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Abstract

Influenza A is a highly contagious respiratory virus that causes seasonal epidemics and occasional 

worldwide pandemics. The primary cause of influenza-related mortality is bacterial super-

infection. There are numerous mechanisms by which preceding influenza infection attenuates host 

defense, allowing for increased susceptibility to bacterial pneumonia. Herein, we demonstrate that 

influenza inhibits Staphylococcus aureus-induced production of IL-33. Restoration of IL-33 

during influenza A and MRSA super-infection enhanced bacterial clearance and improved 

mortality. ILC2s and alternatively activated macrophages are not required for IL-33 mediated 

protection during super-infection. We show that IL-33 treatment resulted in neutrophil recruitment 

to the lung, associated with improved bacterial clearance. These findings identify a novel role for 

IL-33 in anti-bacterial host defense at the mucosal barrier.

Introduction

Pneumonia is a significant cause of mortality in the United States and worldwide. Numerous 

organisms cause pneumonia, including bacteria and viruses. Influenza is a common 

respiratory virus that results in 3 to 5 million cases of severe illness and 250,000 to 500,000 

worldwide deaths annually. While most cases of influenza do not result in death, secondary 

bacterial super-infections are associated with increased hospitalization and mortality. 
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Bacterial pneumonia is a severe complication of influenza infection1. Staphylococcus aureus 
and Streptococcus pneumoniae typically cause bacterial pneumonia following influenza 

infection. The prevalence of S. aureus has increased in recent years with the emergence of 

methicillin-resistant S. aureus (MRSA) and is now the most prevalent cause of pneumonia in 

this context2–4. Understanding the mechanisms by which influenza alters the immune 

system and reduces host defense against secondary bacterial infections is critical to 

decreasing morbidity and mortality during future influenza pandemics.

IL-33 is an alarmin cytokine that is expressed in the nucleus of epithelial and endothelial 

cells and released in response to cellular stress and injury. IL-33 acts through the ST2 

receptor and its known target cells include T helper 2 cells (Th2), innate lymphoid Type 2 

cells (ILC2), macrophages, CD8+ T cells, dendritic cells, basophils, and B cells5,6. IL-33 

promotes myeloid cell migration, polarizes macrophages towards an alternatively activated 

macrophage (M2a) phenotype and induces Type 2 immune responses through the induction 

of IL-5 and IL-137–12. IL-33 is known to have both pro-inflammatory and anti-inflammatory 

effects depending on the model being utilized. During influenza infection, endothelial cells, 

epithelial cells, and macrophages express IL-33 and can lead to IL-13 production by 

ILCs11,13. ILCs also produce amphiregulin in response to IL-33 stimulation, and 

amphiregulin expression is enhanced in the lung following influenza infection. ILCs can 

promote airway epithelial repair through amphiregulin in influenza-infected mice14. IL-33 is 

known to promote host defense against bacterial infections through recruitment of 

neutrophils in sepsis and skin models and enhanced antimicrobial capacity of macrophages 

in the skin7,15,16. Little is known about the role of IL-33 in mucosal anti-bacterial host 

defense and published studies focus on IL-33 stimulation of ILC2 and alternatively activated 

macrophages. The mucosal barriers of the respiratory, gastrointestinal, reproductive, and 

urinary tracts encompass large surface areas in which the host is exposed to the environment 

and serves as a potential route for acquisition of infection.

We have previously demonstrated that mice infected with influenza A and S. aureus have 

increased bacterial burden and higher mortality compared to mice infected with singular S. 
aureus infection17. In addition, we have shown that influenza attenuates S. aureus-induced 

IL-1β production, increasing susceptibility to secondary bacterial pneumonia18. Our current 

work explores the novel protective role of IL-33, an IL-1 family member, in a murine model 

of influenza A and S. aureus super-infection in the lung.

