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Abstract: Protein fibrils characterized with a cross-β-sheet quaternary structure have gained interest
as nanomaterials in biomedicine, including in the design of subunit vaccines. Recent studies have
shown that by conjugating an antigenic determinant to a self-assembling β-peptide, the resulting
supramolecular assemblies act as an antigen delivery system that potentiates the epitope-specific
immune response. In this study, we used a ten-mer self-assembling sequence (I10) derived from an
amyloidogenic peptide to biophysically and immunologically characterize a nanofibril-based vaccine
against the influenza virus. The highly conserved epitope from the ectodomain of the matrix protein 2
(M2e) was elongated at the N-terminus of I10 by solid phase peptide synthesis. The chimeric M2e-I10

peptide readily self-assembled into unbranched, long, and twisted fibrils with a diameter between five
and eight nm. These cross-β nanoassemblies were cytocompatible and activated the heterodimeric
Toll-like receptor (TLR) 2/6. Upon mice subcutaneous immunization, M2e-fibrils triggered a robust
anti-M2e specific immune response, which was dependent on self-assembly and did not require the
use of an adjuvant. Overall, this study describes the efficacy of cross-β fibrils to activate the TLR
2/6 and to stimulate the epitope-specific immune response, supporting usage of these proteinaceous
assemblies as a self-adjuvanted delivery system for antigens.

Keywords: nanovaccine; fibrils; self-assembly; immune response; immunization; toll-like receptor;
TLR2/6; influenza virus; self-assembling peptides; cross-β-sheet

1. Introduction

Over the last decades, vaccination has shifted towards the use of defined molecular components,
such as purified microbial antigens. In comparison to conventional vaccines based on live-attenuated
and inactivated pathogens, these subunit vaccines are safer formulations, although they tend to
be weakly immunogenic and often require the use of immunostimulatory agents, or adjuvants [1].
Recently, usage of nanoparticles, or nanoscale materials, as delivery systems for antigenic components
has shown great potential to promote long-lasting immune responses with minimal safety issues.
A large diversity of nanoparticles has been evaluated as antigen carriers, including inorganic
and polymeric-nanoparticles, polysaccharide-complexes, liposomes, and self-assembled protein
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nanostructures [2,3]. By tuning their size, supramolecular arrangement, shape, solubility, and surface
chemistry, nanoparticles can be designed with tailored physicochemical and immunological
properties [4]. One advantage of these nanomaterials resides in their size, with at least one dimension at
the nanometer level, closely mimicking most invading pathogens and serving as danger signals for the
immune system [5]. These nanovaccines contain the antigen(s) either encapsulated or decorated on the
surface, leading to its physical and biological stabilization, its protection from proteolytic degradation,
its sustained release, and/or to an increase of its internalization and processing by antigen-presenting
cells (APCs) [6]. Interestingly, some nanoparticles have also shown intrinsic immunomodulatory activity
associated with stimulation of APCs [7]. Ideally, nanomaterials used as subunit vaccine platforms need
to be biocompatible, biodegradable, to show appropriate physicochemical and enhanced biological
stability, and to tolerate the functionalization of a diversity of antigens, from oligosaccharides to
large proteins [8,9]. Among materials used for subunit nanovaccines, proteins that self-assemble
into well-organized repetitive antigen displays have attracted interest for their high biocompatibility,
molecular specificity, and multivalency [10]. The best-known protein nanovaccines are virus-like
particles (VLPs), composed of viral structural proteins that lack nucleic acid sequences [11], which are
currently used as vaccines against the hepatitis B virus and the human papilloma virus [12]. Nonetheless,
their complex production, low shelf-stability, presence of biological contaminants, and/or difficult
characterization could limit the use of VLPs.

In this context, synthetic peptides have emerged as promising alternative building blocks for the
construction of proteinaceous nanostructures for the delivery of antigens. Peptides are biocompatible
and efficiently prepared by solid phase synthesis, which facilitates conjugation of biomolecules,
purification, and characterization [13,14]. By varying the peptide sequence and/or the conditions
of self-assembly, a virtually infinite array of supramolecular architectures with tailored structural,
chemical and immunological properties can be prepared. Peptide amphiphilic micelles [15–17],
synthetic coiled-coil nanoparticles [18–20], as well as fibrils and filaments [21–23] have been shown
to increase the immunogenicity of grafted peptide epitopes. For instance, linear and unbranched
fibrils assembled from the cross-β-sheet quaternary motif have been frequently reported to elicit strong
humoral immune responses against the conjugated epitopes. Most fibrillar nanovaccines evaluated so
far are based on a short self-assembling sequence known as Q11 (QQKFQFQFEQQ) [21,22,24]. Fibrils
assembled from Q11 peptide, with fibril lengths over one µm, have shown to boost the epitope-specific
antibody response upon mice immunization against a diversity of grafted T- and/or B-cell epitopes.
Recently, we have identified a novel short β self-assembling sequence (I10; SNNFGAILSS) for the
preparation of a fibrillar nanovaccine, which derived from the amyloidogenic peptide islet amyloid
polypeptide (IAPP) [25]. A chimeric peptide comprising the 18-mer E2EP3 epitope from the E2
glycoprotein of the chikungunya virus and the I10 peptide led to the formation of linear fibrils with the
epitope exposed on their surface. Mice immunized with these fibrils showed a robust IgG response
against the E2EP3 epitope, which was dependent on self-assembly and did not require co-injection of
an additional adjuvant, demonstrating the potential of this sequence for the preparation of synthetic
nanovaccines. Nonetheless, the self-assembling robustness and the intrinsic immunogenecity of the
I10 delivery nanoplatform have not been validated with other antigens so far. Particularly, whereas
hypotheses have been proposed to explain the immunostimulatory properties of cross-β fibrils, such as
depot effect, increased phagocytosis and/or activation of APCs, the precise mechanisms of this adjuvant
effect remain partially elusive, precluding translation into clinics.

