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Abstract 

 

Most of current influenza virus vaccines fail to develop a strong immunity at lung mucosae (site 

of viral entry) due to sub-optimal vaccination protocols (e.g. inactivated virus administered by 

parenteral injections). Mucosal immunity could be improved by using locally-delivered vaccines 

containing appropriate adjuvants. Here we show, in a mouse model, that inclusion of silver 

nanoparticles (AgNPs) in virus-inactivated flu vaccine resulted in reduction of viral loads and 

prevention of excessive lung inflammation following influenza infection. Concomitantly, AgNPs 

enhanced specific IgA secreting plasma cells and antibodies titers, a hallmark of successful 

mucosal immunity. Moreover, vaccination in the presence of AgNPs but not with gold 

nanoparticles, protected mice from lethal flu. Compared with other commercial adjuvants 

(squalene/oil-based emulsion) or silver salts, AgNPs stimulated stronger antigen specific IgA 

production with lower toxicity by promoting bronchus-associated lymphoid tissue (BALT) 

neogenesis, and acted as a bona fide mucosal adjuvant. 
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Introduction 

 

The main goal of prophylactic vaccination against flu is to induce protective immunity at the 

respiratory tract (the port of entry of the influenza virus), but current protocols are still by large 

inadequate. Most of the current influenza vaccines consist of inactivated virus that is 

administered by parenteral injection. Unfortunately, these conditions of administration 

(inactivated virus and systemic route) do not favour the induction of a robust immune mucosal 

response[1,2], contrary to live attenuated influenza vaccines administered by the pulmonary 

route[3]. The latter promotes more efficiently local specific immunity specially in children but is 

less efficient in elderly people and also presents obvious safety limitations[4] . Therefore, an 

ideal mucosal anti-Influenza vaccine should consist of a ‘safe particle’ (ideally inactivated and 

not attenuated), which in conjunction with an appropriate adjuvant should nevertheless be able to 

break the tolerogenic environment associated with mucosa[5–7]. Ideally, it should also down-

regulate unwanted inflammatory ‘sequelae’ sometimes derived from Influenza infections, 

particularly when associated with pandemic strains. Indeed, Influenza, alone, or in combinations 

with further microbial infections (often of bacterial origin) can induce fatal pneumoniae, through 

the well-recognized ‘cytokine storm’[8].  Independently of their underlying molecular 

mechanism of action, most of adjuvants induce a transient local inflammation illustrated by the 

expression of pro-inflammatory cytokines and chemokines (IL-12, IL-6, CCL-2, CXCL-1, CCL-

5) and a rapid infiltration and activation of innate immune cells (neutrophils, monocytes, DC) at 

the site of administration[9,10]. These ‘innate-immune events’ help to prime T and B cells in 

local lymph nodes (LN) resulting into higher antibody and cellular responses to the vaccine 

antigens.  For instance, MF59 a squalene-based oil-in water emulsion adjuvant has been licensed 

and included in adjuvanted flu vaccines administered parenterally demonstrating encouraging 
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vaccination outcomes[11]. These preparations seem to be acting through mechanisms that are 

still not fully understood[9] , but seemingly independently of Toll-like receptors (TLRs), and 

through ‘carrier/depot’ effects, which increase and lengthens the accumulation of the antigen at 

mucosal sites.  

Similarly, nanomaterials have recently been included in vaccine formulations to improve their 

efficacy and effectiveness[12] . For instance, biodegradable-polymer based nanoparticles (NP) 

have been used as carriers in flu vaccines demonstrating an increased depot effect of the antigen 

associated to prolonged and sustained higher antibody titers[13–15]. Interestingly, metallic NPs, 

and particularly silver (Ag) nanoparticles (AgNPs) have been shown to modulate innate 

immunity[16] , promoting the release of pro-inflammatory cytokines in vitro in  innate immune 

cells[17–19] and in vivo after pulmonary administration in rodents[20,21] . Moreover, synthetic 

NPs present high surface energies (due to their high surface area ratio), which in complex media 

drives spontaneous adsorption of proteins to the NP surface, constituting the so called ‘protein 

corona’. This property of NPs has been exploited to enhance antigen transport and distribution in 

vaccine applications[22,23].  

Here departing from previously used parenteral protocols, we show that AgNPs are a potent 

adjuvant when administered intra-peritoneally, and more significantly in the lung during 

pulmonary immunisation. We demonstrate a physical interaction between AgNPs and antigen, 

favouring micro-depots, which in turns promotes bronchus-associated lymphoid tissue (BALT) 

generation. This induces IgA-mediated mucosal immunity which protects mice against Influenza 

infection more efficiently than other alternative adjuvants, e.g. polyIC (a TLR-3 ligand), and 

AddaVax (a MF59 like-adjuvant used in experimental protocols).  Crucially, we also demonstrate 

that AgNPs are instrumental in down-regulating concomitant Influenza-mediated lung 

inflammation.  
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Materials and Methods 

Cell culture. All cell culture reagents were from Invitrogen unless stated. The MPI alveolar 

macrophage cell line [gift from Dr. G. Feje] [24] was cultured at 37°C in a 5% CO2 in RPMI 

medium containing 10% FCS, Glutamax, penicillin (100U/ml), streptomycin (100µg/ml) and 

30 ng/mL of mGM-CSF (PeproTech). Bone marrow derived dendritic cells (BMDC) were 

obtained as described before[25]. Briefly, cells from the bone marrow of the femurs of C57Bl/6 

mice were seeded at 4x105 cells/mL in the same medium described above but supplemented with 

β-Mercaptoethanol (50nM) and mGM-CSF (30ng/mL). On days 3, 6 and 8 the medium was 

refreshed and mGM-CSF was added. At day 10, non-adherent cells were harvested. MPI and 

BMDC were stimulated in the corresponding media with LPS (100ng/ml) from P.aeruginosa 

(Sigma, L-8643) or AgNPs (2.5-10 µg/mL) for 24h and then cytokines were measured in the 

supernatants. 

 

Influenza virus. Influenza virus strain A/Scotland/20/74 (H3N2) (abbreviated as IAV) was a gift 

from Professor van der Werf (Pasteur Institute, Paris). Virus was routinely amplified in MDCK 

cells (ATCC CCL-34) as described before[26,27]. From the supernatants of infected cells, 

influenza virus was purified by centrifugation in sucrose gradient, aliquoted and kept at -80°C 

until use. Plaque forming units (PFU/ml) of influenza stocks were quantified by the virus plaque 

assay[27] (see below). When needed, purified samples were inactivated by heating at 95°C for 

10min in a block heater. Inability of heat-inactivated influenza virus (IAV*) to replicate was then 

confirmed by the virus plaque assay. 
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Virus plaque assay. MDCK cells were grown until confluency in p6 well plates in MEM medium 

containing glutamine, antibiotics and 5% FCS. Then, 1/10 serial dilutions of either influenza 

stocks or lung homogenates from infected mice were added to the cells and incubated for 1h at 

37°C in a humidified incubator. TPCK-trypsin (Worthington) (1µg/ml final concentration) and 

Avicel microcrystalline cellulose (1.2 % w/v) (FMC Biopolymer) were then added and infected 

monolayers were incubated for 48h. After washing, cell monolayers were stained with crystal 

violet and lysis plaques (pfu) were counted and referred to the volume of the influenza stock 

solution or lung homogenate.  