Results

Preceding influenza infection inhibits IL-33 production in response to secondary bacterial 
challenge

Mice infected with influenza and S. aureus have increased bacterial burden, inflammation, 

and mortality compared to those infected with S. aureus alone17. We have previously 

demonstrated that influenza attenuates S. aureus-induced IL-1β production, increasing 

susceptibility to secondary bacterial pneumonia in mice18. The role of IL-33, an IL-1 family 

member, during influenza A and S. aureus super-infection has yet to be explored. We 

challenged C57BL/6 mice with influenza A PR/8/34 H1N1 for 6 days followed by 

methicillin-resistant S. aureus (USA 300) and after 24 hours, saw a decreased IL-33 
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response in super-infected mice compared to those infected with either singular MRSA or 

influenza infection. (Figure 1A, 1C). Similar to previously published data, bacterial burden 

was significantly higher in the super-infected mice compared to those that received MRSA 

alone (Supplementary Figure 1A). During influenza infection alone, IL-33 gene expression 

peaks at day 2 post-infection and returns to baseline by day 6 post-infection (Figure 1B). 

Additionally, similar data were seen in mice that received influenza followed by secondary 

challenge with methicillin-sensitive S. aureus (ATCC 49775) or Pseudomonas aeruginosa 
(Figure 1D–F). These data represent a novel impairment of host defense during influenza 

and secondary bacterial pneumonia. Importantly, the attenuation of IL-33 production by 

preceding influenza infection occurs with both gram-positive and gram-negative bacterial 

challenge.

Restoration of IL-33 improves S. aureus clearance in the lung during super-infection

Next, we proposed that restoration of IL-33 would improve bacterial clearance during 

influenza and S. aureus super-infection. To test this, we challenged C57BL/6 mice with 

influenza A PR/8/34 H1N1 for 6 days followed by MRSA and restored IL-33 by two 

methods: recombinant murine IL-33 or adenoviral vector expressing IL-33. In both cases, 

IL-33 restoration resulted in improved clearance of S. aureus in super-infected mice (Figure 

2A, Supplementary Figure 1B) with no change in viral burden (data not shown). Of note, in 

a murine model of influenza with complicating S. aureus pneumonia, two-fold changes in 

CFU have been associated with increased mortality17,19. Consistent with these data, 

exogenous IL-33 improved survival during super-infection (Figure 2B). Although not 

statistically significant, mice that received IL-33 had median survival of 39 hours versus 

mice that did not receive IL-33 with median survival of 24 hours. These data indicate that 

the inhibition of IL-33 during viral infection may play a role in enhanced susceptibility to 

secondary bacterial pneumonia. Of note, while exogenous IL-1β induces Type 17 immune 

activation18, restoration of IL-33 does not alter Type 17 immunity-related antimicrobial 

peptide gene expression (Lcn2, RegIIIβ, S100A8, S100A9) compared to the untreated group 

(Supplementary Figure 1C).

IL-33 induces a Type 2 immune response in the lung during super-infection

IL-33 is known to promote a Type 2 immune response through the induction of IL-5 and 

IL-13 in multiple established models of both infection and allergic disease. During influenza 

and bacterial super-infection, we found that gene expression of IL-13, clca3, and muc5b 

were significantly increased in mice that received recombinant IL-33 compared to control 

mice (Figure 2 C, E–F) at 24 hours post-MRSA challenge. In addition, protein production of 

IL-5 and eotaxin were significantly increased (Figure 2 D,G). This confirms that IL-33 

induces a Type 2 immune response in the lung during super-infection. In our model, IL-33 

did not enhance production of pro-inflammatory cytokines IL-6 or TNF-α (Figure 2 H–I), 

or alter gene expression of the chemokine receptor CXCR2 (Figure 2J).

