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ABSTRACT Much of the morbidity and mortality associated with influenza virus respiratory infection is due to bacterial coinfection with pathogens that colonize the upper respiratory tract such as methicillin-resistant Staphylococcus aureus (MRSA) and
Streptococcus pneumoniae. A major component of the immune response to influenza virus is the production of type I and III
interferons. Here we show that the immune response to infection with influenza virus causes an increase and restructuring of the
upper respiratory microbiota in wild-type (WT) mice but not in Il28rⴚ/ⴚ mutant mice lacking the receptor for type III interferon. Mice lacking the IL-28 receptor fail to induce STAT1 phosphorylation and expression of its regulator, SOCS1. Il28rⴚ/ⴚ
mutant mice have increased expression of interleukin-22 (IL-22), as well as Ngal and RegIII␥, in the nasal cavity, the source of
organisms that would be aspirated to cause pneumonia. Proteomic analysis reveals changes in several cytoskeletal proteins that
contribute to barrier function in the nasal epithelium that may contribute to the effects of IL-28 signaling on the microbiota. The
importance of the effects of IL-28 signaling in the pathogenesis of MRSA pneumonia after influenza virus infection was confirmed by showing that WT mice nasally colonized before or after influenza virus infection had significantly higher levels of infection in the upper airways, as well as significantly greater susceptibility to MRSA pneumonia than Il28rⴚ/ⴚ mutant mice did.
Our results suggest that activation of the type III interferon in response to influenza virus infection has a major effect in expanding the upper airway microbiome and increasing susceptibility to lower respiratory tract infection.
IMPORTANCE S. aureus and influenza virus are important respiratory pathogens, and coinfection with these organisms is associated with significant morbidity and mortality. The ability of influenza virus to increase susceptibility to S. aureus infection is
less well understood. We show here that influenza virus leads to a change in the upper airway microbiome in a type III
interferon-dependent manner. Mice lacking the type III interferon receptor have altered STAT1 and IL-22 signaling. In coinfection studies, mice without the type III interferon receptor had significantly less nasal S. aureus colonization and subsequent
pneumonia than infected WT mice did. This work demonstrates that type III interferons induced by influenza virus contribute
to nasal colonization and pneumonia due to S. aureus superinfection.
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B

acterial superinfection is a major cause of the morbidity and
mortality associated with influenza (1). Streptococcus pneumoniae, Haemophilus influenzae, and Staphylococcus aureus have
been the most prevalent respiratory pathogens; however, highly
virulent methicillin-resistant S. aureus (MRSA) strains common
in the United States are now increasingly frequent (2, 3). These
organisms are often part of the commensal flora colonizing the
nasal cavity, which provides a source for subsequent aspiration
into the lung. While the normal host readily clears the small numbers of routinely aspirated flora, in the setting of influenza virus
infection, there is significantly increased susceptibility to severe
bacterial pneumonia (4–6). Substantial epidemiological data have
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documented that nasal colonization with S. aureus is a major predisposing factor for subsequent infection (7–10). These data have
spurred screening for nasal carriage of MRSA and universal decolonization of intensive care unit patients (11) to prevent infection, since the carriage of these organisms is so common (12).
Several investigators have demonstrated that the bacterial inoculum required to cause S. pneumoniae (4) or S. aureus pneumonia
(13, 14) in a murine model is significantly decreased in the setting
of antecedent influenza virus infection, and the multiple immune
mechanisms responsible have been recently reviewed (15). The
density of pathogen colonization in the upper respiratory tract is
likely a contributing factor in susceptibility to subsequent pneu®
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monia. Influenza vaccination with live attenuated virus increases
the amounts of both pneumococci and staphylococci in the upper
airway (16), suggesting that the immune response activated by
influenza virus affects the factors that normally regulate the upper
airway microbiome.
A major component of the initial immune response to influenza virus infection is activation of type I and III interferons
(IFNs), resulting in the induction of over 300 genes that comprise
the interferome (17–19). Type I IFN signaling is mediated through
IFNAR, a receptor that responds to 13 IFN-␣ subtypes, IFN-␤,
IFN-, and IFN- through JAK-STAT signaling and activation of
an autocrine loop (20). The type III IFNs, IFN-, or IL-28A/B and
IL-29 are sensed through a compound receptor composed of the
IL-28 receptor (IL-28R) and IL-10RB (21), which is not ubiquitous like IFNAR and is expressed predominantly on mucosal surfaces (22) and on neutrophils (23). Type I and III IFN signaling
contributes to the pathology elicited by S. aureus pulmonary infection (24, 25) and influenza virus-induced type I IFN contributes to greater S. aureus-induced lung pathology and poorer prognosis (6). Thus, once these pathogens reach the lower airways,
they are likely to cause more severe disease in the setting of influenza. However, it is not clear whether influenza and IFNs enable
pathogens such as MRSA to colonize and proliferate in the nasal
cavity, which is a major source of subsequent pulmonary infection.
We postulated that bacterial superinfection after influenza virus infection requires two factors: first, the accumulation of an
adequate inoculum of potential pathogens in the upper respiratory tract, and second, impaired innate immune defenses within
the lung itself, attributed to the type I/III IFNs and other factors (5,
24, 26). The combination of both events results in pneumonia
instead of bacterial clearance. In the studies presented here, we
demonstrate that type III IFN-STAT1 signaling elicited by influenza alters the composition of the nasal microbiome and proteome, increases susceptibility to nasal colonization, and impairs
the clearance of S. aureus from the lower airways.
RESULTS