 

Endotoxin assessment in nanoparticle solutions. Endotoxin content in AgNPs stocks was 

measured by the LAL Chromogenic Endotoxin Quantitation kit (Pierce) following the 

manufacturer’s instructions and using doses of AgNPs that did not interfere with the assay as 

described before[28]. Interference of AgNPs with the assay was measured by including AgNPs 

in the standard curve and comparing OD405nm of the LPS standard with or without AgNPs. 

Possible interferences due to yellowish colour of AgNPs in solution was controlled by measuring 

OD405nm in tubes where AgNPs were added after the stop reagent. 

 

Influenza infection and vaccination procedures. Animal experiments were performed according 

to the European Union guidelines for the handling of laboratory animals. Our protocol was 

approved by the National Ethics Committee (CE No.121) and the French Ministry of Education 

and Research (agreement No. 02012).  

Influenza infection. C57Bl/6J mice were purchased from Janvier Laboratories (L'Arbresle, 

France). Mice were anesthetized with a mixture of ketamine–xylazine, administered 
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intraperitoneally, and were then intranasally instilled with 40μl of PBS alone or with 40μl of PBS 

containing 300 or 1000 plaque-forming units (pfu) of influenza virus as described before[26] .  

Intraperitoneal vaccination. Seven-week-old C57Bl/6 male mice were primed with 50µg of KLH 

(Sigma) combined either with vehicle (PBS/2mM citrate buffer), with 50µg of AgNPs or with 

50µg of polyinosinic–polycytidylic acid (Poly IC) (Sigma) (total volume 100µl) administered by 

the intraperitoneal route. 8 days later, a boost consisted in administration of half-dosage of the 

same antigen/adjuvant combination used in priming. 8 days after the boost, blood was collected 

and mice culled to perform peritoneal lavages (10ml) (PLs) and to collect spleens. Serum was 

extracted from blood samples for titration of antibodies. Cytokines and cellular populations in 

PLs were identified by ELISA and flow cytometry, respectively. Peripheral blood mononuclear 

cells (PBMC) from spleen homogenates were obtained by differential centrifugation in 

Lympholyte-M (Cedarlane) and were used to detect plasma cells by ELISPOT. In other set of 

experiments, mice were treated with AgNPs (50µg) injected intraperitoneally in 100µL and 4h 

later PLs were performed to measure cellular recruitment (flow cytometry) and cytokines 

(ELISA).  

Pulmonary vaccination. Antigen (KLH or IAV*) was combined to either vehicle (PBS/2mM 

citrate buffer), AgNPs (25µg), Poly IC (25µg), AddaVax (10µL) (InvivoGen), AuNPs (25µg) or 

AgNO3 (25µg, Sigma). Seven-week-old C57Bl/6 male mice were anesthetized as described 

above and primed with either KLH (50µg) or heat-inactivated influenza virus (IAV*) (12µg of 

total protein) administered intratracheally in 50µl (final volume), with or without adjuvants (see 

above). 10 days later, a boost consisted in half-dose of the same antigen/adjuvant combination 

used in priming, except for AgNO3 which was used at 25% of the initial dose (6.5 µg) to reduce 

toxicity (Fig-S3). 10 days after the boost, blood was collected and mice culled to perform 
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bronchoalveolar lavages (BALs) with PBS (2ml) and collect paratracheal lymph nodes and lungs 

(previously perfused with 0.9% NaCl through the pulmonary artery). In another set of 

experiments, mice were treated only with AgNPs administered intratracheally. At days 1, 3 and 6 

after instillation, mice were culled and BALs performed as above. In selected experiments, cells 

from PLs or BALs were transferred to coverslips in a cytospin centrifuge and differentially 

stained with Differential Quik coloration. 

 

Flow cytometry. Cells were obtained from BALs or PLs after centrifugation (700g, 15min, 4°C). 

When needed, red cells were lysed in ACK buffer (Invitrogen). Total viable cells were counted in 

a Vi-cell XR analyser (Beckman Coulter). Cells were washed in 1% BSA-PBS buffer and stained 

with Fixable Viability Dye eFluor506 (eBioscience). After blocking Fc receptors (anti-mouse 

CD16/32 antibody, 15 min, 4°C), cells were stained with the following anti-mouse antibodies in 

two independent mixes: anti-CD45 (clone: 30-F11) coupled to PE-Cy7, anti-CD11b (clone: 

M1/70) coupled to PerCP-Cy5.5, anti-CD11c (clone: HL3) coupled to Pacific Blue, anti-Siglec-F 

(clone: E50-2440) coupled to Alexa Fluor 647, anti-Ly6C (clone: AL-21) coupled to PE, anti-

Ly6G (clone: 1A8) coupled to Alexa Fluor 700, anti-F4/80 (clon:BM8) coupled to eFluor450, 

anti-CD3 (clone:145-2C11) coupled to APC,  anti-CD4 (clone:GK1.5) coupled to FITC,  anti-

CD8 (clone:53-6.7) coupled to PerCP-Cy5.5,  anti-B220 (clone:RA3-6B2) coupled to PE,  anti-

CD19 (clone:1D3) coupled to  Alexa Fluor 700, anti-NK1.1 (clone:PK136) coupled to APC-Cy7 

(all antibodies were purchased from BioLegend except anti-SiglecF, anti-B220 and anti-CD19 

which were from BD Biosciences, and anti-F4/80 and anti-NK1.1 which were from eBioscience). 

Staining was performed for 30 min, at 4°C in 1% BSA-PBS pH 7 buffer. After washing, cells 

were fixed in 2% PFA in PBS overnight at 4°C. Cell associated-fluorescence was acquired in a 

LSR Fortessa analyser (BD Biosciences) using Diva software. Analysis of % of alveolar 
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macrophages (CD11c+CD11b-/lowSiglecF+), peritoneal macrophages (CD11b+F4/80+), monocytes 

(CD11c-CD11b+Ly6G-Ly6Chigh), neutrophils (CD11c-CD11b+Ly6G+Ly6Cdim), B-cells 

(B220+CD19+), T-CD4 (CD3+CD4+) and T-CD8 (CD3+CD8+) cells was performed excluding cell 

debris and doublets, in CD45 positive cells, using FlowJo program 10v (see gate strategy in Fig-

S4). Cell numbers for each population in the BALs and PLs were obtained after multiplying its % 

(obtained by flow cytometry) by the total cell number (cell counting). 