ILC2 and alternatively activated macrophages are not required for IL-33 mediated 
protection during super-infection

IL-33 stimulates Type 2 immune responses through the secretion of IL-4, IL-5 and IL-13 

from Th2, mast and ILC2 cells. There are numerous studies showing that IL-33 acts through 
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ILCs to protect against or promote disease pathogenesis, depending on the model being 

studied20,21. We observed that exogenous IL-33 induced a Type 2 immune response in the 

lung during influenza A, S. aureus super-infection (Figure 2C–G). We hypothesized that the 

improved bacterial clearance and survival seen in IL-33 treated mice during influenza A/

MRSA bacterial super-infection were related to the accumulation of ILC2 in the lung and 

induction of Type 2 immunity during influenza infection. To test this, we challenged Rag2/

ll2rg double knockout mice with influenza followed by MRSA and restored IL-33 with 

recombinant murine IL-33. Surprisingly, restoration of IL-33 in Rag2/ll2rg double knockout 

mice also improved bacterial clearance of S. aureus (Figure 3A). Rag2/ll2rg double 

knockout mice lack T cells, B cells, NK cells, and ILCs, demonstrating that ILCs are not 

required for IL-33 mediated protection during influenza/MRSA super-infection. In addition, 

there was no difference in amphiregulin gene expression seen between WT mice in which 

IL-33 was restored and WT control mice (data not shown), lending support that ILC2 are not 

required for IL-33 mediated protection during super-infection. Notably, the Rag2/ll2rg 

double knockout mice did have increased bacterial burden compared to WT mice, likely as a 

result of lacking other cell types that enhance bacterial clearance during super-infection such 

as IL-17-producing γδ and CD4+ T cells or natural killer cells17–19,22. The restoration of 

IL-33 in Rag2/ll2rg double knockout mice did not induce a Type 2 immunity phenotype 

similar to that seen in WT mice due to their lack of ILC2 and Th2 cells (Figure 3 B–C).

In addition to recruiting ILC2 to the lung, IL-33 is known to polarize macrophages towards 

an alternatively activated macrophage (M2a) phenotype. Given that Rag2/ll2rg double 

knockout mice still have myeloid cells, we next proposed that IL-33 polarizes macrophages 

towards an M2a phenotype, thus promoting bacterial clearance when IL-33 is restored in 

both WT and Rag2/ll2rg double knockout mice. To test this, we measured gene expression 

of M2a-associated genes and found significant induction in WT mice following influenza A/

MRSA bacterial super-infection, but not in Rag2/ll2rg double knockout mice (Figure 3D), 

making it unlikely that M2a macrophages are required for IL-33 mediated protection during 

viral/bacterial super-infection in the lung. Interestingly, we also observed differences in 

IL-1β production between the mouse groups (Figure 3E). There was no difference in the 

pro-inflammatory cytokines IL-6 or TNF-α (Figure 3 F–G).

IL-33 enhances functional neutrophil recruitment to the lung during super-infection

In addition to inducing Type 2 cytokines and polarizing macrophages to the M2a phenotype, 

IL-33 promotes myeloid cell migration. To determine the role of IL-33 in the recruitment of 

myeloid cells to the lung during influenza/MRSA super-infection, we performed flow 

cytometry. We observed no difference in the number of alveolar macrophages 

(F4/80+CD11c+SiglecF+) in the lungs of IL-33 treated mice compared to untreated controls 

(Figure 4A), however there were fewer interstitial macrophages (F4/80+CD11c+SiglecF−) in 

the lung (Figure 4B). It is possible that IL-33 enhances macrophage uptake and binding of 

MRSA in the lung. To test this, we treated naïve alveolar macrophages with IL-33 prior to in 
vitro flow cytometry and found that IL-33 did not alter uptake and binding of MRSA (data 

not shown). Additionally, we observed no difference in the expression of S. aureus 
associated macrophage scavenger receptors between IL-33 treated mice compared to 

controls (Figure 4C). There was a significant increase in neutrophils (CD11b+Ly6G+) in the 
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IL-33 treated mice compared to untreated controls (Figure 4D). In addition, there was 

increased gene expression of cathespin G and neutrophil elastase in the IL-33 treated mice, 

proteins that are associated with the microbiocidal activities of neutrophils (Figure 4E–F). 