In this study, we evaluated the self-assembling capacity and the adjuvanticity of the I10 peptide
sequence by using an immunogenic epitope derived from the ectodomain of the matrix protein 2 of the
influenza A virus (Figure 1). This M2e linear peptide epitope (SLLTEVETPIRNEWGCRCNDSSD) is
highly conserved among different influenza A strains and therefore, represents a potential candidate
for a universal influenza vaccine [26–28]. Our results showed that the self-assembly of M2e-I10 peptide
into linear cross-β twisted fibrils tolerates the N-terminal conjugation of M2e, leading to the exposition
of the epitope on the surface. This fibrillar nanoplatform raised a robust M2e-specific immune response
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in mice, likely involving engagement of innate immunity through activation of the heterodimeric
Toll-like receptor (TLR) 2/6.
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Figure 1. Schematic representation of cross-β fibrils decorated with the 23-mer negatively charged
epitope (M2e) epitope. (a) Sequence of the M2e-I10 peptide comprising the epitope derived from the
N-terminal domain of M2 protein of the influenza virus (green), a short flexible tetrapeptide linker
(gray), and the self-assembling peptide I10 (in blue). Please note that the Cys residues at positions 17
and 19 were substituted to Ser to avoid undesired oxidation and/or formation of aberrant disulfide
bonds, without affecting immunogenicity of M2e and affinity/selectivity of the resulting antibodies [29].
(b) Schema of two M2e-I10 peptides interacting via a cross-β motif. (c) Representation of fibrils and
arrangement of the cross-β supramolecular structure with the M2e epitope exposed on the surface.

2. Materials and Methods

2.1. Peptide Synthesis, Purification, and Characterization

Peptides were synthesized by solid phase peptide synthesis (SPPS) using a Fmoc/tBu strategy
and 2-(6-chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) as
a coupling agent, as previously described [30]. Crude peptides were purified by preparative HPLC
using a C18 column and a linear gradient of acetonitrile in H2O/TFA (at 0.6% v/v). Collected fractions
were analyzed by analytical HPLC (C18) (Agilent Technologies, Santa Clara, CA, USA) and ‘time of
flight’ mass spectrometry (LC/ESI-TOF)((Agilent Technologies, Santa Clara, CA, USA). Fractions
corresponding to the desired peptide with a purity of over 95% were pooled and lyophilized.

2.2. Peptide Self-Assembly

Lyophilized peptide was solubilized at 500 µM, unless otherwise specified, in 50 mM Tris-HCl,
pH 7.4 and sonicated for 5 min. Self-assembly was performed at room temperature (RT) under constant
rotary agitation at 40 rpm for up to 168 h. At different times of self-assembly, aliquots were taken and
the assemblies were characterized by a combination of biophysical approaches, as described below.

2.3. Critical Aggregation Concentration

Stock solution of pyrene (1 mM) was prepared in ethanol, diluted in 50 mM Tris-HCl buffer, pH
7.4, and sonicated until complete dissolution. Pyrene was employed at a final concentration of 2 µM in
the peptide solution of the M2e-I10 peptide, reaching 0.2% ethanol. This ethanol concentration was
considered to have no effect on the aggregation behavior of the M2e-I10. The excitation wavelength was
set at 335 nm and the emission spectra were recorded from 350 nm to 450 nm. CAC was determined by
plotting the ratio of fluorescence intensity (λ373 nm/λ384 nm) as function of the concentration. Intersection
of the two linear fits was used to determine the CAC. This experiment was performed in triplicate
and representative data are presented. The CAC was determined by averaging the data from three
separate experiments.
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2.4. Absorbancce and Fluorescence Spectroscopy

Kinetics of self-assembly at 500 µM in Tris-HCl (50 mM, pH 7.4) was assessed by absorbance
measurements at 400 and 600 nm. Thioflavin T (ThT) fluorescence endpoint was used to monitor
formation of cross-β quaternary structure. Assemblies were diluted in Tris-HCl (50 mM, pH 7.4) to
reach 100 µM and ThT was added to a final concentration of 40 µM. Fluorescence was measured with
excitation wavelength at 440 nm and emission spectra were recorded from 450 to 550 nm. Data of at
least three experiments were averaged and expressed as the mean ± S.D.

