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Abstract 

Silver nanoparticles (AgNPs) are microbicidal agents which could be potentially used as 

alternative to antivirals to treat human infectious diseases, especially Influenza virus infection 

where antivirals have generally proven unsuccessful. However, concerns about the use of AgNPs 

on humans arise from their potential toxicity, although mechanisms are not well-understood. We 

show here, in the context of Influenza virus infection of lung epithelial cells, that AgNPs down-

regulated Influenza induced-CCL-5 and -IFN-! release (two cytokines important in anti-viral 

immunity) through RIG-I inhibition, while enhancing IL-8 production, a cytokine important for 

mobilizing host antibacterial responses.  AgNPs activity was independent of coating and was not 

observed with gold nanoparticles. Down-stream analysis indicated that AgNPs disorganized the 

mitochondrial network and prevented the anti-viral IRF-7 transcription factor influx into the 

nucleus. Importantly, we showed that the modulation of RIG-I-IRF-7 pathway was concomitant 

with inhibition of either classical or alternative autophagy (ATG-5- and Rab-9 dependent, 

respectively), depending on the epithelial cell type used. Altogether, this demonstration of a 

AgNPs-mediated functional dichotomy (down-regulation of IFN-dependent anti-viral responses 

and up-regulation of IL-8 -dependent antibacterial responses) may have practical implications for 

their use in the clinic.  
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Silver nanoparticles (AgNPs) have long been studied for their antibacterial properties
1
, and more 

recently, antiviral effects have also been described.
1, 2

 However, in general, mechanisms 

explaining antimicrobial activity of AgNPs are not well-understood. It has been proposed that 

silver ions (Ag+) released from AgNPs might compromise the envelope integrity and/or the 

metabolism of the target pathogen,
3
 but free Ag+ release  in the cytoplasm of AgNPs-loaded 

eukaryotic cells has also been associated to cellular toxicity
4, 5

 and damage to the host.
6, 7

  

These adverse effects could be explained by NPs-mediated modulation of the activity of immune 

and stromal cells such as macrophages and epithelial cells. Indeed, AgNPs have been shown to 

modulate pro-inflammatory cytokines (TNF", IL-1!, IL-8, IL-6) levels in these cells.
8-10

 The 

mechanisms involved are diverse and may involve alterations in reactive oxygen species (ROS) 

production and in perturbations of the mitochondrial respiratory chain.
8, 11, 12

 Recently it has also 

been proposed that toxicity of AgNPs could also be related to a blockade of the autophagic flux.
13

 

Autophagy is a natural process consisting in the degradation of cytoplasmic constituents.
14

 

During conventional autophagy, cytoplasmic constituents first accumulate in autophagosomes (a 

process driven by autophagy related-proteins (ATGs), notably ATG-5 which promotes the 

conversion of soluble LC3-I to LC3-II in an autophagosome-membrane protein, also 

characterized by the presence of sequestosome 1 (SQSTM1)/p62 protein). The autophagosomes 

then fuse with lysosomes, resulting in the degradation of cytoplasmic materials, including p62.
15

  

In addition to that succession of events, an alternative pathway of autophagy has also been 

recently described.
16
!The latter is independent of ATG5 and conversion of LC3-I to LC3-II does 

not occur. Unlike conventional autophagy, the formation of autophagosomes requires Rab9,
15, 16

 a 

GTPase essential for the trafficking of proteins from late endosomes to trans-Golgi membranes.  



! %!

In addition to serving a ‘house keeping function’, ATG proteins have been shown to also act as 

negative regulators of antiviral immunity by blocking interferon (IFN) signalling pathway at the 

mitochondria level.
17

 IFN signalling pathway is activated upon recognition of viral RNA by the 

cytosolic Retinoic Acid-Inducible Gene I (RIG-I) protein.
18

 After ligand binding, RIG-I 

associates to Mitochondrial Antiviral Signalling (MAVS) protein
19

 located on the outer 

mitochondrial membrane and the complex activates the expression of inflammatory and antiviral 

genes. 

In that context, we set up to study here whether AgNPs may modulate the autophagic flux in the 

context of Influenza virus infection and whether they impact negatively on antiviral responses 

engaged by epithelial cells, the main target of Influenza virus.  

We show here that following Influenza infection of lung epithelial cells, AgNPs  inhibit the IFN 

signalling pathway through the inhibition of RIG-I-IRF-7-dependent release of CCL-5 and IFN-

!, two important anti-viral cytokines. This correlated with the disorganization of the 

mitochondrial network and enhanced partition of IRF-7 in the cytosolic and mitochondrial 

fractions at the expense of the nuclear fraction, leading to a blockade of the autophagic flux.  

Importantly, we observed a ‘dichotomy’ in the action of AgNPs: the latter down-regulated IFN-

dependent anti-viral responses, as explained above, but conversely up-regulated IL-8, an 

important cytokine for host antibacterial responses due to its chemoattractant activity towards 

neutrophils.
20
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RESULTS AND DISCUSSION 

 

AgNPs down-regulate Influenza-induced CCL-5 and IFN-!  secretion in human lung 

epithelial cells independently of nanoparticle coating. 

Because internalisation is a critical step for nanoparticle activity, we first studied if well-

characterized AgNPs (Table-1, Fig-S1) were internalized by several lung epithelial cells lines. 

Dark-field microscopy images of AgNPs-treated cells showed that AgNPs were associated to 

lung epithelial cells after 18h of incubation (Fig-1). Further, video-microscopy of live cells 

showed that AgNPs associated with cytoplasmic vesicles in the bronchial epithelial cell line NCI-

H292 (Video-S1) and in primary rat type II cells (Video-S2), confirming cellular uptake. 

Next, we studied the capacity of AgNPs to modulate the release of cytokines in non-infected or 

Influenza-infected cells. In NCI-H292 cells, AgNPs alone stimulated the secretion of IL-8 in a 

dose dependent manner (Fig-2A), in agreement with previous reports showing a pro-

inflammatory activity associated to AgNPs.
21, 22

 Infection of NCI-H292 cells with Influenza (Flu 

cells) induced the release of CCL-5, IL-8 and IL-6 (Fig-2A), as previously described.
23, 24

 

Interestingly, combination of Influenza and AgNPs resulted in the down-regulation of CCL-5 

expression at protein (Fig-2A) and RNA levels (Fig-S2), whereas IL-8 and IL-6 levels were 

synergistically increased in these conditions (Fig-2A and Fig-S2). Using another bronchial and 

alveolar cell line (BEAS-2B and A549, respectively), we showed that although Influenza 

infection induced the release of CCL-5, IL-8 and IL-6 in both cells lines, treatment of infected 

cells with AgNPs only down-regulated the expression of Influenza-induced CCL-5 in BEAS-2B 

without significant changes in the expression of IL-8 nor that of IL-6 (Fig-2B). These data 

demonstrate that AgNPs are able to differentially modulate the production of pro-inflammatory 
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(IL-8 and IL-6) and antiviral (CCL5) cytokines in different cells, as previously described in other 

models.
8-10

 Notably, AgNPs treatment of A549 cells did not modify the production of any of the 

cytokines studied (Fig-2C) although this cell line was as efficient as NCI-H292 and BEAS-2B in 

internalizing AgNPs (Fig-1), supporting the concept that different cell types may use different 

signalling pathways to sense viral infection.
25

 

Because IFN-! is a key regulator of antiviral immunity and because CCL-5 and IFN-! share 

common signalling pathways,
26, 27

 we also measured the production of IFN-! in the supernatants 

of Influenza-infected NCI-H292 cells, treated or not with AgNPs. As shown Fig-2E, AgNPs 

reduced the release of IFN-! in Influenza-infected cells. Importantly, down-regulation of CCL-5 

and IFN-! expression by AgNPs in Influenza-infected NCI-H292 cells was not related to 

increased cytotoxicity (Fig-2D) neither to changes in viral replication (Fig-2F). Next, we showed 

that, as in epithelial cell lines, AgNPs also reduced Influenza-induced CCL-5 release but not that 

of IL-8 in Influenza-infected cells in isolated primary lung epithelial cells from human lung 

specimens (Fig-2G).  