Next, we challenged C57BL/6 mice with influenza A PR/8/34 H1N1 for 6 days followed by 

MRSA, treated mice with exogenous IL-33, and administered an anti-neutrophil (anti-

Ly-6G) antibody. Mice that received the anti-Ly-6G antibody did not clear MRSA as well as 

mice that recieved control antibody despite both groups receiving IL-33. Mice that were 

treated with anti-Ly-6G antibody, without IL-33 treatment, had the highest bacterial burden 

compared to all of the other treatment groups (Figure 4 G). IL-33 treatment significantly 

decreased bacterial burden with and without neutrophil depletion, however its effect on 

bacterial burden was attenuated by neutrophil depletion. We performed flow cytometry to 

determine if the anti-Ly-6G antibody effectively depleted neutrophils in the lung in our 

super-infection model and observed that this was the case (Figure 4H).

Discussion

The findings of this study demonstrate a novel mechanism by which influenza A predisposes 

to secondary bacterial pneumonia through the attenuation of bacteria-induced IL-33. The 

restoration of IL-33 during influenza A and MRSA super-infection in wild-type mice 

provides protection against the increased bacterial burden that occurs following influenza 

infection. Interestingly, the restoration of IL-33 during influenza A and MRSA super-

infection in Rag2/ll2rg double knockout mice provides a similar protection against the 

increased bacterial burden following influenza infection. IL-33 does not enhance the Type 2 

immune response or alternatively activated macrophage response in Rag2/ll2rg double 

knockout mice during super-infection, demonstrating that ILC2s and M2a macrophages are 

not required for the protection that IL-33 provides. The restoration of IL-33 during influenza 

A and MRSA super-infection in wild-type mice results in the recruitment of neutrophils to 

the lung. These data establish a cellular mechanism for IL-33 protection during influenza A 

and MRSA super-infection through the recruitment of neutrophils to the lung and suggest a 

pivotal role for IL-33 in the lung and at the mucosal barrier during infection.

It has been well established that preceding influenza increases the susceptibility to 

secondary bacterial super-infections. Although Streptococcus pneumoniae has historically 

been recognized as the bacteria to most likely complicate influenza infection, 

Staphylococcus aureus has become the most predominant pathogenic organism cultured 

during secondary bacterial pneumonia23. During influenza infection, multiple cells types 

express IL-33 and lead to IL-13 and amphiregulin production by ILCs11,13,14. In a MRSA-

infection skin model, IL-33 is upregulated by MRSA challenge and exogenous IL-33 

promotes wound healing and the proliferation of neutrophils and CXCR expression16,24. 

IL-33 acts on dermal macrophages to induce microbicidal nitric oxygen release. In addition 

to gram-positive bacteria, gram-negative bacteria can also cause bacterial super-infection 

following influenza. Patients with chronic respiratory disease such as chronic obstructive 

pulmonary disease and cystic fibrosis are frequently colonized with gram-negative bacteria 

and viral infections such as influenza can lead to increased bacterial burden and 

exacerbation of disease25. IL-33 has been shown to polarize macrophages to an alternative 

activated macrophage phenotype (M2a), decrease bacterial load, and decrease neutrophil 
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infiltrate during Pseudomonas aeruginosa keratitis8. Our data demonstrates that methicillin-

sensitive S. aureus, methicillin-resistant S. aureus, and P. aeruginosa all induce IL-33 

expression in the lung. Furthermore, preceding influenza attenuates the induction of IL-33 

during bacterial challenge. The suppression of bacteria-induced IL-33 by preceding 

influenza infection could possibly represent a conserved mechanism during acute respiratory 

infections across gram-positive and gram-negative bacteria as it occurs during both S. aureus 
and P. aeruginosa pneumonia.

