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Abstract

Influenza A virus (IAV) causes up to half a million deaths worldwide annually, 90% of which 

occur in older adults. We show that IAV-infected monocytes from older humans have impaired 

antiviral interferon production but retain intact inflammasome responses. To understand the in vivo 

consequence, we used mice expressing a functional Mx gene encoding a major interferon-induced 

effector against IAV in humans. In Mx1-intact mice with weakened resistance due to deficiencies 

in Mavs and Tlr7, we found an elevated respiratory bacterial burden. Notably, mortality in the 

absence of Mavs and Tlr7 was independent of viral load or MyD88-dependent signaling but 

dependent on bacterial burden, caspase-1/11, and neutrophil-dependent tissue damage. Therefore, 

in the context of weakened antiviral resistance, vulnerability to IAV disease is a function of 

caspase-dependent pathology.
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Respiratory infections with influenza A virus (IAV) cause severe morbidity and mortality in 

humans and animals worldwide. Older humans are highly susceptible to influenza disease. 

This susceptibility could be due to an inability to mount an effective antiviral response or an 

incapacity to develop disease tolerance to IAV infection (1–4). We began by comparing the 

innate immune pathways engaged by IAV infections in peripheral blood monocytes from 

young-adult (20- to 30-year-old) and older (65- to 89-year-old) human donors (table S1 and 

fig. S1A). IAV-infected monocytes from older humans showed intact nuclear factor κB(NF-

κB)-dependent proinflammatory cytokine expression and secretion [interleukin (IL)-6] (fig. 

S1B and Fig. 1A) and robust inflammasome-dependent cytokine expression and secretion 

(IL-1β) (fig. S1C and Fig. 1B). Type I interferon (IFN) responses to IAV infection, however, 

were significantly attenuated in older human monocytes (IFN-β) (Fig. 1C). Reduced IFN 

secretion from older monocytes was not attributable to the expression level of RIG-I, a viral 

RNA sensor that induces the type I IFN responses that drive antiviral immunity (5, 6) (fig. 

S1D) or to a particular demographic group (fig. S1, E to G). Similar age-dependent 

reduction in IFN-β was observed from monocytes transfected with ligands of RIG-I (fig. S2, 

A to F) and from macrophages stimulated with polyinosinic-polycytidylic acid (fig. S2, G to 

I). These data indicate that older human monocytes and macrophages have intact RIG-I 

signaling to activate proinflammatory cytokines and the inflammasome but have impaired 

signaling to induce type I IFNs.

Comparison of a broader array of genes revealed that infected monocytes from older donors 

showed consistently lower expression of several IFN-stimulated genes (ISGs) (MxA, 

IFITM2, and ISG15, all of which are known to have antiviral activities for influenza viruses) 

(Fig. 1D). Furthermore, expression of IRF7, a critical transcription factor for type I IFNs, 

and STAT1, a type I IFN receptor signaling molecule, was lower in the older cohort. 

Consequently, older monocytes infected with IAV expressed higher levels of influenza viral 

genes (NS and M) (Fig. 1D). Selective impairment in IFN responses to other viral infections 

(7), after vaccination against influenza (8) or downstream of TLR7 (4,9,10), suggest that 

decreased IFN and elevated proinflammatory cytokines are a common characteristic of the 

aging innate immune system in humans.

To probe the possible in vivo consequences of weak IFN responses in the face of robust 

inflammation after IAV infection, we sought to employ a relevant mouse model. Older 

C57BL/6 mice did not show increased susceptibility to IAV infection over young mice; in 

fact, older mice showed antiviral resistance (fig. S3), failing to phenocopy aging human 

infections (11). We therefore decided to mimic human innate effector responses using 

genetic approaches to determine the consequences of the loss of pattern recognition 

receptors (PRRs) that induce IFNs during IAV infection. Inbred mouse strains, including 

C57BL/6, carry nonfunctional alleles of the Mx1 gene. The myxovirus resistance protein 1 

(Mx1) is a dynamin-like guanosine triphosphatase that blocks primary transcription of 

influenza, presumably by binding to viral nucleoproteins (12–14). We predicted that intact 

Mx1 would affect the dynamics of viral spread and the host response to IAV infection, and 

that Mx1-sufficient mice would more closely model influenza pathogenesis in humans. As 

reported previously (15,16), Mx1 congenic mice on the C57BL/6 background were highly 

resistant to IAV (A/PR8) infections as compared with Mx1-deficient C57BL/6 mice (fig. 

S4). The observed resistance in Mx1 congenic mice was not due to more robust adaptive 
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immunity because these mice showed low levels of T and B cell-mediated responses to IAV, 

likely because of rapid viral clearance (fig. S4, D and E).