2.5. Circular Dichroism Spectroscopy

At the desired time of self-assembly, peptide solutions were diluted in Tris-HCl (50 mM, pH
7.4) to reach a concentration of 100 µM and incorporated into a 1-mm path-length quartz cell. Far-UV
circular dichroism (CD) spectra (Jasco Inc., Easton, MD, USA) were recorded from 190 to 260 nm.
The wavelength step was set at 0.5 nm with an average time of 10 s per scan at each wavelength step.
Each collected spectrum was background subtracted with the buffer control. Raw data were converted
to mean residue ellipticity (MRE), as previously reported [31]. CD experiments were performed in
triplicate and representative data are presented.

2.6. Powder X-ray Diffraction

Peptide solutions were deposited on an X-ray diffraction lamella and dried overnight.
Powder X-ray diffraction (PXRD) was performed using a Bruker D8 Advance X-ray diffractometer
(Bruker, Billerica, MA, USA). The current and the voltage were 40 mA and 40 mV, respectively, with a
step size of 0.112◦ s−1 in the 2θ range of 5–50◦. Diffractograms were analyzed using X’pert data
software. Interplanar distances were determined from powder raw pattern (2θ), satisfying Bragg’s
condition [32].

2.7. Atomic Force Microscopy

Peptide solutions were diluted to 50 µM in 1% acetic acid and immediately applied to freshly
cleaved mica. Micas were washed with deionized water and were air-dried for 24 h. Images were
acquired on a Veeco/Bruker Multimode AFM using the Scan-Assyst in air mode with a silicon tip
(2–12 nm tip radius, 0.4 N m−1 force constant) on a nitride lever. Images were obtained at 0.9 or 0.5 Hz
and 1024 scan/min and analyzed using the Gwyddion software. The length of at least 150 individual
fibrils per image were manually measured and length distribution was plotted using a frequency
distribution. Non-linear fitting was obtained using a Gaussian distribution. For height analysis,
the mask grain by threshold function was applied to discriminate the background form the fibrils.
The heights of over 500 individual fibrils per image were plotted using the frequency distribution and
non-linear fitting was obtained using a Gaussian distribution.

2.8. Transmission Electron Microscopy

Peptide solutions were diluted to 50 µM and applied to glow-discharged copper carbon-coated
400-mesh grids. Samples were negatively stained with 1.5% (w/v) uranyl formate for 1 min and
air-dried for 24 h. For immunogold staining, grids with adsorbed fibrils were floated on droplets of 1%
bovine serum albumin (BSA) to block the non-specific binding. After incubation with the M2e-specific
primary antibody (1:1000) for one hour, grids were washed with 1% BSA in PBS, floated on droplets
of gold-conjugated goat anti-rabbit IgG (1:500) for 1 h, washed with distilled water, and stained
with 1.5% (w/v) uranyl formate. Grids were examined using a FEI Tecnai 12 BioTwin microscope
operating at 120 kV and equipped with an AMT XR80C CCD camera system (Thermo Fisher Scientific,
Waltham, MA, USA)).
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2.9. Enzyme-Linked Immunosorbent Assay for Epitope Accessibility

High-binding ELISA plates were coated with 2 µM of peptide (M2e, NFs, M2e-I10,
and M2e-NFs) overnight at 4 ◦C. Wells were washed and blocked with PBS 0.05% Tween-20
(PBS-T) containing 1% (w/v) BSA for 1 h. The coated plates were treated with an anti-influenza
A M2 monoclonal primary antibody (14C2) (1:1000) for 3 h at room temperature (RT). Plates were
washed three times and incubated with peroxidase-conjugated rabbit anti-mousse IgG (1:10,000).
The peroxidase signal was detected using 3,3′-5,5′-tetramethyl benzidine (TMB) and by measuring the
absorbance at 450 nm after stopping the reaction with sulfuric acid.

2.10. Measurement of Zeta potential

Measurements were carried out at a concentration of peptides of 500 µM in 50 mM Tris-HCl pH
7.4, using a ZetaPlus instrument (Malvern Panalytical, St-Laurent, QC, Canada). operated at room
temperature. Each measurement corresponds to a triplicate of 10 runs per analysis.