IL-33 is known to induce Type 2 immune responses in both infection and allergic models 

through the induction of IL-5 and IL-13. Prior work demonstrates that influenza infection 

induces secretion of IL-33 from alveolar macrophages which leads to the production of 

IL-13 and IL-5 from ILC211. ILC2s accumulate in the lung and promote tissue repair after 

influenza infection14. IL-13 has shown to be protective early in the course of influenza and 

MRSA super-infection, although the cellular source of IL-13 has not been shown. By day 

seven post-influenza infection, IL-13 levels are decreased in part due to the soluble IL-13 

decoy receptor and mice are more susceptible to secondary MRSA pneumonia26,27. In a 

post-influenza pneumococcal pneumonia model, ST2−/− mice have been compared to wild-

type mice and showed increased bacterial burden in the lung at 48 hours post-bacterial 

challenge when receiving S. pneumoniae at day 14 of influenza infection28. In our studies, 

IL-33 induced a robust Type 2 response in wild-type mice with increased expression of IL-5, 

IL-13, clca3, muc5b, and eotaxin at 24 hours post-bacterial challenge when receiving MRSA 

at 6 days post-influenza infection, during the peak window of increased susceptibility. Due 

to the timing of the IL-33 administration, 24 and 2 hrs prior to bacterial challenge, the Type 

2 immune response we observed is likely an innate immune response with IL-33 exerting its 

effect on ILC2 to secrete IL-5 and IL-13. In contrast, IL-33 did not induce a Type 2 response 

in Rag2/ll2rg double knockout mice, likely due to their lack of ILC2 and possibly other Type 

2 cells. IL-33 rescued bacterial clearance in these mice, similar to wild-type mice, 

demonstrating that although ILC2 may play a protective during post-influenza bacterial 

super-infection, they are not required for IL-33-mediated protection against influenza A and 

MRSA super-infection.

In addition to acting on ILC2 to promote Type 2 immune responses, IL-33 enhances the 

polarization of alternatively activated macrophages (AAM) which have been shown to 

contribute to Type 2 immune responses and promote tissue repair9,29. Our data demonstrates 

that IL-33 polarizes macrophages to the AAM phenotype with increased expression of 

multiple M2a markers during post-influenza bacterial super-infection. In Rag2/ll2rg double 

knockout mice, IL-33 does not polarize macrophages to the AAM phenotype, possibly due 

to the loss of IL-13 production by numerous cell types that are lacking in these mice as 

IL-33 induced AAM polarization has been shown to be IL-13 dependent. Although AAM 

promote tissue repair, they are not required for IL-33-mediated protection against influenza 

A and MRSA super-infection. Ablation of alveolar macrophages during post-influenza 

pneumococcus infection has been shown to impair bacterial clearance30. However, the 

binding and uptake of S. aureus by alveolar macrophages from influenza-infected mice is 

increased compared to naïve alveolar macrophages22. Our data shows no difference in the 

total number or effectiveness of binding and uptake of S. aureus by alveolar macrophages in 

IL-33 treated mice compared to controls. In addition, IL-33 leads to a decrease in the 
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number of interstitial macrophages during post-influenza MRSA super-infection, and this is 

unlikely to affect bacterial clearance or killing. Influenza has also been shown to inhibit 

expression of the macrophage scavenger receptor MARCO, leading to decreased bacterial 

clearance during pneumococcal pneumonia31. We did not observe any difference in the 

expression of macrophage scavenger receptors that could be attributed to IL-33. Although 

macrophages are highly phagocytic and alveolar macrophages secrete IL-33 during 

influenza infection, they do not seem to play an important role in IL-33-mediated protection 

during influenza and MRSA super-infection.

IL-33 also promotes host defense against bacterial infections through the recruitment of 

neutrophils in sepsis and skin models7,15,16,24. Prior studies have shown increased 

neutrophils in the lung during post-influenza bacterial pneumonia compared to singular 

infection17,32,33, although neutrophil depletion in mice challenged with bacteria at time 

points mimicking human susceptibility to super-infection does not result in increased 

susceptibility32. Neutrophils present during the window of increased susceptibility at 6–7 

days post-influenza may be dysfunctional and lead to decreased bacterial killing. Influenza 

suppresses NAPDH oxidase-dependent bacterial clearance during post-influenza MRSA 

pneumonia, increasing susceptibility to super-infection34. Our laboratory has previously 

shown that influenza inhibits Type 17 immunity and Type 17-associated antimicrobial 