 

Viral loads in lungs. Lungs from infected mice were homogenized in PBS at 4°C using lysing 

matrix D tubes in a FastPrep-24 5G instrument (MP Biomedicals). 1/10 dilutions of lung 

homogenates were added to confluent MDCK cells and pfu obtained by the plaque assay (see 

above). Pfu were referred to total protein concentration (Micro BCA protein assay, Pierce) in 

lung homogenates. 

 

Measurement of cytokines. Concentration of cytokines in cell cultures supernatants, mice BALs 

and PLs, were quantified by sandwich ELISA kits following the manufacturer’s indications 

(R&D Bio-Techne). 

 

RNA Extraction and RT-qPCR in lung homogenates. Frozen lungs were homogenized in RNA 

lysis buffer provided by the Pure Link RNA extraction kit (Life Technologies), using lysing 

matrix D tubes and FastPrep-24 5G mixer (MP Biomedical) at 4°C (two cycles of 40s, level 5). 

RNA isolation steps were performed according to the manufacturer's instructions (Life 

Technologies). The corresponding cDNA was synthesised using random hexamers (Roche) and 

M-MLV reverse transcriptase (Promega). Real-time PCR was performed in 7500 Fast Real-Time 

PCR System (Applied Biosystems) using the Fast SYBR Green Master Mix (Applied 



 
 

10 

Biosystems). The primers used were described in[29]. Triplicate Ct values were analysed using 

the comparative Ct (ΔΔCt) method. The amount of target (2-ΔΔCT) was calculated using control 

mice as calibrator (arbitrary units=1) and 18s rRNA (Fw:cttagagggacaagtggcg; Rw: 

acgctgagccagtcagtgta) as the house keeping gene. 

 

Transmission electron microscopy. TEM was performed as described before[30] . A drop of a 

suspension containing AgNPs alone or previously mixed with KLH (at the same ratio used in 

vaccinal preparations) was laid on formvar/carbon-coated copper grids. After 5min, grids were 

stained with 1% uranyl acetate (1min) and then examined in a Tecnai12 (FEI, The Netherlands) 

transmission electron microscope at 80 kV equipped with a 1K×1K Keen View camera. 

 

Antibody Titers. Specific antibody titers were obtained by ELISA. Maxisorb (Nunc) 96-well 

plates were coated with KLH (for detection of KLH specific antibodies) or cellular extracts of 

A549 cells infected with influenza virus (for detection of influenza specific antibodies) at 

10µg/ml in carbonate/bicarbonate buffer pH 9.6 overnight at 4°C. After blocking non-specific 

binding in 5% skimmed milk in PBS, serial dilutions of BALs or serums were added in 1% 

skimmed milk, 0.05% Tween-20 in PBS (ELISA buffer) for 2h at 37°C. Afterwards, either anti-

mouse IgA (1/2000) or anti-mouse IgG (1/4000) antibodies coupled to biotin (SouthernBiotech) 

were added in ELISA buffer for 2h at 37°C. Finally, wells were incubated with streptavidin 

coupled to alkaline phosphatase for 1h at 37°C. Enzymatic activity was detected after incubation 

with PNP substrate (Sigma) and measure of the OD was performed at 405nm. OD405nm versus 

sample dilution for each mouse were plotted to obtain specific titers. Titers were defined as the 

reciprocal of the last dilution giving a value of OD over the double of the background (usually 
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values between 0.2 and 0.4). Mean+/-SEM of the reciprocal of the dilutions are represented in the 

corresponding figures. Titers represented in the same figure were obtained from an ELISA which 

included all samples represented. 

 

ELISPOT. MutiScreen-HA plates (Millipore-Merck) were coated with KLH (to detect KLH 

specific plasma cells) or a cellular extract from A549 cells infected with influenza A virus (to 

detect influenza specific plasma cells), as described for the detection of specific antibodies by 

ELISA (see above). Plates were washed with PBS and unspecific sites blocked with culture 

media (RPMI supplemented with 10% FCS and 5% penicillin/streptomycin) for 2h at 37°C. Cells 

isolated from spleens or para-tracheal lymph nodes were seeded in the wells by 2-fold serial 

dilution in culture media and incubated overnight at 37°C in a CO2 incubator. Next, cells were 

removed with several PBS washes and remaining attached cells were lysed after incubations with 

H20-Tween 0.05%. Next, plates were incubated with goat anti-mouse IgG-biotin or goat anti-

mouse IgA-biotin (SouthernBiotech) for 2h at 37°C in 1% skimmed milk PBS-Tween 0.05% 

buffer. Plates were then washed and incubated with Streptavidin-coupled to phosphatase alkaline 

(PA) (SouthernBiotech) in the same buffer for 30 min at 37°C. Excess of streptavidin was 

removed and plates were incubated with Liquid Permanent Red (Dako) or BCP/NBT (Sigma) 

substrate. Plates were then washed with water and air-dried. Spots were quantified with 

binoculars and specific plasma cells were expressed in numbers per 100.000 lymphoid 

node/PBMC cells. 

 

Immunohistochemistry. Perfused and fixed lungs (4% PFA in PBS, overnight at 4°C) were 

embedded in paraffin and sectioned in slides (4µm). After deparaffinization and rehydration, 

antigen retrieval was performed in citrate buffer (pH 6) for 40 min at 95°C. Slides were 
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sequentially incubated in 2% normal serum (from the species in which the secondary antibody 

was raised) and then in 1% BSA, 0.02% Triton X-100 (diluted in PBS). Samples were then 

treated with biotin blocking reagent (Vector Labs) and peroxidase blocking reagent (Dako). 

Antibodies used (1/200) were the following: rat anti-B220 (clone:RA3-6B2) (BioLegend), rabbit 

anti-mouse CD3 (clone: SP7) (Abcam), rat anti-mouse CD138 (clone:281-2) (BioLegend), rat 

anti-mouse MU/HU GL7 (clone:GL7) (BioLegend), goat anti-mouse IgA (SouthernBiotech). 