Influenza virus infection results in expansion and restructuring
of the nasal microbiome. We investigated the influence of mouseadapted influenza virus strain PR8 on the upper respiratory microbiome of wild-type (WT) C57BL/6J mice (Fig. 1). There was a
significant increase in the total numbers of bacteria recovered
from the upper airway following 3 days of infection (P ⫽ 0.002)
(Fig. 1A). Although the overall diversity of the microbial community was unchanged, as measured by culture-dependent and
-independent techniques (Fig. 1B and C), we observed specific
changes in the relative abundance of certain bacterial species (Table 1; Fig. 1D), including murine commensal staphylococci. In
addition, culture-independent microbial community profiles
clustered on the basis of the presence of influenza virus, suggesting
reproducible shifts in the structure of the commensal microbiome
in response to infection (Fig. 1E and F).
IL-28R signaling has a major effect on the density of the upper airway flora. We next addressed the role of type III IFN signaling in the control of the nasal microbiome. Il28 gene expression
in the upper airway was documented to be significantly upregulated in response to PR8 (Fig. 2A). There was no increase in the
abundance or change in diversity of the nasal flora observed in the
Il28r⫺/⫺ mutant mice after influenza virus infection (Fig. 2B and
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C), in contrast to the significant increase in upper airway flora in
WT mice after influenza virus infection. Culture-independent experiments further confirmed a lack of change in diversity after
influenza virus infection (Fig. 2D) and also showed no major
changes in the structure or composition of the microbiome
(Fig. 2E).
To confirm that type III IFN signaling was responsible for alterations in flora, recombinant IL-28B (IL-28A and -B are 96%
identical [27]) was instilled into the airways of WT mice, which
resulted in significant increases in the number of bacteria recovered from the upper airway (P ⫽ 0.0011) (Fig. 2F), to levels comparable to those observed with influenza virus infection. There
were no significant changes in the overall diversity of the microbiota, but as with influenza virus infection, some species increased
disproportionately (Fig. 2G; Table 1; see Tables S1 to S4 in the
supplemental material). These results suggested that IL-28R–
IFN- signaling is specifically involved in the restructuring of the
microbial ecology of the upper airway and the increase in specific
local flora in response to influenza virus infection. The differences
in flora observed were not due to the severity of influenza virus
infection in the different mouse strains. Weight loss over the
course of infection (Fig. 2I) and levels of viral RNA found in the
lungs of WT and Il28r⫺/⫺ mutant mice were similar (Fig. 2I).
IL-28R signals through STAT1. The type III IFNs are involved
in multiple downstream signaling cascades that could affect the
abundance of nasal flora through the action of antimicrobial peptides, cytokines that alter barrier function and immune cells recruited across the mucosal surface. The effects of type III IFNs are
mediated by JAK/STAT signaling, initiated by phosphorylation of
STAT1 (28, 29). The relative induction of STAT1 and STAT3
phosphorylation in WT and Il28r⫺/⫺ mutant mice, exposed to
influenza virus or phosphate-buffered saline (PBS), were compared, and Ifnar⫺/⫺ mutant mice were included as a control for
the type I IFNs (Fig. 3A). STAT1 and STAT3 phosphorylation was
induced by influenza virus infection in WT and Ifnar⫺/⫺ mutant
mice at days 3 and 7 postinfection (Fig. 3A). However, minimal
amounts of STAT1 or phosphorylated STAT1 were detected in
Il28r⫺/⫺ mutant mice. Even at 7 days postinfection, substantially
less phosphorylated STAT1 was detected in Il28r⫺/⫺ mutant mice
than in WT or Ifnar⫺/⫺ mutant controls. To determine if these
differences in STAT1 activation were associated with changes in
the upper airway microbiome after influenza virus infection, we
quantified commensal flora in STAT1 null mice before and following influenza virus infection. As was observed in the Il28r⫺/⫺
mutant mice, in the absence of STAT1, there was no increase in the
abundance or diversity of nasal flora after influenza virus infection
(Fig. 3B). To confirm that the effect of type III IFN on flora was
through STAT1, we applied purified IL-28B to the airways of WT
and Stat1⫺/⫺ mutant mice. While addition of IL-28B to WT mice
led to expansion of the resident flora and increases in specific
species, Stat1⫺/⫺ mutant mice had no change in the numbers of
bacteria present (Fig. 3C; see Tables S5 to S8 in the supplemental
material). Thus, IFN--dependent regulation of the nasal microbiome is mediated by STAT1-dependent signals.
Effects of STAT1-SOCS1 interactions in the upper airway.
STAT1 signaling could affect the abundance of the upper airway
flora through several mechanisms. STAT1 induces and is regulated by SOCS1, which interacts directly with JAK kinase (30, 31).
SOCS1 regulates the expression of antimicrobial peptides that
would control the abundance of commensal flora (32). We pre-
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FIG 1 Changes in the upper respiratory microbiome in response to influenza virus infection. WT mice were infected with PR8 or treated with PBS for 3 days.