We therefore used Mx1 mice to investigate the relative contributions of the innate immune-

sensing pathways during IAV infection: Toll-like receptors (TLRs) and RIG-I, which both 

induce type I IFNs (5), and the inflammasome pathway that activates caspase-1, releases 

IL-1β and IL-18, and induces pyroptosis (17,18). At a high dose of viral challenge [106 

plaque-forming units (PFU)], Tlr7−/− or Casp1/11−/− mice survived infection, whereas 

Mavs−/− and Tlr7−/− × Mavs−/− mice lost weight and died by day 7 or day 5, respectively, 

with a high viral burden (fig. S5). After challenge with a lower dose of A/PR8 virus (100 

PFU), Tlr7−/−, Mavs−/−,and Casp1/11−/− mice were resist ant, but Tlr7−/− × Mavs−/− double-

deficient mice lost weight and succumbed to infection (Fig. 2, A and B). The mechanism of 

protection conferred by MAVS and TLR7 in the Mx1-sufficient host correlated with the 

ability of these PRRs to induce IFN-β secretion (Fig. 2C). In contrast, inflammatory 

cytokine secretion was observed independently of MAVS and TLR7 (fig. S6). Mice deficient 

in both Mavs and Tlr7 lost Mx1 expression (Fig. 2D and fig. S7) and therefore succumbed to 

IAV challenge. Thus, unlike C57BL/6 mice (19–22), Mx1 congenic mice reveal the key 

innate sensors that confer antiviral resistance, RIG-I and TLR7; these sensors are 

responsible for the production of type I IFNs that induce Mx1 expression and potently 

control IAV replication. This is consistent with our results in monocytes from older humans, 

where impaired RIG-I signaling led to low IFN induction and compromised innate IAV 

resistance (Fig. 1).

To assess the role of inflammasome activation in the context of an impaired interferon 

response, we generated Mx1 congenic Tlr7−/− × Mavs−/− × Casp1/11−/− mice. Strikingly, 

these mice exhibited protection from IAV disease (Fig. 3, A and B) despite having viral 

loads similar to Tlr7−/− × Mavs−/− mice (Fig. 3C and fig. S8A). Improved protection was 

therefore not a function of greater antiviral resistance but a lack of Casp1/11 activity. Tlr7−/− 

× Mavs−/− × Casp1/11−/− mice eventually cleared the virus by 30 days after infection (fig. 

S8B). TlrT−/− × Mavs−/− mice also succumbed to infection with a human isolate of the 2009 

pandemic strain of H1N1 (pH1N1) faster than other genotypes at two challenge doses (fig. 

S9). Furthermore, TlrT−/− × Mavs−/− × Casp1/11T−/− mice exhibited longer survival 

compared with Tlr7−/− × Mavs−/− mice at a challenge dose of 105 PFU (fig. S9, C and D). 

These results indicate that after IAV infection, Casp1/11 deficiency confers a survival 

advantage in the context of combined Tlr7 and Mavs deficiency.

Next, we investigated the contributions of caspase-1/11 -dependent cytokines, IL-1β and 

IL-18, in driving IAV disease and lethality. MyD88 is an adaptor protein required for 

signaling downstream of IL-1R and IL-18R (23), as well as TLR7. Unlike Tlr7−/− × Mavs−/− 

× Casp1/11−/− mice, Mx1 congenic MyD88−/− × Mavs−/− mice succumbed to A/PR8 

infection, albeit with a delayed time course compared with Tlr7−/− × Mavs−/− mice (Fig. 

3D). Infected MyD88−/− × Mavs−/− mice sustained levels of IAV burden in the lung similar 

to Tlr7−/− × Mavs−/− and Tlr7−/− × Mavs−/− × Casp1/11−/− mice (fig. S8B). In addition, 

treatment with Anakinra (IL-1R antagonist) failed to rescue Tlr7−/− × Mavs−/− mice from 

IAV-induced lethality (Fig. 3D). Histological analysis of the lungs (fig. S10) revealed that 

Tlr7−/− × Mavs−/− mice sustained severe inflammation around airways and suffered from 
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airway degeneration and epithelial and venular necrosis (fig. S10B, arrow). In contrast, 

Tlr7−/− × Mavs−/− × Casp1/11−/− mice had less severe inflammation and reduced venular 

necrosis. Therefore, signaling through IL-1R and IL-18R is insufficient to drive IAV-induced 

mortality in the absence of RLR and TLR signaling, and a separate function of caspase-1/11, 

leading to inflammation and tissue damage, is required for lethal disease after IAV infection.

One of the hallmarks of caspase-1/11 activation is the recruitment of neutrophils (24). 