When double staining was performed on the same slice (CD3/B220), first antibody was incubated 

overnight at 4°C and developed with the corresponding secondary antibody biotinylated (Vector) 

using AP Vectastain ABC kit polymer (Vector Labs) to amplify the signal developed in Liquid 

Permanent Red (Dako). Co-staining was then performed using another primary antibody that was 

developed with the corresponding HRP-based polymer N-Histofine (Nichirei Biosciences) using 

DAB substrate (Dako). Biotinylated goat-anti rat IgM (Bethyl) was used as secondary antibody 

for develop GL7 positive cells. Finally, all slides were co-stained with haematoxylin (Sigma) and 

mounted with Aquatex medium (Merck Millipore). Image analysis was performed with a Leica 

DM4000 B microscopy equipped with a Leica DFC420 camera. Images were processed with 

ImageJ software.   

Statistical analysis. Unless otherwise stated, data were expressed as means ± standard errors of 

the mean (SEM). Differences among groups were assessed using a Kruskal-Wallis test to 

compare more than two groups (followed by a Dunn’s test for comparisons between groups) or a 

Mann–Whitney test to compare two groups. Analyses were performed with Prism version 7, 

GraphPad.  Survival curves were compared with Log-Rank (Mantel-Cox) test. 

 

Results 

Characterization of silver nanoparticles. 
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Silver nanoparticles (AgNPs) of Biopure quality were obtained from Nanocomposix company 

which provided detailed data of their physico-chemical properties (summarized in Fig-1A). 

Further, we periodically confirmed the absence of NP aggregates by TEM (Fig-1B) and 

absorption spectroscopy (not shown). We also confirmed the absence of endotoxin in our 

preparation by the LAL (Limulus amebocyte lysate) at doses of AgNPs that did not interfere with 

the LAL assay (see M&M section),  as described previously[28]. Moreover, to definitely rule out 

the presence of endotoxin as a contaminant in our AgNPs preparations, we stimulated bone 

marrow derived dendritic cells (BMDC) and alveolar macrophages (MPI cell line) with AgNPs. 

AgNPs did not induce the release of pro-inflammatory cytokines in either of these cells although 

both cell types were extremely sensitive to LPS (Fig-1C).  To assess whether NPs could 

physically bind to our test antigens, we assayed the capacity of AgNPs to interact with the 

keyhole limpet hemocyanin (KLH) protein, a strongly immunogenic protein widely used as a 

model of vaccine antigen[31] , which we also used here in our protocols (see below). After 

mixing KLH and AgNPs, TEM images showed that AgNPs ‘decorated’ KLH aggregates (Fig-

1D), demonstrating the capacity of AgNPs to complex with KLH protein. 

 

Silver nanoparticles exert pro-inflammatory activity and enhance specific immunity against KLH 

protein during intraperitoneal immunization. 

Most of the licensed adjuvants are pro-inflammatory molecules able to induce a local 

inflammatory response at the site of injection[9,10]. We sought to investigate whether 

intraperitoneal (i.p) injection of AgNPs in C57Bl/6 mice induced cellular recruitment and 

changes in the cytokine profile in the peritoneal lavage (PL) of treated mice. As indicated in Fig-

2A, AgNPs induced neutrophil and monocyte recruitment and increased the levels of KC 
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(CXCL-1), IL-12 and IL-6, as soon as 4h after AgNPs injection. Importantly, as indicated above 

(Fig-1), this pro-inflammatory activity was not due to endotoxin contamination. 

PL cytospins showed that AgNPs were internalized by macrophages and neutrophils, 

demonstrating that AgNPs target resident and recruited myeloid cells (Fig-2A). Considering the 

capacity of AgNPs to make complexes with KLH (Fig-1D) and their intrinsic pro-inflammatory 

activity (Fig-2A), we set-up a protocol (prime and boost at D0 and D8) to immunize C57Bl/6 

mice i.p against KLH in the presence of AgNPs (Fig-2B). Analysis at D16 showed an enhanced 

production of KLH-specific IgG antibodies in the serum as well as increased numbers of KLH-

specific IgG secreting plasma cells in the spleen, at a comparable extent to that obtained with 

Poly IC, a TLR-3 ligand used as positive control adjuvant (Fig-2C).   

 

Intra-pulmonary delivery of silver nanoparticles induces transient inflammation. 

Having demonstrated that AgNPs have intra-peritoneal adjuvant activity, we next sought to 

investigate the effect of these nanoparticles in the lung. First, AgNPs (1mg/Kg) were instilled 

intra-tracheally (i.t) in C57Bl/6 mice. A kinetic study indicated that AgNPs treatment increased 

the levels of CCL-5, CCL-2, IL-12 and IL-6 in the broncho-alveolar lavages (BALs) at day-1 

(D1) post-instillation (Fig-3A).  This increase in pro-inflammatory cytokines and chemokines 

was accompanied by a neutrophil recruitment in the BALs (Fig-3B). In addition, we observed in 

cytospin samples that alveolar macrophages (AM) internalized AgNPs (Fig-3B, white asterisk). 

Interestingly, levels of all these pro-inflammatory parameters decreased D3 post-instillation with 

the exception of IL-12 which remained up-regulated (Fig-3A), the latter correlating with T cell 

recruitment in the BALs at D3 (Fig-3B).  
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Silver nanoparticles enhance mucosal specific immunity against KLH and reorganize lung 

immunity during pulmonary immunization. 

Having demonstrated that AgNPs can induce IL-12, concomitantly with a transient pulmonary 

innate (at D1), and adaptive (at day D3) cell influx, we tested whether this activity could be 

harnessed to increase local mucosal immunity against KLH (see protocol for i.t immunisation in 

Fig-4A). Ten days after the last boost (D20), BAL KLH-specific IgA and IgG antibodies were 

shown to be increased only in the group of mice immunized with KLH/AgNPs mixture (Fig-4B). 

Moreover, only in this group KLH-specific IgG were also increased in the serum (Fig-4B).  

In parallel, T and B cells levels were drastically increased in the BALs of KLH/AgNPs 

immunised animals, compared to the KLH- or AgNPs- immunised groups (Fig-4C). KLH/AgNPs 

immunisation also increased protein levels of IL-12 and BAFF (a survival factor for B-cells 

promoting B-cell maturation) (Fig-4C). Echoing the presence of specific antibodies and BAFF in 

BALs, specific plasma cells were only detected in the paratracheal LN from the KLH/AgNPs 

immunized group (Fig-4D). Furthermore, only in the lung parenchyma of KLH/AgNPs 

immunised animals cellular aggregates (lineating bronchi) were clearly seen (Fig-4E), without 

any signs for acute inflammation (as evidenced by lack of neutrophil recruitment).  Staining with 

specific antibodies clearly demonstrated that these aggregates were composed of T and B cells 

(CD3+ and B220+ cells, respectively) (Fig-4E), suggesting that these structures might represent 

early inducible BALT (iBALT) induced following lung infection[32] .  