2.11. Cell Viability Assays

J774.1 cells were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS), 50 U/mL penicillin, and 50 µg/mL streptomycin at 37 ◦C under a
humidified atmosphere of 5% CO2. DC2.4 cells were grown in RPMI-1640, supplemented with 10% FBS,
2 mM L-Glutamine, 0.1 mM non-essential amino acids, 25 mM HEPES buffer solution, and 0.05 mM
β-Mercaptoethanol. For live/dead viability assays, cells were cultured in a 24-well plate at a density of
250,000 and 180,000 cells/well for J774.1 and DC2.4, respectively. For metabolic assays, cells were seeded
in black-wall, clear-bottom 96-well plates at a density of 25,000 and 18,000 cells/well, respectively. After
overnight incubation, cells were treated, for 16 h with M2e-NFs or IAPP peptide at final concentrations
of 150 µM and 50 µM, respectively, or with the Tris-HCl buffer vehicle control. The medium was
removed and live/dead reagent solution (4 µM ethidium homodimer-1; 2 µM calcein-AM) in sterile PBS
solution (pH 7.4) was added in each well. After incubation for 45 min at room temperature, plates were
imaged using a fluorescent microscope. At least three images per well were taken and processed using
ImageJ software. The percentage of cell viability was calculated as the viable cells (green labeled) over
the total number of cells (green + red). Metabolic activity of treated cells was also evaluated by the
resazurin reduction assay. After peptide treatment, cells were incubated with 50 µM of resazurin for
3 h and the fluorescence intensity was measured with an excitation at 560 nm and an emission at
590 nm. Cell viability (in %) was calculated from the ratio of the fluorescence of the treated cells to the
buffer-treated cells. Data of at least four experiments were averaged and expressed as the mean ± S.D.

2.12. Evaluation of TLR2/6 Activation

HEK-Blue™ hTLR2-TLR6 cells (InvivoGen, San Diego, CA, USA) were cultivated in DMEM
supplemented with 4.5 g/L glucose, 10% (v/v) fetal bovine serum, 100 U/mL penicillin, 100 µg/mL
streptomycin, 100 µg/mL normocin, 2 mM L-glutamine, and 100 µg/mL HEK-Blue selection. At 50–80%
confluency, cells were seeded in HEK-Blue detection medium (InvivoGen, San Diego, CA, USA) at a
density of 50,000 cells/well in a 96-well plate containing, or not, the peptide assemblies at the indicated
concentrations. Pam2CSK4 was used as positive control at a concentration of 10 ng/mL. After 16 h
incubation at 37 ◦C in 5% CO2, absorbance was monitored at 630 nm.

2.13. Mice Immunization

Protocols were approved by the institutional committee (CIPA: Institutional Animal Care and Use
Committee of the Université du Québec à Montréal) according to the regulation of the Canadian Council
for Animal Care. Peptides were dissolved in endotoxin-free sterile Tris-HCl (50 mM, pH 7.4) at 2 mM
and self-assembled as described above. Stock solutions were then diluted to reach a concentration
of 0.5 mM in endotoxin-free sterile PBS. Six-week-old female BALB/c mice (8 mice per group) were
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immunized subcutaneously with 100 µL (50 nmol/mice) of synthetic peptide (M2e), M2e-NFs with,
or without, aluminum hydroxide gel (Alhydrogel adjuvant (Alum) 2%). Alum-adjuvanted groups
received the same volume and peptide dose, prepared by diluting the peptide solution in alum
at a 1:1 volume ratio. Mice received two boosts at days 15 and 29 post-primary immunization
with 100 µL, each containing 50 nmol of peptides. Control mice were immunized using the same
volume of PBS. Blood samples were collected from the saphenous vein at days 0-, 14-, and 28-post
primary-immunization. Mice were sacrificed two weeks after the final boost (day 42) and sera were
collected from cardiac puncture.

2.14. Determination of Anti-M2e Antibody Titers

Antibody titers were determined using an indirect ELISA assay. Plates were coated overnight
at 4 ◦C with 2 µg/mL of M2e peptide diluted in sodium carbonate 0.05 M (pH 9.6). After extensive
washing with PBS-T, plates were blocked with 1% (w/v) bovine serum albumin (BSA) solution for
1 h. Determination of whole IgG was performed using 100 µL of a serial dilution of mouse sera
(starting point at 1:65) in PBS-T (1% BSA), while isotype IgG titers were obtained by a dilution of
1:1600 of antisera (IgG2a, IgG2b, IgG3) or 1:12800 (IgG1). After 3 h incubation and extensive washes,
HRP-conjugated goat anti-mouse whole IgG (H+L) (G-21040) (1:10,000), IgG1 (A10551) (1:10,000),
IgG2a (A-10685) (1:5000), IgG2b (M32407) (1:5000), and IgA (62-6720) (1:10,000) were added for 1 h.
Plates were washed and the HRP signal was detected using TMB substrate. To determine antibody
titers, the optical density (450 nm) was compared to the cutoff value. The endpoint antibody titers were
calculated by regression analysis, plotting serum dilution versus the absorbance with the following
regression curve equation: y = (b + cx)/ (1 + ax). Endpoint titers were defined as the highest dilution
resulting in an absorbance value twice that of blank points (points without immune serum) [33].

2.15. Data Analysis

For animal experiments, data were expressed as arithmetic means ± standard errors of the
means (SEM). One-way analysis of variance (ANOVA) with multiple comparisons was used
(GraphPad software, San Diego, CA, USA). p values of < 0.05 were considered significant; levels
of significance are indicated on the graphs by asterisks: *, p = 0.01; **, p= 0.001; ***, p = 0.0001;
and ****, p < 0.0001.