(a) Total bacterial load (CFU) recovered from the upper airway. n ⫽ 11. (b, c) Shannon-Weiner diversity of bacteria cultured (b) or identified with cultureindependent techniques (c) from the upper airway. n ⫽ 11 (b) or 8 (c). (d) Culture-independent analysis of community composition in the upper airways of WT
mice infected with PR8 or treated with PBS as a control. Relative abundance plots show differences between PR8-infected and PBS-treated mice. The bar plot
shows differences in rarefied reads for the top 10 OTUs (ranked by relative abundance), as indicated by color coding. The top 10 OTUs constitute ⬎99% of the
rarefied reads. n ⫽ 8. (e) Maximum-parsimony tree based on OTU presence in or absence from the upper airways of mice infected with PR8 or treated with PBS.
Branch length is proportional to the number of gain/loss changes in OTUs (scale bar represents 40 changes). Branches representing influenza virus-infected
samples are red, and PBS-inoculated control samples are green. (f) Ordination plot of culture-independent analysis demonstrating segregation of PR8-infected
mice (red) and PBS-treated controls (green); shaded areas are the minimum convex polygons enclosing the data points in each group. P ⫽ 0.004. Data are
representative of at least two independent experiments. Graphs display mean values and standard errors. **, P ⬍ 0.01; *, P ⬍ 0.05.