Overall, these data indicate that lung vaccination with AgNPs used as an adjuvant induces both 

local and systemic immunity against KLH, potentially through the organisation of tertiary 

lymphoid organs. 
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Pulmonary immunization with heat-killed influenza virus in the presence of silver nanoparticles 

protects mice against sub-lethal flu. 

Building on the above observations that AgNPs increased mucosal immunity against the model 

antigen KLH, we then studied the changes in local immunity induced by i.t immunization with an 

AgNPs-flu vaccine, using heat-inactivated influenza A virus (IAV*) as vaccine antigen. We 

observed that after the end of the immunization period (D20, Fig-S1A), only mice immunized 

with IAV* plus AgNPs (IAV*/AgNPs) recruited T-CD4 and B-cells and presented increased 

levels of IL-12 and BAFF in the BALs compared to mice immunized in the absence of adjuvant 

(IAV* only group) (Fig-S1B), as we observed previously during pulmonary KLH/AgNPs 

immunisation (Fig-4C). Remarkably, vaccination with IAV*/AgNPs was associated with the 

presence of T/B-cell aggregates in the lung parenchyma (Fig-S1C), specific antibodies in the 

BALs (Fig-S1D) and with local increased expression of CCL-20, CCL-21, CXCL-13 and CXCL-

16 (Fig-S1E), all cytokines/chemokines that participate in the initiation and maintaining of 

iBALT [33,34] . Altogether, these data confirm that vaccination with IAV* (or KLH) in the 

presence of AgNPs stimulates lung mucosal immunity through induction of iBALT.  

We then performed vaccination/challenge experiments (Fig-5A) whereby animals vaccinated as 

above with IAV*/AgNPs mixtures were then challenged with sub-lethal doses of the same strain 

of live IAV virus (300 pfu). After infection, mice not vaccinated or immunized with IAV* alone 

lost weight (an accepted sign of the severity of the infection) whereas vaccination with 

IAV*/AgNPs protected mice from body weight loss (Fig-5B). Concomitantly, viral loads in the 

lungs of IAV*/AgNPs mice were significantly reduced at D28 (d8pi), compared to mice 

vaccinated with unadjuvanted IAV* (Fig-5C). At the cellular level, as expected, live IAV 

induced the recruitment of neutrophils, monocytes and T-cells and increased the levels of IFN-γ 
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in the BALs, compared to non-infected animals (Fig-5D). Interestingly, mice vaccinated with 

IAV*/AgNPs presented at d8pi a sharp reduction in neutrophils, monocytes and T-cells influx, as 

well as a decrease in BAL IFN-γ levels, when compared to mice vaccinated with unadjuvanted 

IAV* (Fig-5D). Remarkably, the protective phenotype observed in the IAV*/AgNP vaccinated 

group was associated with the highest levels of anti-IAV IgA and IgG antibodies in the BALs and 

serum (Fig-5E). 

Altogether, these data indicated that flu vaccination with AgNPs reduces viral replication, 

increases mucosal IgA and IgG titers, and protects against body weight loss, while down-

regulating influenza-induced lung inflammation. 

 

Silver nanoparticles are superior in inducing specific lung IgA production and germinal centers 

development compared to other adjuvants during flu vaccination. 

 We then compared the adjuvanticity of AgNPs with other commonly used adjuvants, e.g.  Poly 

IC (TLR-3 ligand) used in experimental flu vaccines[35,36] and AddaVax, a squalene-based oil-

in-water emulsion of similar composition as MF59, used in parenteral injections of human flu 

vaccines[11]. Using the same protocol as described in Fig-5A, we showed that all 3 adjuvants 

protected mice from IAV-induced body weight loss, compared to mice immunized with IAV* 

only (Fig-6A). Concomitantly, at d8pi, IAV-mediated lung inflammation (as evidenced by 

neutrophil, monocyte influx and IFNγ production) was drastically reduced at d8pi in immunized 

mice, regardless of the adjuvant, when compared to the non-adjuvated group (IAV*) (Fig-6B). In 

particular, monocytes were almost absent in the IAV*/AgNPs vaccinated group. Importantly, we 

only found increased numbers of B-cells in the BALs of the latter group (Fig-6B), suggesting that 

AgNPs could specifically favour B-cell recruitment to the lungs. Echoing this, regardless of the 
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adjuvant, global anti-IAV titers were higher in the ‘adjuvant’/IAV* groups, compared to the non-

adjuvated group (IAV*). However, whereas Poly IC increased anti-IAV IgG titers in d8pi BALs, 

it modestly increased anti-IAV IgA titers. AgNPs were a far better IAV-specific IgA inducer 

compared to Poly IC or AddaVax (Fig-6C). In accordance, IAV-specific IgA secreting plasma 

cells numbers were clearly increased in IAV*/AgNPs immunized mice compared to IAV* or 

IAV*/Poly IC groups (Fig-6C), demonstrating that the AgNPs adjuvant activity was clearly 

associated to mucosal induction of specific anti-IgA antibodies. 

Because AgNPs lung treatment in the context of antigen exposure (either KLH, Fig-4, or IAV*, 

Fig-S1C) induces the relevant cytokine milieu (Fig-S1E) for the initiation and maintaining of 

iBALT, we further studied, in the context of live IAV infection, the presence of these structures 

in lung sections. As early as d8pi, live IAV infection of mice (vaccinated with unadjuvanted 

IAV*) induced T and B cells influx in lung parenchyma, in an ‘unorganized’ fashion, as 

previously shown[37] (Fig-6D, top left panel). In accordance, these T/B-cell ‘mini-aggregates’ 

were only faintly positive for GL-7 (Fig-6D, top right panel), a known marker of germinal centers 

(GC) in secondary lymphoid organs and tertiary lymphoid organs (TLOs)[37,38]. Similarly, 

vaccination with AddaVax also induced T/B infiltrates, but with a similar low expression of GL-

7. By contrast, infection of IAV*/PolyIC immunized mice clearly induced some organization of 

the T/B-cell aggregates in the lung but again, their GL-7 expression was minimal (Fig-6D, 

middle panels).  Remarkably, only in the IAV*/AgNPs group was a clear organization of these 

T/B-cell aggregates observed, concomitantly with strong GL-7 positivity (Fig-6D, bottom 

panels). Quantification of T/B-cell aggregates (only counting those containing 15 or more 

positive cells) confirmed that, as early as d8pi, vaccination with IAV*/AgNPs clearly increased 

the number of B-cell aggregates and, even more importantly, that of GC (GL-7+ aggregates) (Fig-

6D, right histograms) compared to mice vaccinated only with IAV*. 
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Vaccination with silver nanoparticles or silver salts protects mice from lethal flu. 

