG responses. In contrast, [N-3M2e + N-
LAH + MG]-immunized birds exhibited a lower, albeit
significant, M2e-specific serum IgG response, and no anti-LAH
IgG were detected in the serum (Figures 11A, B). In addition, no
significant differences were found inM2e- or LAH-specific IgG or
IgA titers in LS between [N-3M2e + N-LAH + MG]- and PBS-
instilled chickens (Figures 11C, D). Three weeks after the third
immunization, chickens were challenged with 5 LD50 of HPAIV
A

D

B

C

FIGURE 6 | IgG subclass composition of LAH-specific serum humoral response in mice immunized with N-LAH nanorings instilled alone or in combination with N-

3M2e nanorings. Mice received at 2-week intervals three intranasal administrations of N-LAH nanorings admixed with Montanide™ gel (MG) instilled alone or in
combination with N-3M2e nanorings. Control groups received intranasal administrations of free LAH peptide admixed with MG or vaccine vehicle (MG), or
subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, serum anti-LAH (A) IgG1, (B) IgG2a,
(C) IgG2b, and (D) IgG3 titers were determined by ELISA. The titer of each mouse sample is presented, including the geometric mean with 95% confidence interval.
*, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.
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H5N8 strain and the mortality was monitored daily (Figure 11E).
Neither chickens from the [N-3M2e + N-LAH + MG] group, nor
chickens from the non-vaccinated group survived the infection
(100% mortality within 5 days for both groups). Notwithstanding
the presence of elevated specific serum antibody titers, all
chickens vaccinated with [N-3M2e + N-LAH + ISA] died
within 6 days. No correlation was found between the
magnitude of the specific humoral response and the survival
time (data not shown). Because of the high mortality rate and the
fast kinetics of the infection, pharyngeal or cloacal viral shedding
were not analyzed.
DISCUSSION

Faced with the pressing challenge posed by the high variability
associated with IAV which requires surveillance monitoring of
circulating strains and regular updating of the composition of
current vaccines, novel immunization strategies which include
the use of conserved “universal” viral epitopes are urgently
needed. In the present study, we evaluated the ability of
Frontiers in Immunology | www.frontiersin.org 14
various intranasal M2e- and LAH-based vaccine formulations
to trigger specific antibody- and cell-mediated immunity, two
critical adaptive immune arms in the fight against IAV
infections, and to confer protection against an experimental
IAV challenge in mice and chickens.

M2e and LAH peptides are poorly immunogenic per se.
Therefore, they have to be administered in association with
adjuvant/delivery systems to induce robust immune responses
in the host, including ligands of PRRs, bacterial toxins and
derivatives, lipid-based particles, virus-like particles, organic
and inorganic polymers and bacterial or viral vectored vaccines
(5, 7–15). In this study, we have used innovative nanostructures
developed in our research unit named “nanorings” as a mucosal
vaccine delivery platform. Nanorings are composed of 10-11
NRSV protomers entrapping random stretches of bacterial RNA
(36) and are readily internalized by antigen-presenting cells
(APCs) (39). Nanorings also stimulate expression of co-
stimulatory molecules as well as secretion of type I interferons
by APCs (Riffault S., personal communication). We
demonstrated that LAH fused to nanorings elicited higher
LAH-specific humoral responses, both at systemic and mucosal
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C

FIGURE 7 | IgG subclass composition of M2e-specific serum humoral response in mice immunized with N-3M2e nanorings instilled alone or in combination with N-