Neutrophilic infiltration largely accounts for fatal influenza gene signatures (25). Robust and 

comparable recruitment of many inflammatory leukocytes, including neutrophils, was 

observed in both Tlr7−/− × Mavs−/− and Tlr7−/− × Mavs−/− × Casp1/11−/− mice infected with 

IAV (fig. S11). To determine whether neutrophils mediate disease and lethality in Tlr7−/− × 

Mavs−/− mice carrying functional Mx1 alleles, we depleted neutrophils in vivo using an 

antibody to Ly6G. Half of neutrophil-depleted Tlr7−/− × Mavs−/− mice survived the infection 

(Fig. 4A), indicating that neutrophils contribute to IAV lethality. Neutrophils mediate 

clearance of bacteria and fungi but also cause immunopathology, owing to their release of 

reactive oxygen species and neutrophil extracellular traps (NETs) (26). Notably, the lungs of 

the IAV-infected Tlr7−/− × Mavs−/− mice had significantly higher staining for NETs (27)than 

the Tlr7−/− × Mavs−/− × Casp1/11−/− mice (Fig. 4B and fig. S12). Furthermore, we found 

that caspase-1/11 was also required for NET formation in the lung after intranasal 

inoculation of bacterial lipopolysaccharide (LPS) (fig. S13), indicating that the requirement 

of Casp1/11 for NET release extends beyond IAV infection. NET digestion by treatment 

with deoxyribonuclease (DNase) (Pulmozyme) resulted in prolonged survival of Tlr7−/− × 
Mavs−/− mice after IAV infection (Fig. 4A). Thus, in the absence of Tlr7 and Mavs, NETosis 

contributes to mortality after IAV infection, likely in part by inducing collateral tissue 

damage (28). Despite the lack of innate viral control, depletion of neutrophils or degradation 

of NETs can induce disease tolerance to influenza.

Older adults (>65 years of age) are most vulnerable to the flu, and many succumb to 

pneumonia caused by secondary bacterial infections (29, 30). IAV infection and consequent 

airway epithelial damage are sufficient to enhance bacterial colonization of the lungs (31–

35). Therefore, we hypothesized that IAV-induced disease and mortality in the Tlr7−/− × 
Mavs−/− mice may be secondary to bacterial infection. Notably, bacterial bloom was 

observed in the nasal cavity of infected Tlr7−/− × Mavs−/− and Tlr7−/− × Mavs−/− × 
Casp1/11−/− mice, as compared with the IAV-resistant wild-type mice (Fig. 4, C and D). In 

addition, an increase in the abundance of Pasteurellaceae was observed in the nasal cavities 

(Fig. 4E) and lungs (Fig. 4, F and G) of IAV-infected Tlr7−/− × Mavs−/− and Tlr7−/− × 
Mavs−/− × Casp1/11−/− mice. Finally, combination antibiotic treatment beginning 3 days 

after IAV infection partially rescued Tlr7−/− × Mavs−/− mice from lethality (Fig. 4H). 

Collectively, these data indicate that a failure to induce type I IFNs promotes viral 

amplification and tissue damage within the respiratory environment, conducive to bacterial 

bloom. Neutrophil recruitment and caspase-dependent NETosis contributes to lethality. 

These results in Mx1 congenic mice are consistent with the notion that age-related defects in 

innate immunity (reduced IFN responses) could predispose IAV-infected older adults to 

secondary bacterial infection. A direct implication of our findings is that older adults 

suffering from IAV infection may benefit from therapeutic strategies that minimize 

inflammatory responses mediated by neutrophils.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Editor’s Summary

Flu immunity shows its age

As we age, our immune systems change; in many ways not for the better. For instance, 

the elderly account for 90% of influenza deaths annually. Pillai et al, now report that 

influenza-infected human monocytes, a type of immune cell, exhibit reduced antiviral 

activity. In influenza-infected mice, two innate immune sensing pathways work together 

to promote antiviral immunity to influenza. Mice lacking antiviral immunity (similar to 

the situation in elderly people) had elevated bacterial burdens in their lungs and increased 

inflammatory responses, which both contributed to their increased susceptibility to 

influenza.
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Fig. 1. Monocytes from old humans have impaired IFN but otherwise intact cytokine responses
Human monocytes from young (age 20 to 30 years; n = 33) or old (age 65 to 89 years; n = 

20) healthy donors were infected with A/PR/8/34 influenza virus at a multiplicity of 

infection of 10 for 12 hours, after which cell supernatants were collected and analyzed by 

enzyme-linked immunosorbent assay (ELISA) to measure (A) IL-6, (B) IL-1β, and (C) IFN-

β. Data are pooled from two independent experiments and are presented as means ± SEM. 