In order to measure the amplitude of the protection conferred by the AgNPs-adjuvanted flu 

vaccine, mice were immunized (same protocol as described in Fig-5A) and then challenged with 

a lethal dose of influenza virus (1000 pfu). Moreover, to demonstrate that silver was critical in 

the processes described here, and to discriminate between the potential effect of the ‘silver core’ 

(in the context of the nanoparticle itself) versus that of ‘free’ silver ions, a further comparative 

study was performed, adding gold nanoparticles (AuNPs), and silver nitrates salts (AgNO3), as 

additional arms to the experimental protocol. Survival curves of infected mice showed that all 

mice immunized with IAV* alone died by d10pi (Fig-7A). Importantly, whereas mice immunized 

with IAV*/AuNPs did not survive significantly longer, immunization with silver nitrates 

(AgNO3) ameliorated survival compared to the IAV*-alone immunized group (Fig-7A). 

Remarkably, all mice immunised with AgNPs survived, and at d18pi, anti-IAV IgA were 

detected in the BALs of surviving animals from both IAV*/AgNPs and IAV*/AgNO3 immunized 

groups (Fig-7B). Furthermore, although the actual numbers of B-cell, GC (GL7+) and CD138+ 

cells (a marker for antibody secreting plasma cells[39])  aggregates were equivalent in the lung 

parenchyma of surviving mice from both IAV*/AgNO3 and IAV*/AgNPs groups, the size of B-

cell aggregates and GC were bigger in the latter group  (Fig-7C). These data indicate that active 

GC (GL-7+) are probably overall more efficient in IAV*/AgNPs immunized mice since we only 

found cells actively secreting IgA (B220-CD138+IgA+) in the lung parenchyma of that group of 

mice (Fig-7D). 

 

Discussion 
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The use of nanomaterials has recently been suggested to improve vaccine efficacy[12], likely 

because of a depot effect associated to a prolonged maintaining of antigens at entry sites[13–15]. 

In addition, the intrinsic antimicrobial properties of metallic nanoparticles such as AgNPs (either 

through direct interaction with microbial surfaces and/or because of their interference with their 

metabolism)[40] is a further argument for their use in anti-infective vaccines. Consistent with 

this notion, AgNPs have been shown to enhance the production of ovalbumin (OVA) specific 

IgG antibodies in the serum of mice parenterally immunized with OVA[41] and to adjuvate a 

rabies vaccine administered intraperitoneally in mice[42], albeit through undeciphered 

mechanisms.  

However, despite these advances, it is increasingly being recognized that these systemic route of 

administration of adjuvants/antigen do not favour robust immune mucosal responses, contrary to 

local administration[1–3].  

We show here that AgNPs can physically bind and sequester the model antigen KLH (Fig-1) as 

well as heat-killed IAV capsids (not shown). When administered intra-pulmonary, we showed 

that this increased antigen availability could result in better retention of the antigen in the lung 

compartment (as shown before[43]), and resulted in enhanced local immune stimulation. 

Mechanistically, pulmonary administration of AgNPs induced transient local inflammation in 

vivo (Fig-3) resulting in upregulation of IL-12. Although macrophages and DCs are classically 

considered as potential sources of IL-12[44], a cytokine that could be induced by direct APC 

activation by the adjuvant, the IL-12 secretion observed in our model probably resulted from an 

indirect activation of  these cells by the pro-inflammatory milieu favoured after AgNPs 

instillation, since AgNPs alone did not stimulate their IL-12 secretion in vitro (Fig-1C). Indeed, 

similarly to AgNPs, other adjuvants, such as MF59 or aluminium derivates, were also shown to 

activate DC indirectly[9].  
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Although a variety of adjuvants could potentially be used for lung immunization purposes, we 

showed here, using either KLH or inactivated IAV as ‘model antigens’, that compared to polyIC 

and AddaVax, AgNPs were indeed superior at inducing specific IgA antibodies, when given i.t 

(Fig-6). In particular, AddaVax was found to be a poor adjuvant, and furthermore, its 

administration by the respiratory route resulted in elevated toxicity during the immunisation 

process (as evidenced by loss of body weight) (Fig-S2), even though it was used at less than half 

of the dose recommended for parenteral administration.  

Crucially, and importantly for fostering mucosal immunity, the production of anti-IAV IgA 

antibodies was particularly impressive following AgNPs/KLH (Fig-4) or AgNPs/IAV* (Fig-5) 

immunisations. Indeed, the B-cell survival factor BAFF[45] was elevated in BALs of mice 

immunized with these combinations, when compared to antigen alone (Fig-4C and S1B). This 

was accompanied by the recruitment of B-cells in the BALs, independently of the antigen tested 

(Fig-4 and S1), even after infection with live IAV (Fig-6B). This recruitment was likely the 

consequence of local B cell production, as assessed by increased numbers of plasma cells in both 

paratracheal lymph nodes, and in the lung parenchyma (Fig 4D-E; Fig 6C-D). Importantly, 

increased IgA secreting plasma cells correlated with elevated titers of specific IgA antibodies in 

the BALs. Comparison of AgNPs with other adjuvants (experimental or licensed), demonstrated 

that AgNPs induced stronger specific IgA production (antibodies or plasma cells).  

Likely explaining the induced IgA and specific plasma cell generation, we demonstrated that 

compared to other adjuvant mixtures, vaccination with AgNPs/KLH or AgNPs/IAV* accelerated 

the formation of T/B cell aggregates within the lung parenchyma (Figs 4E, 6D) and that of 

germinal centers (GC) in these structures, therefore defining the latter as bona fide iBALT. The 

capacity of IAV*/AgNPs vaccine to induce/accelerate GC formation during influenza infection 

could be related to the upregulation of CCL-20, CXCL-13 and CXCL-16[33,34] chemokines 
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(which attract B-cells, T-cells and DC) (Fig-S1E). Indeed, and consistent with the upregulation of 

these cytokines involved in iBALT development, we only found T/B aggregates in the lung 

parenchyma of antigen/AgNPs vaccinated mice (Fig-4E, Fig-S1C). Crucially, the AgNPs/IAV* 

vaccination protocol was associated with complete protection against live IAV-challenged mice, 

and the surviving mice maintained at d8pi strong IgA expression (Fig-5E) and the GCs 

organization within their lungs (Fig-7C).  