3. Results and Discussion

3.1. M2e-I10 Self-Assembles into Twisted Fibrils with a Cross-β-Sheet Quaternary Architecture

M2e-I10 chimeric peptide (Figure 1) was prepared by solid phase synthesis and stored at −20 ◦C
under lyophilized form to avoid uncontrolled and premature self-assembly [25]. The ability of the β

peptide I10 to self-assemble into supramolecular structure upon N-terminal conjugation of the 23-mer
M2e peptide epitope was initially evaluated by determining the critical aggregation concentration
(CAC) using pyrene fluorescence (Figure 2a). Pyrene is a small fluorogenic dye whose entrapment
within hydrophobic core leads to a change of its optical properties [34]. The results showed that
M2e-I10 aggregates with a CAC value of 444 µM, indicating that a working concentration above this
CAC is sufficient to promote self-assembly. Next, the kinetics of self-assembly was evaluated by
monitoring biophysical parameters overtime. M2e-I10 peptide was incubated at 500 µM, i.e., above
the CAC, under constant rotary agitation at room temperature and the solution was periodically
analyzed by turbidity, circular dichroism (CD) spectroscopy, and thioflavin T (ThT) fluorescence.
The growth of amyloid-like fibrils in suspension is known to be associated with an increase of solution
turbidity [35,36]. Accordingly, by measuring the absorbance of the solution at 400 and 600 nm over
incubation time, we observed that a plateau was attained after 160 h, suggesting that under these
conditions, self-assembly reaches equilibrium (Figure 2b). Boltzmann fittings with R-squared of
0.98 and 0.96 for absorbance measurements at 400 and 600 nm, respectively, further confirmed that
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the plateau was reached. CD spectroscopy revealed a secondary conformational transition from a
mixture of random coil and α-helix (two minima at 200 and 222 nm) to a β-sheet (one minimum at
217 nm) occurring between 96 to 168 h incubation (Figure 2c), in agreement with turbidity measurement
and what has been reported for amyloid-related assemblies. ThT fluorescence, which reports the
formation of cross-β-sheet quaternary structure [37,38], revealed that M2e-I10 peptide assembled into
ThT-positive structure after 48 h, and that a plateau of ThT fluorescence was reached between 96 and
168 h.
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Transmission electron microscopy (TEM) analysis of the peptide incubated under constant
rotary agitation for 168 h showed the formation of long, linear, and unbranched fibrils (Figure 2e,
left panel). Finally, the cross-β quaternary supramolecular structure was assessed by X-ray diffraction
(XRD). Powder XRD measurements revealed a diffraction pattern characterized with two sharp peaks
(Figure 2e, right panel). Those peaks, also known as Bragg reflections, were at 4.7 and 8.6 Å periodic
spacing. The 4.7 Å meridional reflection corresponds to the space between hydrogen-bonded β-strands,
a typical signature of the cross-β-sheet structure, whereas the 8.7 Å spacing corresponds to inter-sheet
distance [32,39].

Atomic force microscopy (AFM) analysis of M2e-I10 assembled for 72 h showed the presence
of a heterogeneous population of short fibrils (Figure 3a). As observed by AFM and TEM imaging,
these short fibrils evolved into long and mature nanofilaments (NFs) upon aging, i.e., after 168 h
incubation (Figure 3b). The Gaussian length distribution of these assemblies showed an increase in
the average length from 97.2 ± 53.4 nm to 782.4 ± 508.6 nm for M2e-I10 peptide assembled for 72
h and 168 h, respectively (Figure 3c). In sharp contrast, the Gaussian height distribution of fibrils
remained constant overtime, i.e., (h) = 6.4 ± 0.2 nm after 72 h and (h) = 6.6 ± 0.8 nm after 168 h,
indicating that elongation of short filament into long and linear fibrils does not impact their diameter.
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This suggests that elongation from short fibrils to extended NFs likely occurs on one dimension along
the fibril axis. Extraction of height profile combined with zoomed AFM images of the NFs (insets
in Figure 3a,b) showed that NFs (after 72 and 168 h of assembly) are twisted and have a ribbon-like
mesoscopic morphology, with an absolute height (h) of about 5 ± 0.2 nm, a half-pitch (p/2) of about
90 ± 20 nm, and an amplitude (a) of 3 ± 0.2 nm (Figure 3c). The absolute height (h) correlated
closely with the height distribution measurement, which includes the amplitude of the twist and
gives an average measure of the height. The close similarity between the extraction profiles suggests
that the symmetry is conserved during fibril growth and supports the one-dimension elongation
hypothesis aforementioned. Taken together, biophysical analyses revealed that the functionalization
of the self-assembling I10 peptide with the M2e epitope does not hinder its self-assembly, leading to
twisted fibrils with a prototypical cross-β quaternary structure. These observations indicate that the
self-assembling propensity of I10 is sufficiently robust to tolerate the N-terminal functionalization
of different antigenic determinants, such as M2e and the E2EP3 immunogenic epitope from the
chikungunya virus [25].
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Figure 3. Morphological characterization of M2e-NFs. (a) Representative atomic force microscopy
(AFM) images of M2e-NFs taken after 72 h and 168 h of self-assembly showing the morphology of
the nanostructures. Scale bar is 200 nm. (b) Representative TEM image of M2e-NFs obtained after
168 h self-assembly. Scale bar is 100 nm. (a,b) Insets are zoomed in region of the images taken at high
resolution with further digital treatments to highlight the twisted morphology of NFs. (c) Height and
length distribution, and height profiles of M2e-NFs at 72 h (red line) and 168 h (blue line) self-assembly
extracted from AFM images. h, p/2 and a on the height extraction profile graph correspond to height,
half of the pitch, and amplitude, respectively.