LAH nanorings. Mice received at 2-week intervals three intranasal administrations of N-3M2e nanorings admixed with Montanide™ gel (MG) instilled alone or in
combination with N-LAH nanorings. Control groups received intranasal administrations of free 3M2e peptide admixed with MG or vaccine vehicle (MG), or
subcutaneous administrations of UV-inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, serum anti-M2e (A) IgG1, (B) IgG2a,
(C) IgG2b, and (D) IgG3 titers were determined by ELISA. The titer of each mouse sample is presented, including the geometric mean with 95% confidence interval.
*, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.
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levels, as well as higher cellular responses than those observed in
mice receiving free LAH peptide. The immunopotentiator
properties of nanorings may be conferred by the single-
stranded bacterial RNA fragment of 70 to 77 bases and/or the
nanoparticle architecture of the rings. Such a marked adjuvant
effect of nanorings was not observed for the 3M2e epitope, which
could be related to our immunization protocol. Indeed, 20 µg of
3M2e peptides contain more M2e epitopes than 20 µg of N-3M2e
nanorings (molecular ratio of 1/6 for N-3M2e/3M2e). In
addition, mice immunized with N-3M2e nanorings exhibited
significantly higher titers of serum anti-M2e IgG than 3M2e-
immunized mice after two immunizations (data not shown), as
previously described (28), and thus the third immunization may
have masked the adjuvant potential of the nanoring platform.

The fusion in tandem of P97c to LAH also boosted
immunogenicity of the viral epitope, and the fusion orientation
greatly influenced the features of the LAH-specific antibody
response. The serum IgG titers were more elevated in the
P97c-LAH group than in [LAH-P97c]-instilled mice. Similarly,
Frontiers in Immunology | www.frontiersin.org 15
P97c was shown to enhance the magnitude of the antibody
response directed against the capsid protein of the porcine
circovirus type 2 only when it was fused at the N-terminal end
of the viral epitope (30). A recent in vitro study indicated that
P97c stimulated innate immune responses through activation of
TLR-5 (29). TLR-5 agonists, such as flagellin, are potent and safe
adjuvants for influenza vaccines administered via parenteral or
mucosal routes in both animals and humans. The mucosal
adjuvant properties of TLR-5 ligands rely on an enhancement
of transepithelial transport of co-administered antigens by the
follicle-associated epithelium of the mucosa-associated lymphoid
tissues, as well as on the stimulation of the migration of APCs
into the follicle-associated epithelium (15). These ligands also
stimulate the uptake of vaccine antigens by APCs and promote
the activation and the maturation of APCs in vitro (15).
Nonetheless, P97c remains a poor mucosal adjuvant and low
to non-significant specific IgA titers were detected in the BAL of
mice immunized with chimeric proteins composed of IAV
epitopes fused to P97c either administered alone or in fusion
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FIGURE 8 | Comparison of specific cellular responses in mice immunized with LAH- and M2e-bearing nanorings instilled separately or in combination. Mice received

at 2-week intervals three intranasal administrations of N-LAH and N-3M2e nanorings admixed with Montanide™ gel (MG) instilled separately or in combination.
Control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG or vaccine vehicle (MG), or subcutaneous administrations of UV-
inactivated PR8 strain (iPR8) admixed with MG. Two weeks after the third immunization, spleen cells from individual mice were restimulated ex vivo for 24 h in
presence (‘+’) or absence (‘-’) of synthesized (A, C) LAH or (B, D) M2e peptide and the frequency of LAH-specific (A) IFN-g- and (C) IL-17A-secreting cells or M2e-
specific (B) IFN-g- and (D) IL-17A-secreting cells was monitored by ELISpot assay. Data are presented as arithmetic means with SEM of 4-5 individual spleens.
*, statistically significant difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups.
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to nanorings. In contrast, N-3M2e and N-LAH nanorings
admixed with MG induced a significant mucosal humoral
immunity specifically directed against IAV epitopes. MG is a
polymeric aqueous adjuvant based on a dispersion of a high-
molecular-weight polyacrylic polymer in water whose safety and
efficacy have been proven in the context of a mucosal
vaccination. However, the mechanisms of action associated
with MG are still poorly characterized.