Next, we showed that the reduction in Influenza-induced CCL-5 secretion was independent of the 

nanoparticle coating (citrate or lipoid acid), but was instead dependent on the silver core. The 

importance of the core was strengthened by the finding that gold nanoparticles (AuNPs) 

harbouring similar coatings did not modulate Influenza-mediated cytokine production (Fig-3). 

Interestingly, the presence of silver ions (Ag+) added to the culture media as silver nitrates also 

inhibited Influenza-induced CCL-5 release (Fig-3) and addition of L-cysteine reverted Ag+ 

effect, suggesting that dissolution of the core of AgNPs (promoting Ag release) could partially 

mediate AgNPs effects. However, Ag+ in cellular extracts of AgNPs treated cells represented less 
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than 5% of the AgNPs weight (Table-S1), suggesting that in our AgNP particle experimental 

model, the leaking of soluble Ag+ could in fine unlikely explain the observed modulatory effects.  

 

AgNPs impair CCL-5 release in RIG-I dependent activated epithelial cells. 

In order to explore the mechanisms through which AgNPs down-regulate CCL-5 and IFN-! in 

Influenza-infected epithelial cells, we analysed the signalling pathways underlying the expression 

of both cytokines. Preliminary experiments using a siRNA strategy showed that the MAVS/RIG-I 

signalling pathway was involved (data not shown). Next we generated CRISP/Cas9 RIG-I 

knockout clones from NCI-H292 cells to unequivocally demonstrate the importance of RIG-I in 

CCL-5 and IFN-! production (Fig-S3). Ablation of RIG-I was confirmed both biochemically (as 

assessed by Western blot) and functionally, by demonstrating the absence of 5’3p-dsRNA (a 

RIG-I ligand)-dependent activation, but not that of polyIC (a TLR3 ligand, Fig-S3B). Following 

Influenza-infection, RIG-I KO cells produced no measurable CCL-5 or IFN-! (Fig-S3C), and 

released less IL-6, while the production of IL-8 was barely affected. Importantly, abrogation of 

Influenza-induced CCL-5 production in RIG-I KO cells was not due to reduced viral replication 

nor to the intrinsic inability of the cells to produce CCL-5 (Fig-S3).  These data clearly 

demonstrate that MAVS/RIG-I signalling pathway is absolutely required for the release of 

Influenza-induced CCL-5 and IFN-! in our model, in agreement with previous data showing a 

key role of RIG-I as a viral sensor.
18

 Moreover, stimulation of NCI-H292 cells with the RIG-I 

ligand 5’3p-dsRNA induced CCL-5, and this could be inhibited by pre-treatment of cells with 

AgNPs (Fig-4A), strongly suggesting that AgNPs-down-regulates CCL-5 and IFN-! production 

in Influenza-infected cells (Fig-2) by targeting the MAVS/RIG-I signalling pathway. Finally, to 

further demonstrate the specificity of action of AgNPs on the RIG-I signalling pathway, we 
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showed that exposure of NCI-H292 cells to AgNPs did not reduce CCL-5 release, when 

stimulated with polyIC or with cGAMP (a ligand for STING, a receptor located at the 

endoplasmic reticulum membrane) (Fig 4B-C). Instead, AgNPs exposure even enhanced TLR-3-

dependent CCL-5 release (Fig-4B).  

 

Down-regulation of IFN-!  and CCL-5 by AgNPs during Influenza infection is independent 

of IRF-3, but depends upon IRF-7 activation. 

We next explored the consequences of AgNPs exposure on the activation of signalling pathways 

downstream of RIG-I, that includes TBK-1, Erk1/2 and Akt kinases. Influenza infection of NCI-

H292 cells resulted in TBK-1, Erk1/2 and Akt kinases activation (Fig-S4A), consistently with 

previous reports.
28, 29

 Interestingly, AgNPs treatment reduced both 5’-3p-dsRNA- and Influenza-

mediated TBK-1 activation, suggesting a potential link between TBK-1 and AgNPs in terms of 

CCL-5 and IFN-! modulation (Fig-4 A-B). However, Influenza virus still induced a robust CCL-

5 and IFN-! release in NCI-H292-derived or BEAS-2B-derived TBK-1-KO clones, similarly to 

that observed in the WT parent cells (Fig-S4 C-D). In addition, AgNPs treatment reduced to the 

same extend CCL-5 and IFN-! production in both TBK-1 KO and WT infected cells (Fig-S4 C-

D), ruling out TBK-1 as the ‘kinase link’ between RIG-I and CCL5/ IFN-!.  

Next, we focused on the transcription factors of the interferon regulatory factors (IRFs) family 

because RIG-dependent activation of IRF-3 and IRF-7 has been demonstrated to induce IFNs and 

related cytokines in the context of viral infection.
30, 31

 We generated both IRF-3 KO and IRF-7 

KO clones from NCI-H292 cells and showed that IRF-3 KO infected cells released much less 

CCL-5, IFN-! and IL-6, compared to WT cells (Fig-5A), while IL-8 release was instead 

enhanced in IRF-3-KO cells. As for IRF-3, IRF-7 KO cells were clearly impaired in their ability 
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to produce IFN-! and to a less extent CCL-5 in infected cells (Fig-5A). These data are consistent 

with previous reports showing that CCL-5 and IFN-! expression is dependent of IRF-3 and IRF-

7.
26, 27

 Moreover we demonstrate that CCL-5 and IFN-! promoters (but not that of IL-8) are 

under the control of IRFs in our cell model, reflecting differential genetic regulation of IL-8 and 

CCL-5 promoters during Influenza infection
32

 that could explain the dichotomy in AgNP-induced 

CCL-5/IFN-! and IL-8 modulation described above (Fig-2). 

However, interestingly, AgNPs did not inhibit Influenza-induced IRF3 dimerization (a gold 

standard to measure IRF-3 activation) (Fig-S5), suggesting that IRF-3 was likely not the target of 

AgNPs-mediated events. Importantly, although AgNPs still down-regulated Influenza-induced 

CCL-5 and IFN-! release in IRF-7 KO clones (Fig-5B), the extent of the inhibition was clearly 

reduced in KO cells compared to WT clones (Fig-5C), indicating that IRF-7 was at least partly 

impacted by AgNPs during release of CCL-5 and IFN-! in Influenza-infected cells. Moreover, 

enhancement of Influenza-induced IL-8 and IL-6 secretion by AgNPs was similar in IRF-7 KO 

and wild-type cells (Fig-5C), showing specificity of AgNPs for the IRF7/CCL5-IFN! signalling 

pathway. One possible explanation for the preferential activity of AgNPs on IRF-7 (and not on 

IRF-3) could be related to the constitutive expression of IRF-3 in NCI-H292 cells (Fig-S5). By 

contrast, IRF-7 is up-regulated only  after Influenza infection (see below), as described in other 

cell types.
31

 Whereas activation of IRF-3 should be critical in the early phases of viral replication, 

IRF-7 will likely play a role later, at a time point when the internalization of AgNPs (Fig-1) will 

have already triggered the reorganization of the mitochondrial network  (see below). 
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AgNPs modify the distribution of the mitochondrial network in basal and RIG-I-dependent 

activated epithelial cells. 