dicted that, in the absence of STAT1 signaling, there would be
decreased SOCS1 expression, as was observed in the lung lysates of
Il28r⫺/⫺ mutant mice compared with those of WT or Ifnar⫺/⫺
mutant mice, both of which express STAT1 (Fig. 3D). In the nasal
cavities of WT mice, there was significant upregulation of Socs1
expression in response to influenza virus infection, but no increase was observed in the Il28r⫺/⫺ mutant mice that lacked
P-STAT1 (P ⫽ 0.0101) (Fig. 3E).
SOCS1 involvement in the suppression of NF-B- and STAT1dependent genes could impact the abundance of antimicrobial
peptides in the upper airway. We compared the expression of
selected antimicrobial peptides and cytokines in the nasal cavities
of WT and Il28r⫺/⫺ mutant mice (Fig. 3F). While Il22 expression
was undetectable in WT mice, it was prominently expressed in
Il28r⫺/⫺ mutant mice. There was upregulation of the IL-22dependent antimicrobial peptide RegIII␥ in Il28r⫺/⫺ mutant mice
but no significant differences in S100A8 (33, 34). NGAL (lipoca-
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lin), an NF-B-dependent gene product, was also significantly
upregulated in the absence of IFN- signaling.
Proteomic analysis of upper airway lavage fluids reflects consequences of IL-28 signaling for epithelial barrier function. A
global analysis of the effects of type III IFN signaling on the proteome of the upper airway was performed. Nasal lavage fluids were
harvested from WT and Il28r⫺/⫺ mutant mice with and without
influenza virus infection (Fig. 4). At the baseline, we found significant amounts of the antimicrobial peptide NGAL in Il28r⫺/⫺ mutant mice, which was likely to have an effect on the overall composition of the nasal microbiota (Fig. 4A). Classification of the
families of proteins differentially expressed in WT and Il28r⫺/⫺
mutant mice indicated major differences in proteins that control
barrier function. Consistent with the observed upregulation of
Il22 in Il28r⫺/⫺ mutant mice and proposed effects of IL-22 on
mucosal barrier function, we detected differential expression of
proteins that were enriched for actin depolymerization and the
®
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TABLE 1 Microbiota changes based on culture with influenza and rIL-28a
Mean no. of CFU/50 l of BALF

No. of mice with bacteriab
⫺

Species
Gram positive
Staphylococcus lentus
Staphylococcus xylosus
Staphylococcus nepalensis
Enterococcus faecalis
Bacillus thuringiensis
Enterococcus gallinarum
Staphylococcus cohnii
Aerococcus urinaeequi
Jeotgalicoccus halotolerans
Gram negative
Klebsiella oxytoca
Enterobacter hormaechei
Enterobacter absurie
Gram positive
Staphylococcus xylosus
Staphylococcus lentus
Staphylococcus nepalensis
Staphylococcus cohnii
Enterococcus faecalis
Aerococcus urinaeequi
Gram negative
Enterobacter hormaechei
Enterobacter absuriae