3.2. The M2e Epitope is Accesible on the Surface of the Fibrils

We evaluated if the M2e epitope is exposed on the fibril surface and not buried inside the
hydrophobic core of the nanostructures, which could allow direct recognition by B cells [10,40,41].
First, measurement of zeta potential was assessed to evaluate the electrostatic charge on the surface
of the M2e-NFs in comparison to naked I10 fibrils. In fact, whereas the self-assembling platform I10

displays a net charge of +1 at pH 7.4, the M2e peptide has a net charge of −2 at the same physiologic
pH (Figure 1a). Zeta potential measurements of the non-functionalized fibrils (NFs) and M2e-NFs
were −0.31 ± 5.4 mV and −28.97 ± 4.5 mV, respectively, suggesting that the negatively charged M2e
sequence is exposed on the fibril surface (Figure 4a). Next, ELISA using M2e-specifc antibody was
performed to evaluate the accessibility of the epitope on the fibrils. As observed in Figure 4b, the M2e
epitope on the monomeric M2e-I10 peptide and the assembled M2e-NFs was accessible to a comparable
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extent to the M2e peptide alone. Absence of antibody binding to the naked NFs confirmed the
specificity of the assay. Finally, availability of the M2e epitope on the surface of the M2e-NFs was
confirmed by TEM immunogold-labelling using a secondary antibody labelled with a 10-nm gold
nanoparticle. TEM images clearly showed the homogenous distribution of the gold nanoparticles
along the M2e-NFs in contrast to naked NFs, confirming the specificity of the immuno-assay (Figure 4c).
Overall, zeta potential and immuno-labelling showed that NFs display a high density of repetitive
epitope on the surface, mimicking the ordered native conformation of virus surface.Nanomaterials 2020, 10, x FOR PEER REVIEW 9 of 16 
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Figure 4. M2e-NFs display high density of the M2e epitope at the surface. (a) Measurement of zeta
potential indicating the surface charge of M2e-NFs and of non-functionalized fibrils (NFs). (b) ELISA
analysis of M2e peptide, NFs, monomeric M2e-I10, and M2e-NFs. (c) TEM images of NFs and M2e-NFs
after immunogold staining with anti-M2 primary antibody and gold-conjugated secondary antibody.

3.3. M2e-NFs are Cytocompatible

While cross-β proteinaceous assemblies have shown potential for applications in biomedicine
and as nanomaterials [42], this quaternary structural motif is closely associated with amyloid fibrils,
whose tissue deposition and accumulation have been historically associated with numerous diseases [43],
raising some concerns regarding their usage in the biomedical field. However, recent compelling
biophysical and biochemical evidence [43–45] as well as the identification of a diversity of functional
amyloids in numerous species [46] have suggested that mature amyloid fibrils are poorly toxic and that
the toxicity is mainly ascribed to transient oligomers and/or pre-fibrillar proteospecies. Nonetheless,
we evaluated the cytocompatibility of M2e-NFs using macrophages (J774.1) and dendritic cells (DC2.4).
Cells were incubated overnight in the presence, or absence, of 150 µM M2e-NFs (determined relatively
to the monomer), or with 50 µM monomerized IAPP, used as a positive control of amyloid-related
cytotoxicity [47]; and cell viability was evaluated using the live/dead assay and by measuring metabolic
activity. Fluorescence microscopy images show a similar green-to-red ratio for cells treated with
M2e-NFs and with the PBS control for macrophages (Figure 5a) and dendritic cells (Figure 5b). The green
fluorescence is associated with intracellular esterase activity of metabolically active cells, whereas the
red fluorescence reports cells that lose the integrity of their plasma membrane. By measuring the
green-to-red fluorescence ratio, the cell viability was 91.5 ± 2.8% for macrophages and 92.3 ± 3.0%
for dendritic cells treated with M2e-NFs. In sharp contrast, cells treated with IAPP showed an
important increase of red cells; corresponding to a cell viability of 48.3 ± 13.0% for macrophages and
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37.1 ± 2.1% for dendritic cells. Measurement of the reduction of resazurin to resorufin, an indicator of
metabolically active cells, confirmed the cytocompatibility of the M2e-NFs observed by the live/dead
assay (Figure 5c,d).Nanomaterials 2020, 10, x FOR PEER REVIEW 10 of 16 
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Figure 5. M2e-NFs are fully cytocompatible. (a,b) Qualitative and quantitative live/dead assay of
M2e-NFs and amyloidogenic peptide islet amyloid polypeptide (IAPP) showing cell viability of
macrophages (a) (J774A) and (b) dendritic cells (D.C2.4). Left panels are images taken by a fluorescent
confocal microscope in which live cells are labelled in green (intracellular esterase activity) and dead
cells are red (loss of plasma membrane integrity). Scale bar: 20 µm. (c,d) Cell viability evaluated from
metabolic activity of (a) J774A and (b) D.C2.4 treated with M2e-NFs and IAPP. (a–d) Data represent the
mean ± S.D. of at least three experiments performed in triplicate. Results were analyzed using the
student’s t-test and statistical difference (between control cells and treated cells) was established at
(****) < 0.0001.