Considering that i) AgNPs specifically altered the RIG-I signalling pathway (Fig-4) which 

activation depends on the association of RIG-I with MAVS at the mitochondrial membrane,
19

 ii) 

mitochondrial dynamics is a key factor modulating signalling pathways conducting to TBK-1 and 

IRFs activation
30

 and interferon release
33

 during viral infections, iii) AgNPs cytotoxicity has been 

associated to alterations in  mitochondria,
11, 12

 we explored the possibility that AgNPs may induce 

changes in the mitochondrial network of lung epithelial cells in the context of viral infection. 

Coupling dark-field with fluorescence microscopy (using MitoTracker®Red CMXRos, to stain 

mitochondria in live NCI-H292 cells and LysoTracker® Green to stain acidic compartments), we 

showed that AgNPs altered mitochondrial organisation/mitochondrial membrane potential, 

resulting in a more “aggregated” network (Fig-6). Interestingly, some of the internalized AgNPs 

co-localized with acidic compartments (white arrows), which were increased in numbers, and 

vacuolisation of the cytoplasm was clearly observed. Because of biosafety limitations placed 

upon this experimental set-up, 5’3p-dsRNA was used as an Influenza-surrogate for RIG-I 

stimulation. On its own, 5’3p-dsRNA slightly modulated the mitochondrial network, but that 

modulation was dramatically enhanced post AgNPs administration, with a clear ‘aggregation’ of 

mitochondria in that network. Furthermore, increased numbers of acidic compartments 

(containing or not AgNPs) were often found surrounded by mitochondria clogs (Fig-6, white 

arrows).  
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AgNPs alter the autophagic flux in lung epithelial cells, leading to reduced IFN-!  and CCL-

5 secretion. 

Because increased vacuolisation of the cytoplasm (Fig-6) and alterations of the mitochondrial 

network (Fig-6) are a hallmark of autophagy,
14

 we then investigated whether AgNPs could 

modify the autophagy flux in lung epithelial cells as shown recently in a different context.
13

 

Preliminary data demonstrated that inhibition or blockade of autophagic flux in lung epithelial 

cells reduced Influenza induced CCL-5 secretion (Fig-S6), indicating that autophagic flux 

regulates Influenza-induced responses. Next, transmission electron microscopy (TEM) images of 

NCI-H292 cells treated with AgNPs alone showed cytoplasmic multi-vesicular vacuoles (Fig-7A, 

Fig-S7) containing AgNPs-like structures (black arrows). Moreover, AgNPs treatment alone 

increased the expression LC3-I and its conversion to LC3-II (a known marker of 

autophagosomes), concomitant to the detection of increased levels of the cargo-associated protein 

p62 as showed Western Blot analysis (Fig-7B). Since p62 accumulates when the autophagy flux 

is blocked, our results indicate that AgNPs likely block that flux in NCI-H292 cells. Importantly, 

gold nanoparticles (AuNPs) that did not modify Influenza-induced CCL-5 secretion (Fig-3) failed 

to modify LC3 expression (Fig-7B). Moreover, silver salts (Ag+) that impaired Influenza-

induced CCL-5 secretion (Fig-3), increased LC3 expression but did not promote its conversion to 

LC3-II neither p62 accumulation (Fig-7B), suggesting that mechanisms of action of Ag+ differ 

from that of AgNPs in terms of down-regulation of IFN-related signalling pathways during 

Influenza infection. These data, in addition to the poor detection of Ag+ in cell extracts of AgNPs 

treated cells (Table-S1), support that Ag+ release from the nanoparticle does not recapitulate all 

the activity associated to Ag particle in our model. Notably, AgNPs also blocked the autophagic 

flux in Influenza-infected NCI-H292 cells (Fig-7C). Consistently, confocal microscopy 
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confirmed that AgNPs treatment increased both number and size of LC3 positive vesicles 

(autophagosomes) in the cytoplasm of both non-infected and Influeza-infected NCI-H292 cells 

(Fig-7D, Fig-S8). These LC3+ autophagosomes were found in close contact with Tom20 (a 

translocase of the mitochondrial outer membrane that monitors mitochondrial network) and some 

of them contained AgNPs-like structures as observed from bright field merged images (Fig-7D, 

white arrows). These data clearly show that the blockade of the ‘classical’ autophagic flux by 

AgNPs in infected NCI-H292 cells favours the accumulation of mitochondrial compounds in 

LC3+ autophagosomes. This is consistent with the observed alteration of the mitochondrial 

network (Fig-6), and therefore imply causality between AgNPs-mediated blockade of autophagy 

(Fig 7A-D) and alterations of the mitochondrial network (Fig-6).  

Considering the alterations of the mitochondrial network induced by AgNPs (Fig-6, Fig-7) and 

the role of mitochondria as a platform for IRF activation,
30

 we hypothesized that AgNPs could 

impact upon the distribution of IRF-7 (a target of AgNPs in NCI-H292 cells (Fig-5)).  

Indeed, Western Blot analysis showed that Influenza infection up-regulated IRF-7, which was 

detected in the cytosolic, mitochondrial and nuclear fractions (Fig-7E). AgNPs treatment of 

Influenza-infected cells resulted in enhanced expression of IRF-7 in the cytosol and 

mitochondrial fractions compared to those from non-treated Influenza-infected cells. By contrast, 

IRF-7 expression was reduced in the nuclear fraction following AgNPs treatment of infected cells 

(Fig-7E). This distribution was confirmed by confocal microscopy, with IRF-7 expression in 

Influenza-infected cells (Fig-7F) but not in non-infected cells (Fig-S9). Furthermore, distribution 

of IRF-7 in the cytoplasm was more homogeneous in Influenza-/alone infected cells than in 

Influenza-/AgNPs cells. Indeed, IRF-7 localisation was polarized in Influenza/AgNPs-treated 

cells, in a lattice-like structure associated with the mitochondrial network (Fig-7F).  
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Because changes in the mitochondrial dynamics modulate RIG-I-dependent signalling 

pathways,
33

 our findings that AgNPs modulate both the mitochondrial network (Fig-6) and the 

RIG-I/IRF7 signalling pathway (Fig-4 and Fig-5) in the context of viral infection strongly suggest 

that these two events are linked in NCI-H292 cells and mediate the observed down-regulation of 

antiviral defences (production of CCL-5 and IFN-!) (Fig-2). 

However, we showed that the mechanisms involved may be different in BEAS-2B cells, another 

lung epithelial cell type studied here (Fig-2B, Fig-3, Fig-S4D). 