peptides, allowing for poor bacterial clearance during post-influenza staphylococcal 

pneumonia17,22. IL-33 did not cause any changes in the expression of Type 17-associated 

antimicrobial peptides in our model, and does not appear to be the mechanism for IL-33-

dependent protection during influenza and MRSA super-infection. Interestingly, we also 

observed differences in IL-1β production between mouse groups: there was a significant 

decrease in IL-1β in super-infected WT mice treated with IL-33 compared to controls. IL-33 

treatment has previously been found to downregulate IL-1β in other mouse models35 and its 

ability to provide protection while not inducing inflammation may be beneficial if IL-33 is 

considered as a therapeutic agent. We found increased IL-1β production in the super-

infected Rag2/ll2rg double knockout mice compared to WT mice. IL-1β is often produced 

by myeloid cells during infection and the Rag2/ll2rg double knockout mice may be 

compensating for other immunodeficiencies by producing more IL-1β to activate 

monocytes, macrophages, and neutrophils. We observed an increase in the total number of 

neutrophils in the lung as a result of IL-33 restoration. Importantly, we also observed an 

increase in expression of cathepsin G and neutrophil elastase as a result of IL-33 restoration 

during super-infection. Neutrophil depletion with IL-33 treatment led to increased 

susceptibility to MRSA pneumonia, suggesting that IL-33 recruits functional phagocytic 

neutrophils to the lung during post-influenza MRSA pneumonia and is an important 

mechanism by which IL-33 leads to protection during super-infection. Importantly, 

neutrophil depletion without IL-33 treatment resulted in uncontrolled bacterial pneumonia 

compared to all other treatment groups, suggesting that neutrophils are likely not the 

singular cell type that responds to IL-33 during super-infection.

Although IL-33 has been shown to recruit neutrophils to the peritoneal cavity during sepsis, 

the novel finding that IL-33 recruits neutrophils to a mucosal barrier during infection 

provides a critical advancement to an evolving field. Despite the accumulation of ILC2s in 

the lung during influenza infection, they are not required for IL-33-mediated protection 
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against influenza A and MRSA super-infection. Prior research regarding IL-33 in the field of 

pulmonary medicine focused mainly on allergic diseases and ILC2. Other groups have 

shown that IL-33 acts through alternatively activated macrophages to protect against 

infection. Even with this ongoing work, the relationship between IL-33 and neutrophils in 

the lung had not previously been established. Our study provides the groundwork for future 

research regarding IL-33 and neutrophils in the lung and at other mucosal barrier sites. The 

data provide increased understanding of mucosal host defense and future studies will be 

needed to further define molecular mechanisms and the therapeutic potential of IL-33 during 

acute and chronic respiratory infections.

Methods

Mice

Six- to eight-week-old male wild-type, C57BL/6 mice and B6-Rag2tm1Fwa Il2rgtm1Wjl were 

purchased from Taconic Farms (Germantown, NY). Mice were maintained under pathogen-

free conditions at the Children’s Hospital of Pittsburgh of University of Pittsburgh Medical. 

All of the studies used age- and sex-matched mice.

Bacterial and viral infections

Methicillin-resistant Staphylococcus aureus (USA300) and methicillin-sensitive 

Staphylococcus aureus (ATCC 49775) were cultured as detailed by American Type Culture 

Collection instructions in casein hydrolysate yeast extract–containing modified medium for 

18 h to stationary growth phase. Mice were inoculated with 5 × 107 CFU in 50 μl sterile PBS 

by oropharyngeal aspiration. P. aeruginosa strain PAO1 (ATCC BAA-47) was grown in 100 

ml Luria-Bertani (LB) broth for 12 h. After 12 h, 1 ml of culture was added to fresh LB 

broth and grown for an additional 12 h. Bacteria were then pelleted, washed, and diluted to 

give a target inoculum in 50 sterile μl PBS. Serial dilutions of bacteria were grown on LB 

plates and back calculated to confirm the inocula administered. In two separate experiments, 

mice received inocula of 4.5 × 05 and 2.7 × 106 CFU. Influenza A PR/8/34 H1N1 was used 

to inoculate mice with 100 PFU of influenza (in 40 μl sterile PBS) by oropharyngeal 

aspiration. Viral burden was determined by quantitative real-time RT-PCR on lung RNA for 

viral matrix protein as previously described36. Mice were sequentially challenged with 

influenza or vehicle (PBS) for 6 days followed by infection with bacteria or vehicle (PBS) 

for an additional 24 hours.