All mice vaccinated with [N-3M2e + N-LAH + MG] survived
infection and presented significantly reduced pulmonary viral
loads, and various immune defense mechanisms could be
engaged. Passive transfer experiments in mice showed that
antibodies directed against M2e or LAH mediated resistance
against IAV infection (16, 17, 40, 41). An in vitro study
demonstrated that anti-LAH antibodies exerted broad
Frontiers in Immunology | www.frontiersin.org 16
neutralizing activities against H3 strains and inhibited the
conformational change of the HA stalk domain during the
fusion step between viral and endosomal membranes (18).
However, no functional activity was detected with the serum
or BAL of mice vaccinated with our H1 LAH-based formulations
using standard microneutralization assay (data not shown).
Similarly, a norovirus P particle displaying H1 and H3 LAH
epitopes elicited neutralizing antibodies against H3 but not H1
strains, and differences in the conformational flexibility of the
two epitopes or in the time of exposure of the epitopes during
membrane fusion may explain this result (42, 43). Other effector
functions exerted by anti-LAH antibodies may be involved, such
as Fc-mediated mechanisms or complement activation (44).
Anti-M2e antibodies restricted viral replication by the
elimination of infected cells via Fc-mediated effector functions
A
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FIGURE 9 | Evaluation of the clinical protection conferred by LAH- and 3M2e-bearing nanorings against homologous H1N1 infection in mice. Mice received at 2-week

intervals three intranasal administrations of N-LAH and N-3M2e nanorings admixed with Montanide™ gel (MG) instilled separately or in combination. Experimental
control groups received intranasal administrations of free LAH or 3M2e peptides admixed with MG. Mice receiving subcutaneous administrations of UV-inactivated PR8
strain (iPR8) admixed with MG or intranasal administrations of vaccine vehicle (MG) were included as positive or negative control groups, respectively. Two weeks after
the third immunization, all mice were challenged with 15 LD50 of PR8 strain and monitored daily for (A) mortality and (B–D) body weight loss. (A) Survival curves of
infected mice are expressed as the percentages of surviving mice. The log-rank (Mantel-Cox) test was used to compare survival curves. *, statistically significant
difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference (P < 0.05) between the indicated groups. (B–D) Weight curves of infected mice
are expressed as the arithmetic mean (with SEM) of the percentages of body weight changes between the examined day and the day of infection (day 0). *, statistically
significant difference (P < 0.05) in comparison to [N-LAH + MG] (panel C) or [N-3M2e + N-LAH + MG] groups (panel D).
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mobilizing alveolar macrophages and natural killer cells (7), and
both type 1 and type 2 IgG were associated with protection
conferred by anti-M2e antibodies (45, 46). Further investigations
on the functionality of anti-LAH and anti-M2e antibodies
generated by our vaccine preparations are required.

Beside humoral responses, various type 1-, type 2- and type
17-cytokine secreting CD4+ (47, 48) and CD8+ (49, 50) T cell
subsets contribute to anti-IAV immunity by limiting the
duration and severity of the disease via multiple synergistic
effector mechanisms. IAV-specific CD8+ T cells are mainly
involved in the direct killing of infected cells, and CD4+ T cells
provide helper functions to B cells and CD8+ T cells, regulate the
response of innate immune cells, and exert direct cytotoxic
functions (51). Both major histocompatibility complex class I-
and class II-restricted epitopes are found in LAH and M2e
peptides (52–55), and LAH- or M2e-specific CD4+ or CD8+ T
cells secreting type 1, type 2 or type 17 cytokines can be
Frontiers in Immunology | www.frontiersin.org 17
generated by subunit vaccines in mice (40, 54, 56–58). Some
studies also indicated a protective role of M2e-specific CD4+ T
cells (40, 54). We detected LAH- and M2e-specific type 1-, type
2-, and type 17-secreting cells in the spleen of mice immunized
with N-LAH and/or N-3M2e nanorings admixed with MG, and
the cell subsets engaged in these responses need to be identified.

Various experiments in mice demonstrated that M2e- and
LAH-based vaccines conferred better clinical and virological
protection against IAV when they were administered
mucosally instead of parenterally, and this was correlated with
the ability to induce local IgA (28, 59–61). Secretory IgA, which
are polymeric IgA produced by B cells in the lamina propria and
secreted to mucosal surfaces, are one of the first lines of defense
against respiratory pathogens. They neutralize viral infection of
respiratory epithelial cells via extracellular and intracellular
immune exclusion and also exhibit FcaR-mediated effector
functions (15, 62). IgA display a broad spectrum of reactivity
against heterovariant and heterosubtypic IAV strains, and are
thus an essential defensive front line against highly variable IAV
(15). Whereas IgA prevent infections of the upper respiratory
system, IgG, which are secreted systemically and diffuse in
mucosal tissues, are mainly involved in the defense of the
lower respiratory tract by decreasing viral pneumonia (15).
Mucosal vaccination is also prone to generate tissue-resident
memory T cells in the respiratory tract, which was shown to
mediate optimal (cross-) resistance against IAV infections (15,
54). Further analyses on the features of the humoral response in
the upper respiratory tract, on the functionality of the mucosal
antibody response as well as on the characteristics of cellular
immunity in the respiratory mucosa of mice immunized with N-
LAH and/or N-3M2e admixed with MG are thus necessary.