⫹

P value

Influenza⫺

Influenza⫹

10
9
7
4
1
1
1
2
2

1.0000
1.0000
1.0000
1.0000
0.3108
1.0000
1.0000
0.4762
0.4762

268
19
24
21
8
3
11
0
0

483
192
123
21.25
1
4
106
13
58

0.3910
0.0264c
0.4698
0.3545
0.2556
⬎0.9999
⬎0.9999
0.4762
0.4762

5
2
4

0.6594
0.6351
0.3108

2
32
7

43
1,224
464

0.1883
0.6351
0.1454

Influenza

Influenza

9
9
8
3
4
2
2
0
0
3
4
1

PBS

rIL28

PBS

rIL28

P value

10
7
3
5
5
0

10
9
9
6
5
5

1.0000
0.5820
0.0198c
1.0000
1.0000
0.0325c

59
3
4
59
24
0

284
230
120
283
244
289

0.1639
0.0034c
0.0014c
0.1948
0.5076
0.0325c

4
1

4
0

1.0000
1.0000

57
194

190
0

0.8114
⬎0.9999

a

Culture-dependent identification of bacteria recovered from the upper airways of WT mice infected with PR8 or treated with PBS for 3 days or with BSA or rIL28B after 18 h is
shown. Data are representative of at least three independent experiments. For presence data, the Fisher exact test was used. For mean CFU counts, the Mann-Whitney
nonparametric test was used. For the median values and interquartile ranges, see Tables S1 to S4 in the supplemental material.
b Total n ⫽ 20.
c Significantly different.

cytoskeleton, including radixin and moesin, in Il28r⫺/⫺ mutant
mice (Fig. 4B). Fewer differences were seen in the nasal proteome
of Il28r⫺/⫺ mutant mice after influenza virus infection, consistent
with the major role of IL-28R in mediation of the local responses
to influenza virus infection (Fig. 4C). One protein differentially
upregulated in Il28r⫺/⫺ mutant mice in response to influenza virus infection was AGR2, which interacts with Muc-2 and has an
anti-inflammatory role in the gut (35). Another protein with a
similar expression profile, PP1A, is a phosphatase that plays a role
in HIV-1 transcription (36). Many more differentially expressed
proteins were observed in WT mice following influenza virus infection. These findings suggest a change in the proteome reflecting
consequences of IL-28 signaling in response to viral influenza virus infection.
Type III IFN signaling promotes MRSA nasal colonization
and pulmonary infection. To determine if the density of the human commensal/pathogen MRSA USA300 is similarly affected by
IFN- signaling, we examined the consequences of influenza virus
infection on the nasal carriage of MRSA (Fig. 5A). Following influenza virus infection, mice were intranasally inoculated with
MRSA in a small volume such that bacteria were not aspirated into
the lungs, animals infected with influenza virus were found to
retain significantly more S. aureus in their nasal tissue, i.e., 67-fold
(at 3 days) and 41-fold (at 7 days) more than PBS-inoculated
controls (Fig. 5A). Influenza virus infection also led to significant
recovery of S. aureus from the lower airways compared to PBSinoculated mice that did not aspirate S. aureus into their lungs
(Fig. 5A). Similar results were obtained with mice precolonized
with S. aureus prior to influenza virus, which had a 197-fold
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greater nasal bacterial burden (P ⬍ 0.01) and a 21-fold (P ⬍ 0.01)
greater amount of bacteria recovered from the lungs than control
mice (Fig. 5B).
When we repeated the experiment by comparing WT and
Il28r⫺/⫺ mutant mice, influenza virus-infected Il28r⫺/⫺ mutant
mice had 40-fold fewer (P ⬍ 0.01) S. aureus bacteria in their nasal
tissue than did infected WT mice (Fig. 5C). Likewise, in their lung
tissue, Il28r⫺/⫺ mutant mice had 99.7% fewer bacteria than similarly infected WT mice (Fig. 5C). Analysis of cytokine production
in bronchoalveolar lavage fluid (BALF) from Il28r⫺/⫺ mutant
mice showed significant increases in IL-6 and leukemia inhibitory
factor (Fig. 5D) that may have aided in bacterial clearance from
the airway.
To determine if the effects of type III IFN signaling on infection
are specific for the pathogens typically associated with human infection after influenza virus infection, we repeated the influenza
studies by using the opportunistic pathogen Pseudomonas aeruginosa. No increase in subsequent pulmonary infection was observed (Fig. 5E), suggesting that the consequences of IL-28R signaling on the antimicrobial milieu of the upper airway are
somewhat pathogen specific (Fig. 5E). To further confirm that
IL-28 signaling is a major factor in the pathogenesis of pulmonary
MRSA infection after influenza virus infection, PBS-treated or
influenza virus-infected mice were inoculated with a standard intranasal inoculum of S. aureus USA300. As expected, there was
significantly increased susceptibility of WT mice to MRSA pneumonia, with a bacterial burden in the lungs 8.3-fold greater than
that of Il28r⫺/⫺ mutant mice (Fig. 5F).
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FIG 2 Effects of type III IFN signaling on upper airway microbiome. (a) WT mice were infected for 3 days with PR8. Nasal lavage fluid was assessed by qRT-PCR
for expression of IFN- (Il28). n ⫽ 5 (PBS) or 4 (PR8). Il28r⫺/⫺ mutant mice were infected with PR8 or treated with PBS for 3 days. (b, c) Bacterial load (n ⫽ 8)