Indeed, although AgNPs also modulated Influenza-induced CCL-5 and IFN-! secretion in 

BEAS-2B cells (Fig-2), AgNPs exposure did not enhance LC3 expression (Fig-8A) nor the 

numbers of LC3+ autophagosomes (data not shown) in non-infected or Influenza-infected BEAS-

2B cells, contrary to NCI-H292 cells. Because this could potentially be explained by an absence 

of the ‘classical’ ATG5-LC3-mediated autophagy machinery in BEAS-2B cells, we performed 

experiments with chloroquine, an inhibitor of phagosome-lysosome fusion (thus a chemical 

blocker of the autophagic flux). We showed that chloroquine enhanced LC3-II accumulation in 

WT (but not in ATG-5KO) BEAS-2B cells (Fig-8A), indicating that ATG-5 dependent 

autophagy (mediating LC3-I conversion to LC3-II) is functional in BEAS-2B cells, even though, 

as shown above, while effective in NCI-H292 cells, AgNPs did not alter this pathway in BEAS-

2B cells. However, because AgNPs still altered the mitochondrial network in BEAS-2B cells 

similarly as in NCI-H292 cells, we sought to investigate if AgNPs influenced the alternative 

autophagic pathway (independent of ATG-5 and LC3 lipidation) characterized by accumulation 

of Rab9+ autophagosomes.
16

  Consistently, confocal microscopy showed that AgNPs clearly 

enhanced the size and number of Rab9+ vesicles in non-infected and also in Influenza-infected 

BEAS-2B cells (Fig-8B, Fig-S10), in contrast to control cells which presented smaller Rab9+ 
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vesicles. Interestingly, superposed fluorescence and bright field images showed that Rab9+ 

autophagosomes contained AgNPs-like structures in BEAS-2B cells (Fig-8B, white arrows). In 

addition, we also observed an increase in the size and number of Lamp-2 positive vesicles in 

Influenza-infected cells (Fig-8B, Fig-S10), consistent with activation of alternative autophagic 

flux.
16

 To further determine whether AgNPs were targeting the alternative autophagic pathway in 

BEAS-2B cells (thereby down-regulating CCL-5 and IFN-! release in infected cells), we 

incubated Influenza-infected BEAS-2B cells with AgNPs in the presence of 3-MA, an inhibitor 

of both alternative and conventional/ATG-5-dependent autophagy pathways.
16

 To rule out 

activation of ‘parasite’ ATG-5-dependent ‘classical’ autophagy, we performed these experiments 

in BEAS-2B ATG-5 KO, and showed that 3-MA down-regulated in a dose dependent manner 

Influenza-induced CCL-5 and IFN-! secretion in both ATG-5 WT and ATG-5 KO (Fig-8C), 

although KO cells were more resistant to 3-MA inhibition (probably because of the absence of a 

functional ATG-5 dependent autophagy pathway). Notably, differences between AgNPs-treated 

infected cells and vehicle-treated infected cells in terms of CCL-5 and IFN-! secretion were 

reduced when 3-MA concentration increased (Fig-8D), indicating that inhibition of alternative 

autophagy (operative in ATG5 BEAS-2B KO cells) with 3-MA abolishes the biological effect of 

AgNPs on Influenza-induced CCL-5 and IFN-! secretion.  
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CONCLUSIONS 

 

Although previous studies have described that AgNPs could alter the autophagic flux in lung 

epithelial cells, a phenomenon associated to cytotoxicity,
34

 the physiological consequences of 

autophagy modulation had not been described so far. Here we described that AgNPs modulate 

both Rab9-dependent alternative (in BEAS-2B cells) as well as ATG-5-dependent classical 

autophagy (in NCI-H292 cells) and in doing so down-regulate antiviral responses in lung 

epithelial cells, while, conversely, up-regulating a neutrophilic pro-inflammatory response (as 

exemplified by the use of IL-8 read-out in our study). In order to extrapolate the consequences of 

AgNP exposure on lung epithelial cells in Influenza animal models and more importantly to 

elucidate whether AgNP effects are mediated through autophagy in these models, several issues 

may be discussed. First, we must consider the bio-distribution of AgNPs after in vivo lung 

delivery. It has been shown that pulmonary delivery of AgNPs in rats targets resident cells like 

alveolar macrophages
35

 and probably lung epithelial cells as deduced from in vitro
36

 models and 

in vivo lung delivery of other nanoparticles.
6
 Consequently, considering our data, AgNPs could 

alter autophagic flux in both uninfected and infected lung epithelial cells in vivo. Secondly, the 

role of autophagy in influenza infection is the subject of on-going debate. Whereas in vitro data 

indicate that autophagy pathway mediates Influenza virus replication and viral-induced apoptosis, 

37
 it is uncertain whether manipulation of the autophagic flux during Influenza infection might 

result beneficial or deleterious for the resolution of the infection since blockers of autophagic 

flux, could inhibit viral replication.
38, 39

 In consequence, it may be expected that targeting 

infected lung epithelial cells with AgNPs (which blocks autophagy) could reduce viral 

replication. However, our data show that the blockade of the autophagic flux with AgNPs does 

not inhibit viral replication in already infected cells. Moreover, inhibition of autophagy initiation 
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by administration of 3-MA to infected mice ameliorates lung injury associated to Influenza 

infection, especially with pandemic strains.
40

 Furthermore, pandemic flu has been associated to 

excessive lung inflammation (‘cytokine storm’), with, as a consequence, reduced viral clearance 

and secondary bacterial infections.
41, 42

 Our data, with a clear focus on lung epithelial cells, 

suggest that administration of AgNPs in infected animals could enhance inflammation (neutrophil 

recruitment through IL-8-dependent mechanisms) and down-regulate interferon-pathways, with 

detrimental consequences for the host due to unbalanced inflammation/anti-viral responses. 

Another possible therapeutic option may consist in administrating AgNPs as a prophylactic drug 

in order to i) block the autophagic flux in non-infected cells thus preventing viral replication; ii) 

take advantage of the pro-inflammatory properties of AgNPs to boost lung innate immunity. 

Finally, it is important to consider that leukocytes, especially alveolar macrophages also 

participate to early anti-influenza responses
43

 and that this cell type is a target for pulmonary 

delivered AgNPs.
35

 Moreover, it has been shown that AgNPs block the autophagic flux in 

monocyte-derived macrophages in vitro. 
44

  Altogether, these data indicate that in vivo 

administration of AgNPs could also modulate alveolar macrophage anti-viral defences through 

autophagy. 

In conclusion, AgNPs may be a fascinating tool for the biasing of anti-microbial immunity 

especially during co-infections where it has been shown that INF-! produced during viral 

infection down-regulates anti-bacterial defences, enhancing susceptibility to secondary bacterial 

infections.
45

 At optimal doses, AgNPs might reduce INFs production while enhancing anti-

bacterial defences. 
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MATERIALS AND METHODS 

Nanoparticle characterization.  

10nm silver (Ag) or gold (Au) nanoparticles (NPs) were purchased from NanoComposix USA 

(San Diego, CA) or NanoComposix Europe (Prague, Czech Republic). NPs were produced at 

BioPure quality with citrate (Cit) or lipoic acid (La) as a coating agent. Cit-NPs and La-NPs were 

resuspended in a 2 mM sodium citrate solution and water, respectively, at a final concentration of 

1mg/ml. Each batch was characterized by the manufacturers in terms of static and hydrodynamic 

diameters, zeta potential and endotoxin content (Table-1). Static and hydrodynamic diameters 

were determined by transmission electron microscopy (TEM) (JEOL 1010 Transmission Electron 

Microscope) and dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS), respectively. 