Mechanistically, the ‘silver core’ (in the context of the nanoparticle itself) was shown to be 

superior (and less toxic (Fig- S3)) to ‘free’ silver ions in eliciting GC organization at mucosal 

sites (Fig-7C), likely because of its capacity to physically bind the antigen (Fig-1 for KLH and 

data not shown for IAV*) thereby probably increasing its in vivo half-life and ‘visibility’ to the 

immune system. Because pulmonary administration of AgNPs has been associated with toxicity 

specially in those cells that first encounter AgNPs (e.g. AMs)([20] and Fig-3) and since release of 

Damage Associated Molecular Patter molecules (DAMPs) by dead cells could contribute to 

immunogenicity [46], we measured the impact of AgNPs administration in AM viability (Fig-

S5). We observed that the latter was not affected by intracheal instillation of AgNPs, ruling out 

the possibility that local cell death induced by AgNPs substantially contributed to AgNPs 

immunogenicity. Other mechanisms of action not explored in our study could be related to the 

capacity of AgNPs to promote cellular uptake of the antigen by APC, to enhance lymphatic 

drainage of the antigen, and to facilitate antigen/adjuvant delivery at secondary lymphoid organs, 

as described for other particulate adjuvants[23,47,48].   

In conclusion, our data demonstrate for the first time the unique property of the silver core of 

AgNPs in shaping lung iBALT, and in fostering IgA-mediated lung immunity. Importantly, 

induction of iBALT during influenza infection in murine models has already been associated to a 

better protection against flu[38,49], further validating the search for adjuvants (like AgNPs) able 
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to generate these tertiary lymphoid structures. Despite the well-recognized importance of other 

arms of immunity to fight Influenza infections (for a recent review, see McMichael et al.[50]), 

we believe that our data therefore strengthens the emerging concept that particulate vaccine 

formulations  favouring Th2/IgA responses[51,52] and including AgNPs may be of potential use 

as new prophylactic agents.  
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Figure-1. Nanoparticle characterization.  

A) Table summarizing the main characteristics of NPs used in the studied as provided by 

NanoComposix company, n.r = not reported for this batch. Assuming that 1 EU=0.2 ng, 

nanoparticles used in the studied presented less than 1pg of endotoxin per µg of AgNPs or 0.5pg 

per µg of AuNPs. B) Absence of AgNPs aggregation was confirmed by TEM as described in 

M&M section. C) Alveolar macrophages (MPI cell line) or bone marrow derived dendritic cells 

(BMDC) were incubated with either LPS (100ng/ml) or AgNPs (5µg/ml) and 24h later cytokines 

were measured in the supernatants by commercial sandwich ELISA. D) KLH (50µg) was mixed 

with AgNPs (25µg) in a final volume of 50µl. 2µl of 1/50 dilution was analysed by TEM after 

negative coloration as described in M&M section. 
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Figure-2. Silver nanoparticles exert proinflammatory activity and enhance specific 

immunity against KLH protein during intraperitoneal immunization.  

A)C57Bl/6 mice were treated with AgNPs (2mg/Kg) intraperitoneally (i.p) and 4h later cells 

were recovered from peritoneal lavages (10ml) and analysed by flow cytometry and differential 

coloration in cytospin samples (40x magnification). Macro=macrophage; PNN=polynuclear 

neutrophil. Asterisks indicate cells that have internalized AgNPs. Peritoneal macrophages, 

neutrophils and monocytes were also identified as CD11b+F4/80+, CD11b+LyG+Ly6Cdim and 

CD11b+LyG-Ly6Chigh, respectively, by flow cytometry and cytokine protein levels were 

measured with commercial sandwich ELISAs. B) and C) C57Bl/6 mice were immunized i.p with 

KLH (50µg/mice) mixed with either AgNPs (2mg/Kg) or Poly IC (50 µg/mice) following the 

experimental protocol described in B). A boost was performed with half doses of KLH, AgNPs 

and Poly IC. C) At day 16, serum KLH-IgG titers were obtained after ELISA dosage of specific 

antibodies. Spleen-derived peripheral blood mononuclear cells (PBMC) were used to identify 

KLH-IgG secreting plasma cells by ELISPOT (see histogram quantification and photograph) 

*p<0.05, **p<0.01 vrs. Vehicle (A), Mann-Whitney test; vrs KLH/vehicle (C), Kruskal-Wallis 

test, (n=3-5 mice per group). 
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Figure-3. Delivery of silver nanoparticles through the pulmonary route induces transitory 

local inflammation.  

C57Bl/6 mice were intratracheally instilled (i.t) with AgNPs (1mg/Kg) and BALs (2mls) were 

recovered at either day-1 (D1), D3 or D6 post-treatment. A) Cytokines levels were measured in 

cell-free (centrifuged) BALs by commercial sandwich ELISA. B) Alveolar macrophages 

(CD11c+CD11b-/lowSiglecF+), neutrophils (CD11b+LyG+Ly6Cdim) and T-cells (CD3+) were 

identified by flow cytometry. The photograph shows a representative BAL cytospin from a 

mouse treated for 24h with AgNPs. Alveolar macrophages (Macro) are able to engulf instilled 

AgNPs (white asterisk).  *p<0.05, **p<0.01 vrs. Vehicle; Kruskal-Wallis test (n=3-5 mice per 

group).  
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KLH KLH/AgNPs

H
&

P
IH

C

KLH

+/-

AgNPs
(i.t.)

Analysis of anti-

KLH responses

KLH

+/-

AgNPs
(i.t.)

D0 D10 D20

B-cellsT-CD4

KLH plasma cells

KLH-IgA antibodies KLH-IgG antibodies

A) B)

C)

N
o

. 
s

p
o

ts
 /

1
0

5
c

e
ll

s
 

BAFFIL-12

B-Cells

T-Cells 

D) E)

KLH/AgNPs

KLH

½ Dilution

***

Ve
hic

le
KL

H

A
gN

Ps

K
LH

/A
gN

Ps

0

20

40

60

T
it
e
r 

in
 B

A
L

 

***

Ve
hic

le
KL

H

A
gN

Ps

K
LH

/A
gN

Ps

0

50

100

150

200

T
it
e
r 

in
 B

A
L

 ***

Ve
hic

le
KL

H

A
gN

Ps

K
LH

/A
gN

Ps

0

1×105

2×105

3×105

T
it
e

r 
in

 s
e
ru

m
 

*

Ve
hic

le
KL

H

A
gN

Ps

K
LH

/A
gN

Ps

0.0

5.0×103

1.0×104

1.5×104

2.0×104

C
e
ll
 n

u
m

b
e
rs

*

Ve
hi

cl
e

KL
H

A
gN

Ps

K
LH

/A
gN

Ps

0

50

100

150

200

p
g

/m
L

*

Ve
hic

le
KL

H

A
gN

Ps

K
LH

/A
gN

Ps

0

100

200

300

400

*

Ve
hic

le
KL

H

A
gN

Ps

K
LH

/A
gN

Ps

0.0

5.0×103

1.0×104

1.5×104

2.0×104

*

Ve
hic

le
KL

H

A
gN

Ps

K
LH

/A
gN

Ps

0.0

5.0×103

1.0×104

1.5×104

T-CD8



 
 