(b) and diversity of culture-dependent organisms isolated from upper airways (c). n ⫽ 8 (PBS) or 7 (PR8). (d) Diversity analysis from culture-independent data.
n ⫽ 7. (e) Ordination plot of culture-independent analysis demonstrating lack of segregation of PR8-infected (red) and PBS-treated control (green) Il28r⫺/⫺
mutant mice. Shaded areas are the minimum convex polygons enclosing the data points in each group. WT mice were treated with 1 g of recombinant murine
IL-28 or with BSA as a control, and the total bacterial load (f) (n ⫽ 10) and diversity of culture-dependent organisms (g) were determined the following day.
n ⫽ 10. (h) Weights of WT and Il28r⫺/⫺ mutant mice infected with PR8 or treated with PBS. n ⫽ 7. (i) qRT-PCR analysis of viral RNA in the lungs of WT and
Il28r⫺/⫺ mutant mice infected with PR8 for 3 or 7 days. n ⫽ 6. Data are representative of at least two independent experiments. Graphs display mean values and
standard errors. **, P ⬍ 0.01.

DISCUSSION

Influenza virus infection predisposes the host to severe bacterial
pneumonia, which is associated with substantial morbidity and
mortality (1, 3, 37, 38). Numerous mechanisms of immune impairment after influenza virus infection have been described that
contribute to increased severity of infection, as well as increased
susceptibility to smaller inocula of either S. pneumoniae (39, 40) or
S. aureus (13) after influenza virus infection. Our findings suggest
that IFN- production induced by influenza virus infection is a
major factor contributing to subsequent bacterial pneumonia. Induction of IL-28R/STAT1/SOCS1 signaling alters the antimicrobial milieu of the upper airway, affecting the expression of antimicrobial peptides and cytoskeletal components that regulate the
mucosal barrier function. IFN- signaling in response to influenza virus infection results in proliferation of the upper airway
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microbiota, increasing the likelihood that colonizing pathogens
such as MRSA will be aspirated and cause pneumonia.
Both type I and III IFNs are induced in response to influenza
virus infection, although the type III response, mediated by mucosal IL-28R, has been thought to predominate (41). STAT1 and
STAT3 phosphorylation comprises the major signaling cascade
activated by influenza virus infection contributing to induction of
the expression of over 300 genes that comprise the interferome,
responses that are critical for antiviral activity (17–19). We found
that the induction of STAT1 phosphorylation by influenza virus
was dependent upon IL-28R, consistent with the dominant role of
the type III IFNs in this infection. Our results suggest that, in the
lung during influenza virus infection, the type III IFN pathway
predominantly regulates STAT1 activation. Therefore, while type
I IFN is capable of activating this pathway, perhaps type III IFNs
®
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FIG 3 Mutant (Il28r⫺/⫺) mice lack STAT1-associated signaling. (a) Immunoblot assays of P-STAT1, STAT1, P-STAT3, STAT3, and actin in WT and Ifnar⫺/⫺
and Il28r⫺/⫺ mutant mice infected with PR8 for 3 or 7 days or treated with PBS as a control. Stat1⫺/⫺ mutant mice were infected with PR8 or treated with PBS
as a control for 3 days. (b) Bacterial load isolated from the upper airway and Shannon-Weiner analysis of the diversity of recovered bacteria. n ⫽ 4 (WT, PBS),
5 (WT, PR8), 8 (Il28r⫺/⫺ mutant, PBS), or 7 (Il28r⫺/⫺ mutant, PR8). (c) WT or Stat1⫺/⫺ mutant mice were treated with 1 g of recombinant murine IL-28 or
with BSA as a control, and the culture-dependent bacterial load was measured. n ⫽ 6. (d) Immunoblot assays of SOCS1 and actin in WT and Ifnar⫺/⫺ and
Il28r⫺/⫺ mutant mice infected with PR8 for 3 days or treated with PBS as a control. (e) qRT-PCR analysis of Socs1 expression in their upper airways. n ⫽ 4 (PBS)
or 5 and 6 (left and right; PR8). (f) qRT-PCR analysis of Il22, Ngal, S100a8, and RegIII␥ in the upper airways of WT and Il28r⫺/⫺ mutant mice. Il22 data are shown
for both PBS-treated and PR8-infected mice. Il22, n ⫽ 8; Ngal, n ⫽ 5 and 9, respectively; S100a8, n ⫽ 9 and 8, respectively; RegIII␥, n ⫽ 8 and 7, respectively. Data
are representative of at least two independent experiments. Graphs display mean values and standard errors. n.d, not detectable. *, P ⬍ 0.05.