3.4. M2e-NFs Activate the Heterodimeric Toll-Like Receptor 2/6

The immunostimulatory properties of cross-β fibrils and their capacity to enhance the specific
immune response against different grafted antigens have been reported several times over the last
decade [21,24,25,48,49]. Nonetheless, the precise molecular basis of this effect remains unknown.
While formation of a depot at the injection site and protection of the antigen from proteolytic
digestion are potential mechanisms of this adjuvant effect, studies have revealed that the cross-β-sheet
supramolecular structure of fibrils can directly activate the innate immune responses. For instance,
cross-β fibrillar aggregates assembled from amyloid β-peptide and IAPP have been shown to activate
the heterodimeric TLR2/6 [50,51]. TLRs are important pattern recognition receptors (PRRs) of the host
APCs, which are known to potentiate the epitope-specific response by bridging innate and adaptive
immunity [52]. Activation of the membrane heterodimeric TLR2/6 triggers the NF-kB pathway,
leading to the stimulation and maturation of APCs and secretion of cytokines [53]. According to
these previous studies, we evaluated the capacity of NFs and M2e-NFs to engage the TLR2/6 by
using HEK-Blue hTLR2/6 cells, which overexpress this PRR in addition to a NF-kB-inducible reporter
gene SEAP (secreted embryonic alkaline phosphatase). Incubation of these cells with M2e-NFs,
with concentrations ranging between 12.5 to 100 µM, led to a concentration-dependent activation of
NF-kB (Figure 6). This effect was not associated with the M2e epitope, as 150 µM soluble M2e peptide
did not increase the release of SEAP in the culture media, whereas naked NFs, i.e., without the M2e
epitope, showed comparable engagement of TLR2/6 to the M2e-NFs (Figure 6). Although the activation
of the NF-kB pathway by the TLR2/6 agonist Pam2CSK4 was significantly higher, 50 µM of M2e-NFs
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led to an 8-fold increase of SEAP activity in comparison to the M2e and PBS-treated control cells.
To the best of our knowledge, this is the first report of the capacity of self-assembled cross-β fibrillar
nanovaccines to activate TLR2/6, which likely contributes to their immunostimulating properties.
Besides, TLR engagement resulting in the activation of the transcription factor NF-kB, acts as a first
priming signal of the inflammasome by the upregulation of NLRP3 [54,55]. Thus, considering that
some studies have shown that cross-β fibrils derived from the amyloid β-peptide [56] and IAPP [57,58]
can activate the NLRP3 inflammasome, the stimulation of TLR2/6 by M2e-NFs could also result on
inflammasome priming, a hypothesis that will need to be further investigated.
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Figure 6. M2e-NFs activate TLR2/6. HEK-Blue hTLR2-TLR6 cells were stimulated with increasing
concentrations of NFs and M2e-NFs (ranging from 12.5 to 100 µM), 150 µM of M2e peptide, 10 ng/mL
of Pam2CSK4 or with the PBS buffer (CTL) for 16 h. NF-κB-induced SEAP activity was quantified using
HEK-Blue detection media. Data represent the mean ± S.D. of at least three experiments performed in
triplicate. Results were analyzed using the student’s t-test and statistical difference (between control
cells and treated cells) was established at (*) 0.01; (**) 0.001; (***) 0.0001; (****) < 0.0001.