39 

 

 

 

 

 

Figure-4. Silver nanoparticles enhance mucosal specific immunity against KLH through 

organization of B/T cell aggregates 

A)Protocol of pulmonary immunization. C57Bl/6 mice were i.t instilled with either Vehicle, KLH 

(50µg/mice), AgNPs (1mg/Kg) or a mixture of KLH/AgNPs at D0. 10 days later (D10), mice 

were treated under the same conditions with half-dose of reagents (boost). 10 days after the boost 

(D20), mice were sacrificed and BALs and lungs were collected. B) D20 titers of KLH specific 

IgA and IgG antibodies in the BALs and serum of immunized mice. C) D20 BAL cellular 

recruitment in immunized mice. T-cells (CD3+CD4+ and CD3+CD8+) and B-cells (B220+CD19+) 

were identified by flow cytometry. D) KLH-IgG and KLH-IgA secreting plasma cells in the para-

tracheal lymph nodes of immunized mice (D20) were identified by ELISPOT. E) Perfused lungs 

of immunized mice (D20) were fixed and included in paraffin. Hematoxylin/Phloxin staining 

(H&P) was performed to identify cellular infiltrates in lung parenchyma (black short arrows). 

Lower panels (IHC), antibodies against CD3 and B220 were used to identify in the same slice T-

cells (red) and B-cells (brown), respectively, as indicated in Materials and Methods section. 

Representative images from KLH and KLH/AgNPs immunized mice are shown (from 3-5 mice 

analysed by group). Mice from Vehicle- or AgNPs-treated groups did not present cellular 

aggregates (not shown). In B, C and D, *p<0.05, **p<0.01, ***p<0.001 vrs. KLH, Kruskal-

Wallis test (n=3-5 mice per group).  
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Figure-5. Pulmonary immunization with heat-killed influenza virus in the presence of silver 

nanoparticles protects mice against sublethal flu.  

A) C57Bl/6 mice were i.t immunized at D0 with either Vehicle, heat-killed influenza virus 

(IAV*) (12µg/mice) or a mixture of IAV*/AgNPs (1mg/Kg). 10 days later (D10), mice were 

treated under the same conditions with half-dose of reagents (boost). 10 days after the boost 

(D20), mice were intranasally (i.n) infected with a sublethal dose of live IAV virus (300pfu). 

Then, body weight loss (% from the day of infection) was followed until d8pi (days post-

infection) (B). At d8pi, viral loads in lung homogenates (pfu per mg of total protein) (C), cellular 

recruitment and IFN-γ levels (D) and titers of IAV-specific IgA and IgG antibodies (E) were 

quantified in BALs. Cell phenotypes were characterized by flow cytometry as described in M&M 

section. IFNγ was measured by sandwich ELISA (D). In B, **p<0.01 vrs IAV*, Mann-Whitney 

test (n=3-5 mice per group). In C, D and E, *p<0.05, **p<0.01, ***p<0.001 vrs. IAV*, Kruskal-

Wallis test (n=3-5 mice per group). 
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Figure-6. Silver nanoparticles preferentially favour local IgA production and germinal 

centers formation compared to other adjuvants.  

Using a similar timing as that depicted in Fig 5, C57Bl/6 mice were first i.t immunized at D0 

with IAV* (12µg/mice) alone or combined with either Poly IC (25µg/mice), AddaVax 

(10µl/mice) or AgNPs (1mg/Kg). A boost was then performed at D10, with a half-dose of 

reagents, and mice were then infected at D20 with a sublethal dose of live IAV (300pfu), 

following the protocol depicted in Fig-5A. Body weight loss was followed (A) and at d8pi, 

cellular recruitment (B), IFN-γ levels (B) and titers of IAV-specific IgA and IgG antibodies (C) 

were measured in the BALs. In C) right panel, IAV-IgG and IAV-IgA secreting plasma cells 

were quantified at d8pi in the paratracheal lymph nodes; left and middle panels: IAV-IgA and -

IgG were measured in d8pi BALs. In D), sequential lung sections (4 µm) from perfused lungs 

were stained with anti-CD3 (red)/anti-B220 (brown) antibodies (left panels) or anti-GL-7 

antibodies (brown) (right panels) to localize germinal centers (GC) (GL7+) within T/B 

aggregates. Images were acquired at 20x magnification. In bar charts in D), cell aggregates 

(B220+ or GL7+) were quantified in different slices considering at least 15 positive 

cells/aggregate. Different lung sections from 3-5 mice per condition (IAV*/adjuvant mixture) 

were analysed. In A), *p<0.05, **p<0.01, vrs. IAV* Mann-Whitney test. In B), C) and D), 

*p<0.05, **p<0.01, vrs. IAV*, Kruskal-Wallis test (n=3-5 mice per group).  
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Figure-7. Vaccination with silver nanoparticles or silver salts protects mice from lethal flu. 

At D0, C57Bl/6 mice were i.t immunized with either IAV* (12µg/mice) alone or with 

combinations of either IAV*/gold nanoparticles (AuNPs), IAV*/AgNO3 or IAV*/AgNPs (all at a 

concentration of 1mg/Kg). A boost was then performed at D10 with half-dose of reagents and 

mice were finally infected with a lethal dose of IAV (1000 pfu) following the protocol depicted 

in Fig-5A. A) Body weight loss (% from the day of infection) and survival curves were 

monitored for each condition. At d18pi, BALs of surviving mice were analysed for IAV-specific 

IgA antibodies (B), and lungs parenchyma were monitored for the presence of aggregates of T/B 

cell (B220/CD3, 5x magnification, C), GC (GL-7+, 20x magnification, C) and CD138+ (more 

than 15 positive cells/aggregate), as described in Fig-6. Different lung sections were analysed 

from 3-5 mice per condition.  In D), sequential slides (4µm) of lungs from IAV*/AgNPs 

vaccinated mice were stained with anti-B220/CD3, anti-CD138 or anti-IgA antibodies. Images 

were acquired at either 20x or 100x magnification, to demonstrate specific   IgA staining. In A) 

*p<0.05, **p<0.01 Log-Rank (Mantel-Cox) test (n=5 mice per group). 
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Graphical Abstract. Vaccination with inactivated influenza virus using silver nanoparticles as adjuvant through the respiratory route (1),
promotes local and systemic immunity against influenza virus (anti-Influenza IgA and IgG antibodies) (2) and favours bronchus-associated
lymphoid tissue (BALT) neogenesis (2), which in turns protects against further influenza infection (3). Vaccination only with the antigen
(inactivated virus) does not confer protection against viral challenge.