are needed in this model to drive production of the protein. In the
absence of STAT1 signaling and the associated effects on SOCS1,
Il28r⫺/⫺ mutant mice had significant protection from both endogenous and exogenously acquired organisms, and specifically
from MRSA pneumonia, whether acquired before or after influenza virus infection.
A likely mechanism of the resistance of Il28r⫺/⫺ mutant mice
to bacterial superinfection is the ability to suppress the nasal microbiota through increased production of antimicrobial peptides.
IL-22 and IL-22-dependent antimicrobial peptides are important
in the control of the gut microbiota and mucosal barrier integrity
(42). IL-22 functions to ameliorate pulmonary pathology in influenza virus infection and decrease the severity of pneumonia due to
S. pneumoniae superinfection (43). Il28r⫺/⫺ mutant mice had
markedly increased constitutive IL-22 expression, which likely
contributed to their resistance to superinfection. Increased IL-22
expression may be a compensatory response, as IFN- and IL-22
have been shown to have synergistic effects in activating the phosphorylation of STAT1 (44). Our findings are consistent with this
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observation, as in the absence of IL-28R, IL-22 was not sufficient
to activate STAT1. IL-22 itself does not have direct antiviral or
antibacterial effects; thus, much of its beneficial effects are thought
to be due to maintenance of epithelial barrier function (45). We
observed some expected and possible consequences of IL-22 signaling on antimicrobial peptide expression and epithelial barrier
function in the upper airway. There was a substantial increase in
the expression of RegIII␥, but not S100A8, both IL-22 dependent
(33, 34), in Il28r⫺/⫺ mutant mice, consistent with their ability to
control microbial proliferation in the nasal cavity. Additional antimicrobial peptides and cytokines with antimicrobial activity
were also found in the nasal secretions of Il28r⫺/⫺ mutant mice.
Ngal was highly induced in the absence of IFN- signaling, detected by both quantitative reverse transcription (qRT)-PCR and
proteomic analysis. The suppressive effects of IL-28 signaling on
the expression of these and likely additional antimicrobial peptides help to account for the differences in the microbiotas isolated
from WT and influenza virus-infected mice, differences not observed in Il28r⫺/⫺ mutant mice.
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FIG 4 Upper airway proteomic changes in WT and Il28r⫺/⫺ mutant mice. Two micrograms of protein from nasal lavage fluid was proteolytically cleaved by
trypsin and analyzed by LC-MS/MS. (a) The upper airway proteomes of WT and Il28r⫺/⫺ mutant mice in the resting state were analyzed by an MS-based
approach. Relative protein abundance among biological samples is expressed by spectral counts on a log scale. The color scale bar indicates the range of protein
expression levels. Each column represents an individual mouse. Significantly different proteins (P ⬍ 0.05) are presented and clustered by protein expression
profiles among biological samples. (b) Functional annotation of proteins differentially expressed in WT and Il28r⫺/⫺ mutant mice. Shown are functional
categories enriched and statistically significant within the data set. Data were analyzed with David. (c) WT and Il28r⫺/⫺ mutant mice were infected with PR8 or
treated with PBS as a control, and upper airway nasal lavage fluid was analyzed by an MS-based approach. Each column represents an individual mouse.
Representative data are shown.