Recombinant IL-33

Mice received 2 μg recombinant mouse IL-33 (R&D Systems, 3626-ML-010) in 200 μl of 

sterile PBS by intraperitoneal injection 24 and 2 hours prior to receiving S. aureus.

Adenoviral IL-33 infection

E1- and E3-deleted adenoviral vector encoding EGFP was constructed as previously 

described by Cre-lox recombination37,38. Briefly, a SnaBI-HpaI fragment containing part of 

the CMV promoter, the EGFP cDNA, and part of the SV40 poly(A) sequence was inserted 

in the pAdlox shuttle plasmid. E1-substituted recombinant adenovirus was generated by 

cotransfection of SfiI-digested pAdlox-EGFP and c5 helper virus DNA into the adenoviral 
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packaging cell line CRE8, propagated, and purified as described. The E1- and E3-deleted 

adenovirus encoding mouse IL-33 was constructed by cloning the mIL33 cDNA as a SalI-

NotI fragment in the pAdlox shuttle plasmid. E1-substituted recombinant adenovirus was 

generated bycotransfection, as described above. Mice were infected with IL-33 adenovirus 

or EGFP control adenovirus (2.5 × 108 PFU in 50 μl sterile PBS) by oropharyngeal 

aspiration 3 days after influenza A infection to ensure viral replication prior to bacterial 

challenge at 6 days post-influenza infection.

Analysis of lung inflammation

At the indicated time points, mouse lungs were lavaged with 1 ml sterile PBS for 

inflammatory cell differential counts. The cranial lobe of the right lung was homogenized in 

sterile PBS by mechanical grinding. The resulting lung homogenate was used for bacterial 

colony counting and cytokine analysis by Bio-plex Multiplex immunoassay (BioRad). 

Middle and caudal lobes of the right lung were snap-frozen and homogenized under liquid 

nitrogen for RNA extraction by an RNA isolation kit (Agilent Technologies). RNA analysis 

was performed by standard RT-PCR using Assay on Demand TaqMan probes and primers 

(Applied Biosystems).

Depletion Antibodies

Mice received 250 μg of 1A8 (anti-Ly6G) from BioXcel (West Lebanon, NH) in 200 μl of 

sterile PBS by intraperitoneal injection at 48, 24, and 0 hours prior to S. aureus challenge.

Flow cytometry

Whole mouse lungs were digested with collagenase as previously described (Crowe). Cells 

were stained with fluorescent conjugated antibodies for F480, CD11b, CD11c, Ly6G, and 

Siglec-F (BD Biosciences).

Statistics

All of the data are presented as the mean ± SEM. Significance was tested by the unpaired t 

test (for two means) or one-way ANOVA (for multiple data groups), followed by the Tukey 

post hoc test. Significance of survival data was assessed by the Gehan–Brislow–Wilcoxon 

test. Data were analyzed using the GraphPad Prism software.

Study approval

All animal experiments were conducted with approval from the University of Pittsburgh 

Institutional Animal Care and Use Committee.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Influenza attenuates the IL-33 response to secondary bacterial challenge
C57BL/6 mice were infected with 100 PFU of influenza A PR/8/34 for 6 days, then 

challenged with 5×107 CFU of MRSA for 24 hours. A - IL-33 expression in lung tissue 

measured by RT-PCR (n=3–7). C57BL/6 mice were infected with influenza A and harvested 

at different time points following influenza infection. B – IL-33 expression in lung tissue 

measured by RT-PCR (n=3–4). Mice were infected with influenza and MRSA. C – IL-33 

protein in lung tissue measured by Western Blot (n=8). C57BL/6 mice were infected with 