Charge of NPs was determined by zeta potential (Malvern Zetasizer Nano ZS). Endotoxin (LPS) 

content was measured by the Limulus amebocyte lysate (LAL) assay by the kinetic turbidity 

mode at doses of NPs that did not interfere with the assay. Each batch of NPs included 

representative images of TEM and graphs representing size distribution (relative % vs. particle 

diameter) and optical properties (absorbance vs. wavelength) (Fig-S1). Final mass concentration 

of Ag and Au was determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in a 

Xseries 2 ICP-MS (Thermo Fisher) and spectral properties were recorded in a Agilent 8453 UV-

visible spectrophotometer (Agilent).  Nanoparticles were stored at 4°C protected from light for no 

more than one year after reception. Four independent batches of Cit-AgNPs and La-AgNPs, 2 of 

La-AuNPs and 1 of Cit-AuNPs have been used in the study. 
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Influenza virus 

Virus strain A/Scotland/20/74 (H3N2) was a gift from Professor van der Werf (Institut Pasteur, 

Paris). Virus was routinely amplified in MDCK cells (ATCC CCL-34). Supernatants of infected 

or not infected cells (mock) were aliquoted and kept at -80°C until use. Plaque forming units 

(PFU/ml) of Influenza stocks were quantified by the virus plaque assay. 

 

Virus plaque assay 

MDCK cells were grown until confluency in P6 well plates in MEM medium containing 

glutamine, antibiotics and 5% fetal calf serum. Then, 1/10 serial dilutions of conditioned medium 

from either Influenza stocks or infected cells (NCI-H292) 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.  

 

Cell lines 

NCI-H292 cells (ATCC reference number CRL-1848), a human pulmonary mucoepidermoid 

carcinoma cell line, BEAS-2B cells (ATCC CRL-9609), a SV-40 transformed bronchial 

epithelial cell line and A549 (ATCC CCL-185) a cell line from a lung adenocarcinoma, were 

cultured in RPMI (NCI-H292) or F12/K Nutrient mixture (BEAS-2B and A549) medium 

supplemented with Glutamax, antibiotics and 10% decomplemented fetal calf serum (all reagents 

from Gibco). Cells were incubated at 37°C in a water-jacketed CO2 incubator.  
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Primary lung epithelial cells. 

Human lung tissues were obtained from patients (after written consent) who had undergone 

surgery for lung carcinoma (Ethics Committee and Institutional Review Board No. 

IRB00006477, agreement No. 11-045) as described before.
46

 Primary human lung epithelial cells 

were obtained from lung sections from healthy regions following a protocol based on previous 

studies.
47, 48

 Briefly, lung sections were cut in small pieces and incubated for 1h at 37°C in 

dispase (5.0000 casenolytic units in 100ml, BD Biosciences) followed by additional 10 min in the 

presence of 0.01% DNase I (Sigma). Next, lung homogenate was sequentially filtered through 

mesh gauze and cell strainers (100µm and 40µm).  Then cells were spin down and panned in 10 

cm Petri dishes (®20 millions of cells/dish) for 1-2h at 37°C in a water-jacketed CO2 incubator in 

DMEM media supplemented with 10% FCS. Non-adherent cells were collected, spun down and 

separated in 60%-30% discontinuous Percoll gradient. Epithelial-enriched fraction (30% Percoll) 

was collected and washed. Cells were cultured in Biocoat p24 well plates (BD Biosciences) in 

F12/K medium supplemented with Glutamine, antibiotics and 10% FCS and were kept in culture 

until day 4-5 to obtain a confluent monolayer. Purity of preparations was assayed by 

immunofluorescence using rabbit anti-pro surfactant protein C (SP-C) (Merck Millipore), rabbit 

anti zona occludens 1 (ZO1) (Invitrogen), guinea-pig anti-pan cytokeratin (CK) (Progen 

Biotechnik, Germany), and the corresponding secondary antibodies (Invitrogen). Cells showed 

over 95% of CK and ZO1 positive cells confirming epithelial origin. Rat alveolar type II 

epithelial cells were isolated as described previously.
49
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Generation of KO cell lines 

Semi-confluent NCI-H292 cells or BEAS-2B cells grown onto p6 well plates were transfected 

with a pool of three specific CRISPR/Cas9 Knockout (KO) plasmids encoding the Cas9 nuclease 

and a specific 20 nt guide RNA for the indicated gene (RIG-I, TBK-1, IRF-3, IRF-7 or ATG-5) 

and a pool of 3 plasmids, each containing a homology-directed DNA repair (HDR) template 

corresponding to the sites generated by the CRISPR/Cas9 KO plasmids and able to insert a 

puromycin resistance gene for selection of stable KO cells. All plasmids were purchased from 

Santa Cruz Biotechnology, Germany. Transfection was performed at different 

plasmid/lipofectamine (Life Technologies) ratios in Opti-MEM medium (Life Technologies) for 

8h. Then, transfection medium was replaced by cell culture complete medium and cells were kept 

for 72h in culture. Cells were thereafter trypsinized and transfered to 10cm petri dishes in 

complete cell culture medium supplemented with puromycin (InvivoGen) (2µg/ml for NCI-H292 

and 1µg/ml for BEAS-2B). Next, clones were collected (Sigma cloning cylinders) and amplified 

and the absence of the target protein was confirmed by Western blot. Clones that incorporated the 

puromycin resistance cassette but kept normal levels of expression of the target protein (‘failed 

KOs’) were used as wild-type (WT) control cells. 

 

Stimulation of cell cultures. 

Cells were washed three times with serum free media and then infected in serum free media with 

Influenza (Influenza A/Scotland/20/74 (H3N2) at indicated MOI (Multiplicity of Infection = 

number of PFU added per cell). 1h-2h later (after allowing viral entry), cells were washed and 

NPs added at the indicated concentrations (2-5 µg/ml equivalent to 0.66-1 µg/cm
2
) for 18h 

(unless otherwise stated) in the same media. In other set of experiments, cells were treated with 
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silver nitrate, L-Cysteine, Chloroquine or 3-MA (3-Methyladenine) at indicated concentrations 

(all products from Sigma). In selected experiments, cells were first exposed to NPs for 5h, 

washed and then treated with either Influenza virus (Flu), 5' triphosphate double stranded RNA 

(5’3p-dsRNA at 1.2µg/ml) (Invivogen), complexed to lipofectamine 2000 (Invitrogen), with 

polyinosinic-polycytidylic acid (poly IC at 10 µg/ml) (Sigma or Invivogen) or with cyclic 

[G(2’,5’)pA(3’,5’)p]) (cGAMP at 10 µg/ml) (Invivogen). Then, complexes were added to a p24 

well of confluent cells containing 200µl of the same medium. After 18hr, supernatants were 

collected and kept at -20°C or -80°C until concentrations of cytokines were measured. In parallel, 

cells were lysed in RNA extraction buffer (Pure-Link, Thermo Fisher) for RNA assessment. In 

selected experiments, BEAS-2B cells were grown onto Biocoat p24 well plates to increase 

adherence. 

 

Viral replication 

Viral replication in infected cells was measured by plaque assay (see above), RT-qPCR (M2 

expression, see below) or by measuring viral nucleoprotein levels in supernatants of infected cells 

by ELISA. Briefly, serial dilutions in carbonate buffer of supernatants were seed in 96-well plates 

overnight at 4°C. After blocking (2% BSA), wells were incubated with mouse anti-Influenza 

nucleoprotein antibody (Santa Cruz) in PBS, 1% BSA 0,05% Tween-20 buffer for 2h. After 

washing, wells were incubated with anti-mouse IgG antibody coupled to HRP. HRP was detected 

after addition of TMB substrate and measure of O.D. at 450nm. A standard, consisting in purified 

Influenza virus, was included to correlate quantity of NP with known pfu/ml. 
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Concentration of cytokines 

Concentrations of cytokines in supernatants of cell cultures were quantified by sandwich ELISA 

kits following the manufacturer’s indications (Bio-Techne) for all cytokines except for IFN-! 