(D) RNA was isolated from PR8-infected monocytes and was analyzed by quantitative 

polymerase chain reaction (qPCR) to measure relative gene expression. Gene expression 

data were arranged in a heat map to identify age-related defects. **P< 0.01; linear mixed-

effects models adjusted for covariates, P values from the post hoc t statistics are Hochberg 

adjusted.
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Fig. 2. RLR and TLR7 induce Mx1 expression and protection after influenza A virus infection
Wild-type, Casp1/11−/−, Tlr7−/−, Mavs−/−, and Tlr7−/−Mavs−/− mice carrying functional Mx1 
alleles were infected intranasally (i.n.) with 100 PFU of influenza virus A/PR/8/34. (A) 

Weight loss and (B) survival were monitored for 14 days (n = 5 to 9 mice per group). (C) 

Broncho-alveolar lavage (BAL) was collected 48 hours after infection (n = 5 to 7 mice per 

group), and levels of IFN-β were measured by ELISA. Data are means ± SEM. (D) Mice 

were sacrificed on day 2 and lungs were fixed in 4% paraformaldehyde. Tissue was 

embedded in paraffin, sectioned for staining with a rabbit antibody to mouse Mx1, and 

visualized by fluorescence microscopy [red, Mx1; blue, counter-staining of nuclei with 4′, 
6-diamidino-2-phenylindole (DAPI)]. Samples are representative of 3 to 5 mice per group. 

****P < 0.0001; **P < 0.01; one-way analysis of variance (ANOVA); log-rank (Mantel-

Cox).
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Fig. 3. In the absence of TLR7 and MAVS, deletion of Casp1/11 rescues mice from lethality after 
influenza A virus infection
Wild-type, Casp1/11−/−, Tlr7−/−, Mavs−/−, Tlr7−/−Mavs−/−, and Tlr7−/−Mavs−/−Casp1/11−/− 

mice carrying functional Mx1 alleles were infected (i.n.) with 100 PFU of influenza virus 

A/PR/8/34. (A)Weight loss and (B) survival were monitored for 14 or 16 days, respectively 

(n = 4 to 10 mice per group). (C) BAL was collected and viral titer was measured (n = 4 to 8 

mice per group) on day 4 after infection. Data are means ± SEM. (D) Tlr7−/−Mavs−/− (n = 

21), Tlr7−/−Mavs−/−Casp1/11−/− (n = 4), and Myd88−/−Mavs−/− (n = 18) mice carrying 

functional Mx1 alleles were infected (i.n.) with 100 PFU of A/PR/8/34 influenza virus. A 

separate group of Tlr7−/−Mavs−/− (n = 8) was treated with 100 mg/kg of Anakinra 

intraperitoneally every 12 hours starting on day −1. Survival was monitored for 2 weeks 

after infection. Data are pooled from two separate experiments. ****P < 0.0001; ***P < 

0.001; **P < 0.01; one-way ANOVA; log-rank (Mantel-Cox).
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Fig. 4. Failure to induce type I IFNs and viral control is sufficient to promote bacterial bloom in 
the lung
(A) Mice carrying functional Mx1 alleles were infected (i.n.) with 100 PFU of influenza 

virus A/PR/8/34. A group of Tlr7−/−Mavs−/− mice was treated with either a neutrophil-

depleting antibody to Ly6G) or recombinant DNase (Pulmozyme) intraperitoneally, daily 

starting on day−1. Survival was monitored for 14 days (n = 8 to 13 mice per group). (B) 

Lungs were harvested on day 8, stained with a rabbit antibody to histone H3 (citrulline R2 + 

R8 + R17) and visualized by fluorescence microscopy (red, H3Cit; blue, counter-staining of 

nuclei with DAPI). Samples are representative of 3 to 6 samples per group. (C to E) Nasal 

wash samples collected on day 8 were (C) plated to determine bacterial load and (D) 

analyzed by qPCR for relative expression levels of 16S rDNA (n = 4 to 5 per group). Data 

are means ± SEM. (E) The average relative abundance of bacterial genera of greater than 1% 

abundance from naïve wild-type (n = 3), wild-type (n = 1), Tlr7−/− Mavs−/− (n = 5), and 

Tlr7−/− Mavs−/−Casp1/11−/− (n = 5) was determined by 16S sequencing. (F and G) After 

infection with 1000 PFU of PR8, lungs were harvested on day 7 and analyzed by qPCR for 

relative expression levels of (F) 16S rDNA and (G) bacteria from the Pasteurellaceae family 

(n = 3 to 4 per group). (H) A group of Tlr7−/−Mavs−/− mice infected with 100 PFU was 

administered antibiotics daily by intragastric gavage on days 3 to 10 after infection. Survival 

was monitored (n = 4 to 5 per group). Data are representative of two similar experiments. 

****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; one-way ANOVA; log-rank (Mantel-

Cox).
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