The protection conferred by the [N-3M2e + N-LAH + MG]
preparation in mice was enhanced in comparison to [N-LAH +
MG] or [N-3M2e + MG] preparations. Other studies
demonstrated that the combination of LAH and M2e epitopes
in vaccine preparations increased immunogenic and protective
properties (63–65). This is likely due to the cooperation of both
LAH- and M2e-specific effector functions. In addition, the
supplementation of [N-3M2e + MG] with N-LAH nanorings
raised the number of M2e-specific spleen cells secreting type 1
and type 17 cytokines. Memory M2e-specific CD4+ T cells have
been shown previously to boost the generation of HA-specific
IgG responses (54). Additional studies are required to evaluate
whether LAH-specific immune mediators can influence the
generation of M2e-specific immunity. Ongoing experiments
are evaluating the immunogenicity and protective efficacy of
chimeric nanorings bearing M2e and LAH epitopes
simultaneously (N-3M2e-LAH, N-LAH-3M2e).

In this study, the efficacy of nanoring-based vaccines in
chickens was evaluated for the first time. In stark contrast with
the potent protective effect conferred by the combination of N-
3M2e and N-LAH nanorings in the mouse model, none of the
chickens vaccinated with the formulation administered via the
mucosal or parenteral routes survived a HPAIV infection.

Some studies demonstrated that parenteral or mucosal
administrations of M2e epitopes under various vaccine
FIGURE 10 | Evaluation of the virological protection conferred by LAH- and
3M2e-bearing nanorings against homologous H1N1 infection in mice. Mice
received at 2-week intervals three intranasal administrations of N-LAH and

N-3M2e nanorings admixed with Montanide™ gel (MG) instilled separately
or in combination. Experimental control groups received intranasal
administrations of free LAH or 3M2e peptides admixed with MG. Mice
receiving subcutaneous administrations of UV-inactivated PR8 strain (iPR8)
admixed with MG or intranasal administrations of vaccine vehicle (MG) were
included as positive or negative control groups, respectively. Two weeks
after the third immunization, all mice were challenged with 15 LD50 of PR8
strain and four days after challenge, mice were sacrificed, and individual
viral loads were measured from lung homogenates by qRT-PCR. The
number of M1-specific RNA copies for 100 ng total lung RNA was
determined against a standard curve using a plasmid encoding PR8 M1
gene. The number of viral copies of each mouse lung sample is presented,
including the arithmetic mean with SEM. *, statistically significant difference
(P < 0.05) in comparison to MG group. ¤, statistically significant difference
(P < 0.05) between the indicated groups.
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FIGURE 11 | Evaluation of the immunogenicity and protective potential of LAH- and 3M2e-bearing nanorings against heterosubtypic H5N8 HPAIV infection in
chickens. Chickens received at 2-week intervals three intranasal administrations of H5N9 LAH and 3M2e peptides fused to nanorings either mucosally (‘muc.’) with