(VeriKine kits from PBL Assay Science). 

 

Concentration of Ag+ in cellular extracts. 

Non-infected or infected NCI-H292 cells (10x10
6
) (MOI 0.25) were incubated with Cit-AgNPs or 

La-AgNPs (5µg/ml) (50µg total amount of AgNPs per condition) for 18h in 10ml of serum-free 

RPMI. After washing, cells were trypsinized and concentrated by centrifugation. Pellet was 

resuspended in 1ml of lysis buffer (1% Triton X-100 in 150mM NaCl) and incubated at 4°C for 

30 minutes with intermittent vortexing. In parallel the same amount of input AgNPs (50µg) was 

resuspended in 1ml of lysis buffer and treated as cell lysates. Next, AgNPs and cell lysates were 

centrifuged to precipitate intact NPs and cell debris (16000g, 30min, 4°C). Supernatants (®1ml) 

were diluted to 10 ml with ultrapure deionized water and the concentration of solubilized Ag
+
 

ions were probed by an inductively coupled plasma optical emission spectrometer (ICP-OES) 

(Varian Vista Pro) with a plasma temperature between 8000 and 9000°C. The spectrometer 

presented an optimized axially viewed plasma system with a VistaChip CCD detector, allowing!

continuous wavelength coverage and simultaneously measure of both trace and major 

concentrations of Ag+ with a detection limit of 0.3ug/L. Quantification was performed using a 

calibration curve. The matrix for the analysis consisted of 1ml of lysis buffer and 9ml of water. 

Lysates from non-treated cells were included to measure background levels of Ag
+
 in the absence 

of AgNPs. 
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RNA Extraction and RT-qPCR 

Cell monolayers were directly lysed in RNA lysis buffer. For RNA isolation, steps were 

performed according to the manufacturer's instructions. 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 Biosystems). The primers used were the following: M2 

viral protein (Fw aagaccaatcctgtcacctct; Rw:caaagcgtctacgctgcagtc), CCL-5 (Fw: 

,-./,./,///./,-,,,.--; Rw: /,,,--.,/-..-,--.-.,-), IL-8 (Fw:agagacagcagagcacacaa; 

Rw:ttagcactccttggcaaaac), IL-6 (Fw:/,--/.-..-.-,//.,,/.; Rw:/./-,/,-/,/.,-,-.,,/,), HPRT 

(Fw://.,///,,//../,-..,-!0! 12!3-/,,--,-,//,./..../,45 18s rRNA (Fw:cttagagggacaagtggcg; 

Rw: acgctgagccagtcagtgta). Triplicate Ct values were analysed using the comparative Ct (""Ct) 

method. The amount of target (2-""CT) was calculated using control cells as calibrator (arbitrary 

units=1) and HPRT or 18s rRNA as the house keeping gene. 

 

Mitochondrial extractions 

20x10
6
 of unstimulated or stimulated/infected NCI-H292 cells were scrapped in cold PBS buffer 

and pelleted by centrifugation (400g, 4°C, 10 min). Then, cells were resuspended in 1ml of 

mitochondrial isolation buffer I (10mM HEPES pH 7.5, 250mM saccharose, 1mM EDTA), 

supplemented with protease-inhibitor cocktail EDTA-free and phosphatase-inhibitor cocktail 

(Roche). The pellet was then disrupted on ice with a in a teflon pestle homogenizer, with three 

cycles of freezing (liquid nitrogen 15 s) and thawing at 37°C. Nuclei fractions were separated by 

centrifugation (1200g, 10 min, 4°C) and then the cytosolic and mitochondrial rich fractions were 

separated by further centrifugation (16000g, 30 min, 4°C). The pellet containing the 
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mitochondrial-rich fraction was then resuspended in mitochondrial isolation buffer II (buffer I 

without saccharose). Nuclear proteins were solubilized in RIPA buffer (see below) and total 

protein in each fraction was quantified by Micro BCA method (Pierce). 

 

Electrophoresis and Western blotting 

Cells lysed in RIPA buffer (25mM HEPES pH 7.5, 150mM NaCl, 5mM EDTA, 0.1% SDS, 1% 

NP-40, 0.5% sodium deoxycholate) supplemented with protease-inhibitor cocktail EDTA-free 

(Roche) and phosphatase-inhibitor cocktail (Roche) were electrophoresed in SDS-PAGE gels and 

blotted in polyvinylidene fluoride (PVDF) membranes. For native gels (analysis of IRF3 dimers) 

cells were lysed in native lysis buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1% IGEPAL) 

supplemented as above, and electrophoresed in PAGE without SDS nor reducing agents and 

adding 0.5% of sodium deoxycholate in the cathode chamber buffer. After transfer and blocking 

of the membrane (5% skim milk in PBS pH 7.4), either of the following primary antibodies in 

blocking buffer containing 0.05% Tween-20 were added (overnight incubation at 4°C): anti-RIG-

I, anti-TBK1, anti-MDA5, anti-IRF3, anti-IRF7, anti phospho-p44/42 (ERK), anti-p44/42, anti-

phospho Akt, anti-Akt, anti-LC3, anti-p62 (all raised in rabbit from Cell Signalling and used at 

1/1000 dilution); mouse anti-COX4 (Cell Signalling) (1/2000), mouse anti-!-tubulin (Merck-

Millipore) (1/10000), mouse anti-GAPDH (Covalab) (1/10000), mouse anti-Lamin A/C (1/1000) 

(Abcam). After incubation with the corresponding HRP-labelled secondary antibodies (Jackson 

Laboratories) (1/5000), chemiluminescence was developed using Clarity ECL substrate (Bio-

Rad) or Luminata (Thermo Fisher) and recorded in a PXi gel imaging system (Syngene). 
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Cell viability 

Lactate dehydrogenase (LDH) release was detected by measuring LDH activity in cell lysates and 

supernatants, using the CytoTox 96 Nonradioactive Cytotoxicity assay (Promega).!Cell viability 

was also accessed by a resazurin (Sigma) reduction assay as described previously.
50

 

 

Confocal Fluorescence microscopy 

Cells grown onto coverslips coated with rat-tail collagen (Sigma) were fixed with methanol (10 

min at -20°C) for LC3 detection or in 2% PFA-PBS buffer (10 min room temperature). After 

blocking with buffer assay (1% BSA, 0.2 % Triton-X100 in PBS pH 7.4), cells were incubated 

overnight at 4°C with the following antibodies or combinations: rabbit anti-LC3 antibody, rabbit 

anti-Rab9 (both from Cell Signalling), mouse anti-Tom20 antibody, rabbit anti-Tom20 antibody, 

mouse anti-IRF7 antibody (all from Santa Cruz Biotechnology). This was followed by the 

corresponding secondary antibodies i.e. anti-rabbit AlexaFluor-555 coupled and anti-mouse 

AlexaFluor-488 coupled secondary antibody (Invitrogen) (1/2000, 2h at room temperature). In 

selected experiments, anti-LC3 A555-coupled antibody and anti-Tom20 A488-coupled antibody 

were used. Nuclei were stained with DAPI (Invitrogen) and the preparations were mounted with 

Vectashield mounting media (Dako). Confocal images were acquired in a LSM 780 confocal 

microscopy (Zeiss) and were analysed and merged with Image J programme. Image acquisition 

and image analysis were performed in the Cri U1149 Imaging Facility. 
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Dark-Field and fluorescence Imaging  

Cells grown onto coverslips were treated with the indicated nanoparticles (5µg/ml) for 5h or 18h. 