100 PFU of influenza A PR/8/34 for 6 days, then challenged with 1×108 CFU of MSSA for 
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24 hours. D - IL-33 expression in lung tissue measured by RT-PCR (n=3–7). E – IL-33 

protein in lung tissue measured by Lincoplex (n=7). C57BL/6 mice were infected with 100 

PFU of influenza A PR/8/34 for 6 days, then challenged with PA01 for 24 hours. F – IL-33 

expression in lung tissue measured by RT-PCR (n=3–8). * p < 0.05. Significance was tested 

by unpaired t test or one-way ANOVA. Each experiment was independently performed twice 

and data are shown from combined experiments with the exception of Panel A data from 

naïve mice and singular infection with influenza and Panel B, these experiments were 

performed once. Panel F represents two independently performed experiments with 

representative data shown.
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Figure 2. Restoration of IL-33 improves S. aureus clearance in the lung during super-infection
Mice were infected with influenza or control and MRSA and received 2 μg recombinant 

mouse IL-33 at 24 and 2 hrs prior to MRSA challenge. A – Bacterial colony counts in the 

lung (n=6 in MRSA groups and n=12 in Flu/MRSA groups). B – Survival curve (n=5–6). C, 

E, F – Type 2 immune-related gene expression in lung tissue measured by RT-PCR (n=12). 

D, G–I, – Protein production in lung tissue measured by Lincoplex (n=12). J – CXCR2 gene 

expression in lung tissue measured by RT-PCR. * p < 0.05 Significance was tested by 

unpaired t test or one-way ANOVA. Each experiment was independently performed twice 
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and data are shown from combined experiments with the exception of the singular MRSA 

groups in panel A and the survival curve in panel B, these experiments were performed 

once.
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Figure 3. IL-33 mediated protection during super-infection does not require ILC2 or 
alternatively activated macrophages
C57BL/6 WT mice and B6-Rag2/ll2rg double knockout mice were infected with influenza 

and MRSA. Mice received IL-33 prior to MRSA challenge. A - Bacterial colony counts in 

the lung. B - Protein production of IL-5 in lung homogenate as measured by Lincoplex 

(n=12). C – Type 2 cytokine/protein-related gene expression in lung tissue measured by RT-

PCR (n=12). D – M2a macrophage-related gene expression in lung tissue measured by RT-

PCR (n=12). E - Protein production in lung homogenate as measured by Lincoplex (n=12).
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* p < 0.05 Significance was tested by unpaired t test or one-way ANOVA. Each experiment 

was independently performed twice and data are shown from combined experiments with 

the exception of panel A, which was performed twice with representative data presented.
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Figure 4. IL-33 recruits neutrophils to the lung during super-infection, which are required for 
MRSA clearance
C57BL/6 WT mice were infected with influenza and MRSA. Mice received IL-33 prior to 

MRSA challenge. A – Total F480+CD11c+SiglecF+ cells in the lung by flow cytometry 

(n=6). B – Total F480+CD11c+SiglecF− cells in the lung by flow cytometry (n=6). C – 

Macrophage scavenger receptor gene expression in lung tissue measured by RT-PCR (n=12). 

D – Total CD11b+Ly6G+ cells in the lung by flow cytometry (n=12). E–F – Serine protease 

gene expression in lung tissue measured by RT-PCR (n=12). C57BL/6 WT mice were 

infected with influenza and MRSA. Mice received IL-33 prior to MRSA challenge Mice 
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received 250 μg anti-Ly-6G antibody at 48, 24, and 2 hrs prior to MRSA challenge. G - 

Bacterial colony counts in the lung (n=8–16). H - Total CD11b+Ly6G+ cells in the lung by 

flow cytometry (n=16). * p < 0.05 versus control group. Each experiment was independently 

performed twice and data are shown from combined experiments with the exception of 

panels A and B, these experiments were performed once.
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