Montanide™ gel (MG) or intramuscularly (‘i.m.’) with Montanide™ ISA (ISA). The non-vaccinated control group received only PBS. Eighteen days after the third
immunization, serum (A) anti-LAH or (B) anti-M2e IgG titers or mucosal (C) anti-LAH IgG and IgA or (D) anti-M2e IgG or IgA titers in the lachrymal secretions (LS)
were dosed. The titer of each chicken sample is presented, including the geometric mean with 95% confidence interval. *, statistically significant difference (P < 0.05)
in comparison to PBS group. ¤, statistically significant difference (P < 0.05) between the indicated groups. (E) Three weeks after the third immunization, all chickens
were challenged with 5 LD50 of H5N8 strain and the mortality was monitored daily. Survival curves of infected chickens are expressed as the percentages of
surviving chickens.
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formats, including a fusion protein with TLR agonists,
nanoparticles or a bacterial vector, reduced, and sometimes
even totally abrogated, viral shedding and the severity of
clinical signs or lung lesions after homologous or heterologous
LPAIV challenges in chickens (13, 14, 21, 66, 67). The association
of M2e with other viral epitopes such as LAH and NA increased
the protective potential of these vaccine formulations (12, 68). In
contrast, the effectiveness of a stand-alone M2e vaccine remained
limited against HPAIV infections (11, 69–71), and only
incorporation of other IAV epitopes such as LAH enabled
chickens to present significant survival rates (19). Nonetheless,
not all chickens immunized with the combination of M2e and
LAH epitopes survived the infection and the virus shedding from
the respiratory and digestive tracts remained elevated (19).
Although vaccinated chickens developed M2e- and/or LAH-
specific humoral and cellular immune responses in these
studies, the cellular and molecular mechanisms involved, as
well as the respective engagement of mucosal and systemic
immune compartments in the resistance against LPAIV and
HPAIV, remain largely unknown. Further examination of the
characteristics and the functionality of the antibody and cell-
mediated responses generated in chickens vaccinated with N-
LAH and N-3M2e nanorings are needed for a comprehensive
interpretation of the lack of protection observed in our study.

While subunit vaccines incorporating universal epitopes did
not provide an adequate protection against HPAIV infections,
recent studies indicated that M2e and/or LAH-based vaccines
improved the (cross-) protective effects of inactivated IAV
vaccines in chickens (11, 20, 72). For example, all chickens co-
immunized with a recombinant baculovirus expressing LAH,
M2e and nucleoprotein epitopes and an H5N1 inactivated
vaccine survived a heterologous HPAIV H5N1 challenge and
no longer spread the virus in contrast with chickens immunized
with the inactivated vaccine alone (72). The supplementation of
inactivated IAV vaccines with M2e-based nanoparticles
enhanced protection against H5N1 homologous and H5N8
heterologous HPAIV infections (11), as well as against
heterologous LPAIV infection (20). Thus, further studies are
warranted to evaluate the beneficial effects of N-LAH and N-
3M2e nanorings as supplements to current IAV inactivated
vaccines in chickens, and especially in broadening the
resistance against vaccine-escape viruses.
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UE907, INRAE, Jouy-en-Josas) for technical assistance in
animal experiments. We thank Christine Longin (Plateforme
Microscopie et Imagerie des Micro-organismes, Animaux et
Aliments, INRAE, Jouy-en-Josas) for performing TEM analysis
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Supplementary Figure 1 | Molecular size distribution by volume as detected by
dynamic light scattering for the different nanoring preparations. d.nm:
hydrodynamic diameter in nanometers.

Supplementary Figure 2 | Evaluation of the immunopotentiator effect of
nanorings on the frequency of LAH- and M2e-specific IFN-g-secreting cells in mice.
Mice received at 2-week intervals three intranasal administrations of LAH or 3M2e
peptides fused to nanorings admixed with Montanide™ gel (MG). Experimental
control groups received intranasal administrations of free LAH or 3M2e peptides
Frontiers in Immunology | www.frontiersin.org 20
admixed with MG or subcutaneous administrations of UV-inactivated PR8 strain
(iPR8) admixed with MG. Vaccine vehicle (MG) was intranasally administered to
negative control group. Two weeks after the third immunization, spleen cells from
individual mice were restimulated ex vivo for 24 h in presence (‘+’) or absence (‘-’) of
synthesized LAH or M2e peptides. The frequency of (A) LAH- or (B) M2e-specific
IFN-g-secreting cells was monitored by ELISpot assay. Data are presented as
arithmetic means with SEM of 4-5 individual spleens. *, statistically significant
difference (P < 0.05) in comparison to MG group. ¤, statistically significant difference
(P < 0.05) between the indicated groups.
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