In selected experiments cells were treated with 5’3p-dsRNA (1.2 µg/ml) for 3h. After washing, 

living cells were loaded with LysoTracker® Green DND-26 (20nM) and MitoTracker® Red 

CMXRos  (250nM) (Molecular Probes) for 30 min at 37°C. After washing, an upright 

Richardson RTM 2.5 microscope (Improvision, Tübingen, Germany) was used for combined 

dark-field and fluorescence imaging as described before.
49

 Dark-field and fluorescence light were 

detected with a 3CCD color video camera (ExwaveHAD DXC-C33, Sony; supplied by 

Improvision, Germany). All images were acquired with the 63# Leica water immersion objective 

(numerical aperture = 0.90) and Micro-Manager software.
51

 Pixel aspect ratio was corrected to 

D1/DV NTSC 0.91 in Photoshop CC 2015 software. For fluorescence imaging the RTM 3.0 blue 

filter cube [490 nm dichroic, 400–500 nm excitation filter, 510 long-pass (LP) emission filter] 

and green filter cube [560 nm dichroic, 540–550 nm excitation filter, 570 LP emission filter] 

were used for all fluorescence experiments. Images were adjusted for brightness and contrast in 

Photoshop CC. For LTG images the green channel of RGB image is shown. Images were merged 

using ImageJ software. 

 

Transmission electron microscopy (TEM) 

Control or treated La-AgNPs treated NCI-H292 cells (18h) (5 µg/ml, 0.88 µg/cm
2
) were fixed 

with 1% glutaraldehyde and 2,5% paraformaldehyde in PBS buffer and post-fixed with 1% 

osmium tetroxide and 1,5% potassium ferrocyanide. Samples were then dehydrated through a 

gradual series of ethanol washes and embedded in epoxy resin. Ultrathin (70$nm) sections 

(Ultracut UC6, Leica) were collected on formvar/carbon-coated copper grids. Samples were 



! #(!

observed in a Tecnai12 (FEI, The Netherlands) transmission electron microscope at 80$kV 

equipped with a 1K#1K Keen View camera. 

 

Statistical analysis 

Data were expressed as means$±$standard errors of the mean (SEM) unless stated. ANOVA was 

used to determine statistically significant differences among groups followed by Tukey’s multiple 

test for paired comparisons. All analyses were performed with Prism version 7, GraphPad.  
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TABLES 

 

Table-1. Characterization of nanoparticles. The physicochemical properties (obtained from the 

manufacturers) of one representative batch of nanoparticles from NanoComposix are shown. 

Static and hydrodynamic diameters, ionic charge and endotoxin (LPS) content were determined 

as explained in the Materials and Methods section. n.r. = Not reported. Each batch also included 

representative images of TEM and a graph representing size distribution (relative% vs. particle 

diameter) and optical properties (absorbance vs. wavelength) (Fig-S1). 

 

FIGURE LEGENDS 

 

Fig-1. Nanoparticles with different coatings are equally internalised in lung epithelial cells. 

The indicated epithelial cell lines were incubated during 18h with 5µg/ml of citrate coated- (Cit-

AgNPs), lipoic acid coated-(La-AgNP) or lipoic acid coated- gold nanoparticles (La-AuNPs). 

After washing, living cells were imaged by dark-field microscopy in a Richardson RTM 2.5 

microscope. Representative pictures are shown. n=nucleus. Scale bar=8 µM.  

 

Fig-2. AgNPs down-regulate Influenza-induced CCL-5 and IFN-!  production in human 

lung epithelial cells. NCI-H292 (A, D, E, F), BEAS-2B (B, D), A549 (C, D) or primary lung 

epithelial cells (G) were either incubated with Influenza virus (Flu) or with mock for 1-2h 

(Multiplicity of infection (MOI)=0.25 in A, B, C, D and MOI=1 in G). After washing, cells were 

treated with citrate (Cit-) coated silver nanoparticles (Ag NPs) (2.5 or 5µg/ml) or vehicle (2mM 

citrate buffer pH 7.4) (in E and G AgNPs was 5µg/ml). Cytokines were measured in triplicates by 
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commercial ELISAs 18h later. Same results were obtained with lipoic acid (La) Ag NPs (Fig-3). 

In D) cytotoxicity (% of lactate dehydrogenase (LDH) release) was measured by a commercial 

colorimetric assay. In F) viral replication was analysed by measuring the remaining pfu in the 

supernatant of infected cells by a plaque lyse assay (see Materials and Methods section) or by 

performing RT-qPCR (the relative expression of the viral protein M2 to HPRT was measured in 

total RNA). Mean±SEM of at least three independent experiments is shown (except for IL-8 

production in G, n=2). 
##

p<0.01, 
###

p<0.001 vs. Mock/vehicle, 
*
p<0.05, 

**
p<0.01, 

***
p<0.001, 

****
p<0.0001 vs. Flu/vehicle, ANOVA test. 

 

Fig-3. The AgNPs silver core, independently of coating, is essential for the down- regulation 

of Influenza-induced CCL-5. The indicated epithelial cell lines and primary cells were infected 

with Influenza virus (Flu) for 1-2h, cells were then washed and incubated with either 5µg/ml of 

the indicated NPs, or with silver nitrate (+Ag) (2.5 µg/ml) or with a combination of silver nitrate 

and L-Cysteine (a scavenger for Ag free ions) (25µg/ml)(+Ag+Cys) for 18h. Concentration of 

CCL-5 in supernatants of infected cells were measured by a commercial ELISA and levels were 

compared against to Flu/vehicle cells (100%). Mean±SEM of at least three independent 

experiments is shown (except for La-Ag- NPs and Cit-AuNPs in primary cells n=1 performed in 

duplicates). **p<0.01, ***p<0.001 vs. Flu/vehicle, ANOVA test. 

 

Fig-4. AgNPs specifically down-regulate RIG-I-dependent production of CCL5. NCI-H292 

cells were incubated with La-Ag NPs at the indicated concentrations for 5 hours and after 

washing cells were stimulated with 5' triphosphate double stranded RNA (5’3p-dsRNA) 

(1.2µg/ml) complexed to lipofectamine (A), polyinosinic-polycytidylic acid (poly IC) (10 µg/ml) 
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(B) or (cyclic [G(2’,5’)pA(3’,5’)p]) (cGAMP) (10 µg/ml) (C). 18h after stimulation, CCL-5 and 

IL-6 were measured in cell supernatants by ELISA. Mean±SEM of at least three independent 

experiments is shown **p<0.01, ***p<0.001 vs. vehicle/stimulated cells, ANOVA test. 