3.5. Cross-β Fibrils Potentiate the Anti-M2e Specific Immune Response

The immunostimulating properties of M2e-NFs were evaluated by immunizing six-week-old female
BALB/c mice and following the M2e-specific antibody response overtime. Mice were subcutaneously
(SC) immunized three times at 14-day intervals with 50 nmole/dose of M2e-NFs or M2e peptide, with and
without aluminum salts (Alum), as presented in Figure 7a. At days 14-, 28-, and 42-post-primary
immunization (PPI), sera were collected and the M2e-specific total IgG titer was determined by ELISA.
After the primary immunization, i.e., at day 14 PPI, mice immunized with the M2e-NFs +/−Alum showed
a significant increase of anti-M2e specific IgG levels, albeit the antibody titer was higher for the formulation
supplemented with Alum (Figure 7b). In sharp contrast, sera of mice immunized with the M2e peptide
(+/−Alum) revealed a very low anti-M2e immune response after a single immunization. Fourteen days
after the first boost, the M2e-NFs +/− Alum formulations led to a robust anti-M2e immune response.
Particularly, the anti-M2e IgG titer at day 28 was significantly higher for the M2e-NFs compared to the
M2e + Alum formulation supporting the self-adjuvanticity of the I10 nanoplatform. Sera collected at day
42 PPI, i.e., after two immunization boosts, revealed similar anti-M2e IgG titers for the M2e-NFs and the
M2e-NFs + Alum groups. This indicates that M2e-NFs alone trigger a somewhat mild immune response
after a single immunization, which increases after the 1st and the 2nd boosts to eventually reach the IgG
levels observed with mice immunized with M2e-NFs + Alum.

The IgG subtypes from the final intra-cardiac bleed at day 42 PPI were determined in order
to gain an indication of the polarization of immune responses, as the ratio between IgG isotypes
is a good indicator of the Th1/Th2 balance [59]. As expected, the M2e-NFs administered with or
without Alum stimulated the robust production of IgG1, IgG2a, and IgG2b in comparison to the M2e
+/− Alum groups (Figure 7c), further highlighting the contribution of the fibrillar nanoplatform on
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immunogenicity. When comparing M2e-NFs with M2e-NFs + Alum, both formulations stimulated
the production of similar levels of IgG2b and IgG3, but different levels of IgG1 and IgG2a. IgG1
antibodies are generally associated with a Th2-type response while the IgG2b is commonly associated
with a polarized Th1-type immune response [60,61]. The addition of Alum in the M2e-NFs vaccine
resulted in higher level of IgG1, in agreement with the known capacity of Alum to polarize the immune
response towards Th2 [53,62]. Interestingly, M2e-NFs administered in absence of Alum induced a
balanced Th1/Th2 immune response, which is suitable to fight against numerous viral infection [4].
Results of mice immunization further emphasizes the self-adjuvant effect of fibrils assembled from the
I10 peptide, as previously reported with the E2EP3 epitope derived from the chikungunya virus [25].
In fact, cross-β-sheet fibrils respectively assembled from I10 and Q11 peptides have shown comparable
immunogenicity to other protein-based nanostructures, such as VLPs based on the papaya mosaic
virus [63] and nanorings assembled from nucleoprotein of respiratory syncytial virus [33]. Nonetheless,
comparative studies will need to be performed to compare directly the immunostimulatory properties
of peptide-based amyloid fibrils with other proteinaceous nanoscaffolds.
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Figure 7. Antibody specific immune response in subcutaneously immunized mice. (a) Schematic
representation of the immunization schedule. (b) M2e-specific serum IgG antibody titers of mice
immunized with M2e peptide, M2e + Alum, M2e-NFs, and M2e-NFs + Alum, 50 nmol/dose. (c) IgG
subtypes from sera collected at day 42 PPI. Data are expressed as arithmetic means ± S.E.M. One-way
analysis of variance (ANOVA) with multiple comparisons was used and P values of <0.05 were
considered significant with levels of significance indicated on the graphs by asterisks: *, p = 0.01;
**, p = 0.001; ***, p = 0.0001; and ****, p < 0.0001.
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4. Conclusions

The results of the present study confirmed the versatility and the robustness of the I10

self-assembling sequence as an immunogenic scaffold for subunit vaccines. The self-assembly of I10

peptide into long and twisted fibrils tolerated the addition of a 23-mer negatively charged epitope (M2e),
as well as an 18-mer positively charged epitope, as previously shown for the E2EP3 epitope derived from
the chikungunya virus [25]. Particularly, I10-based cross-β assemblies can engage the innate immunity
heterodimeric receptor TLR2/6, likely contributing to the immunostimulatory effects observed for
antigen delivery platforms based on cross-β-sheet fibrils, as shown herein. As previously reported [25],
the conjugation of antigenic determinant to fibrillar nanostructures promotes its internalization by
APCs, which constitutes a prerequisite for the initiation of the epitope-specific immune response.
Moreover, protection of the antigens from proteolytic degradation and depot effect at the immunization
site are also likely contributing to the immunostimulatory properties of cross-β fibrils [10,64]. Besides,
it remains critical to evaluate if the immunogenicity of amyloid-like fibrils constitutes an intrinsic
characteristic of the cross-β quaternary organization, or if different amyloidogenic sequences can
lead to divergent immunogenic potency. Overall, this study emphasized that harnessing the cross-β
supramolecular architecture represents a promising strategy to design self-adjuvanted nanoparticles.
Nonetheless, limitations regarding cross-β-sheet fibrils, including their high polymorphism in terms
of size and shape, their potential accumulation in the host organism because of their resistance to
proteolysis, their length in the microscale that could prevent direct draining to the lymph nodes,
and potential (cross)seeding of endogenous proteins leading to their aggregation similar to a prion-like
effect, will need to be addressed before translating this vaccine technology into clinics.
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