 

Fig-5. AgNPs down-regulate IRF-7-mediated CCL-5 and IFN-!  production in Influenza- 

infected cells. NCI-H292 cells expressing endogenous IRF-7 (IRF7-Wt), endogenous IRF3 

(IRF3-Wt), as well as IRF-7 (IRF7-KO) or IRF-3 deficient cells (IRF3-KO) were infected with 

Influenza virus (MOI=0.5) (Flu) or treated with mock for 1h. After washing, cells were treated 

with La-AgNPs (5 µg/ml) or vehicle for 18h. A) and C) show fold increase of CCL-5, IL-6, IL-8 

and IFN-! production in Influenza-infected cells from IRF7-Wt or IRF3-Wt cells (fold value=1) 

vs. IRF7-KO or IRF3-KO cells, respectively. Cytokines were measured by ELISA. B) Shows a 

representative experiment of Wt and KO Influenza-infected cells in the presence or absence of 

La-AgNPs (5 µg/ml). C) Same conditions as in B), shows the fold increase of cytokine 

production in Wt or IRF7-KO Influenza-infected cells (Flu) (fold value=1) treated or not with La-

AgNPs. Mean±SEM of at least three independent experiments is shown. 
*
p <0.05, t-test. 

 

Fig-6. AgNPs increase lysosome-like vesicles numbers and modify lung epithelial cell 

mitochondrial network. NCI-H292 cells were either treated with Cit-AgNPs (5µg/ml) (AgNPs) 

or with vehicle (CTRL) for 5h and then transfected with 5’3p-dsRNA (1.2µg/ml) (a ligand for 

RIG-I) complexed with lipofectamine or treated with lipofectamine alone (CTRL). 18h later, 

living cells were labelled with LysoTracker® Green DND-26 (20nM) and MitoTracker® Red 

CMXRos (250nM) for 30 min at 37°C. After washing, living cells were imaged with a 

Richardson dark-field and fluorescence microscope. The same field of view was imaged with 
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dark-field illumination as well as with green and red fluorescence filters. Image overlay was 

created in Image J programme. n= nucleus. White arrows and circled regions indicate aggregates 

of AgNPs/mitochondria/acidic vesicles. Scale bar=8 µM. 

 

Fig-7. AgNPs block the autophagic flux and enhance the cytosolic and mitochondrial 

partition of IRF-7, preventing further nuclear migration. A) NCI-H292 cells were incubated 

with La-AgNPs (5µg/ml) for 18h. After washing, cells were included in epoxy resin to perform 

ultrathin sections that were then analysed by TEM without contrast agent (black arrows indicate 

AgNPs-like structures). B) NCI-H292 cells were incubated with the indicated NPs (5µg/ml) (La= 

lipoic acid coated; Cit=citrate coated, Au=gold) for 18h and after washing Western blot of cell 

lysates was performed with specific antibodies against LC3, SQSTM1/p62 and GAPDH (after 

sequential re-probing of the same membrane). C) NCI-H292 cells were infected with Influenza 

virus (MOI=0.25) (Flu) and then treated with La-AgNPs (5µg/ml) or with Influenza virus alone. 

Western blots of cell lysates were performed as described in B). D) NCI-H292 cells grown onto 

glass coverslips were infected with Influenza virus (MOI=0.25) and then treated with La-AgNPs 

(5µg/ml) or infected with Influenza virus alone. Fixed cells were stained with anti-LC3 A555-

coupled antibodies (red) and anti-Tom20 A488-coupled antibodies (green) and visualized with 

confocal microscopy. Nuclei were stained with DAPI (Blue). Images taken for each filter and 

under bright field were merged with Image J programme. Scale bar=10µm. White arrows indicate 

AgNPs-like structures observed under bright field. E) Mitochondrial, cytosolic and nuclear 

fractions were isolated from either untreated NCI-H292 cells (CTRL), cells infected with 

Influenza virus alone (MOI 0.25) (Flu), treated with La-AgNPs alone (AgNP), or infected and 

then treated with the same concentration of La-AgNPs (Flu+AgNP). Western blot was performed 
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from cellular extracts to detect the expression of IRF-7 in mitochondrial, cytosolic and nuclear 

fractions (5µg, 10µg and 20µg, respectively). Enrichment of each fraction in protein extracts was 

monitored using COX4, !-tubulin (!-tub), Lamin A/C (Lam) expression, respectively. Right 

panels show the relative quantification of IRF-7 in Influenza (arbitrary units=1) and 

Influenza+AgNPs cells in the different fractions (n=3 independent extracts). F) Cells treated 

under the same conditions described in D) were fixed and stained with rabbit anti-Tom20 

antibodies and mouse anti-IRF-7 antibodies. Anti-rabbit coupled to A555 (Red) and anti-mouse 

coupled to A488 (green) secondary antibodies were then added to visualize mitochondria 

(Tom20) and IRF-7 localisation by confocal microscopy. Nuclei were stained with DAPI (Blue). 

A representative picture of Influenza and Influenza+AgNPs conditions is shown. Scale bar= 10 

µm. 

 

Fig-8. AgNPs down-regulate CCL-5 and IFN-!  in Influenza-infected cells through the 

alternative autophagy. A) Left panel: BEAS-2B cells were either infected with Influenza virus 

(MOI=1) (Flu) and then incubated with La-AgNPs (5µg/ml) or with Influenza virus alone. Right 

panel: cells (WT or ATG5 deficient (ATG-5 KO)) (two different clones are shown) were treated 

with chloroquine (CQ) (25 µM). After 18h, cells were lysed in RIPA buffer and Western blots 

were performed with the indicated antibodies. B) BEAS-2B cells grown onto glass coverslips 

were infected with Influenza virus (MOI=1) (Flu) and then treated with La-AgNPs (5µg/ml). 

Fixed cells were stained with rabbit anti-Rab9 antibody and mouse anti-Lamp2 antibody 

followed by incubation with the corresponding secondary antibodies (anti-rabbit A555-coupled 

(red) and anti-mouse A488-coupled (green)). Samples were analysed in a confocal microscope. 

Nuclei were stained with DAPI (Blue). Images taken for each filter and under bright field were 
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merged with the Image J programme. Scale bar=10µm. White arrows indicate AgNPs-like 

structures observed under bright field. C) WT BEAS-2B cells (ATG5-WT) or ATG5 deficient 

(ATG5-KO) were either infected with Influenza virus (MOI=1) (Flu) or mock, and then treated or 

not with La-AgNPs (5µg/ml) in the presence of 2.5 mM 3-MA (3-Methyladenine). After 18h, 

supernatants were collected and cytokines analysed by sandwich ELISA. Percentage reduction of 

cytokine levels relative to the corresponding “Flu” levels is indicated. D) WT BEAS-2B cells or 

ATG5 deficient (ATG5-KO) were infected with Influenza virus and treated or not with La-

AgNPs as described in C), in the presence of the indicated concentrations of 3-MA (0-5mM). 

Fold increase in Influenza infected cells was calculated for each independent experiment and 

report to cytokine concentration in the supernatants of Influenza-infected cells without AgNPs or 

3-MA (fold value=1). Mean±SEM of at least three independent experiments is shown.
 *

p<0.05, 

**
p<0.01, 

***
p<0.001 Flu vs. Flu/AgNPs for each concentration of 3-MA, t-test. 

 

Supporting Information.  

File: “Supplementary Figures and Tables.pdf”. Legends and Figures S1 to S10 and Table 1S 

File: “Video-S1.avi”. Association of Cit-AgNPs with intracellular vesicles in human cells lines 

File: “Video-S2.avi”. Association of Cit-AgNPs with lamellar bodies in rat alveolar type II 

epithelial cells 
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