The upregulation of several classes of proteins that function in
maintaining the dynamic responses and integrity of the mucosal
barrier were the major changes found in the upper airways of
Il28r⫺/⫺ mutant mice. In the absence of IL-28R, the nasal mucosal
secretions contained significantly increased amounts of the actin
cytoskeleton and proteins involved in actin depolymerization.
Also significantly increased were the ERM proteins radixin and
moesin that mediate the interactions between the plasma membrane, where pathogens are sensed, and the cytoskeleton (46).
These findings suggest involvement of IL-28R in the suppression
of cytoskeletal dynamics that enable immune cell transmigration,
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even in the maintenance of the normal microbiota. Whether these
changes in cytoskeletal proteins are directly due to IL-28R, IL-22,
or some other effectors remains to be established.
The accumulating literature provides a clearer understanding
of the pathogenesis of bacterial superinfection after influenza virus infection and suggests several targets to prevent this potentially lethal infection. Our data indicate that induction of IFN-
signaling in response to influenza virus infection and the activation of both STAT1 and its regulator SOCS1, while critical in
regulating the inflammatory response associated with antiviral activities, are major factors in enhancing the proliferation of the
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FIG 5 Type III IFN signaling contributes to S. aureus colonization of the upper airway and development of bacterial pneumonia. (a) WT C57BL/6J mice
were infected intranasally with 50 PFU of influenza virus PR8 or treated with PBS for 7 days prior to the local intranasal application of 108 CFU of S. aureus
USA300. Mice were euthanized 3 and 7 days after S. aureus infection. Bacterial counts in mouse nasal and lung homogenates were assessed. n ⫽ 6 (3-day
data), 4 (PBS, 7 days), or 3 (PR8, 7 days). (b) WT mice were intranasally inoculated locally with 108 CFU of S. aureus USA300 7 days before intranasal
infection with 50 PFU of influenza virus PR8 for a further 7 days before euthanasia. Bacterial counts in mouse nasal and lung homogenates were assessed.
n ⫽ 5. (c) WT and Il28r⫺/⫺ mutant mice were infected with PR8 or treated with PBS in the lungs for 7 days prior to the local administration of S. aureus
(108 CFU). Mice were euthanized 3 days later. Bacterial counts in nasal and lung homogenates are shown. n ⫽ 6 (WT and Il28r⫺/⫺, PBS) or 4 (Il28r⫺/⫺,
PR8). (d) Cytokine differences in BALF from mice nasally infected with PR8 and S. aureus (c). n ⫽ 3 (uninfected [UN]), 6 (WT), or 4 (Il28r⫺/⫺). (e) WT
mice were intranasally infected with 107 CFU of P. aeruginosa PAK in the lungs for 24 h after 7 days of PR8 infection or treatment with PBS as a control
and 24 h after PAK inoculation. Bacterial counts in the lungs are shown. n ⫽ 7. (f) Counts of S. aureus bacteria in the lungs of WT and Il28r⫺/⫺ mutant
mice after 7 days of PR8 infection or treatment with PBS as a control and 24 h after intranasal inoculation with S. aureus USA300 (107 CFU) under
anesthesia. n ⫽ 13 (WT, PBS), 11 (WT, PR8), or 7 (Il28r⫺/⫺). Data are representative of at least two independent experiments. Graphs display mean values
and standard errors. ***, P ⬍ 0.001; **, P ⬍ 0.01; *, P ⬍ 0.05.

nasal microbiome, which often includes potential pathogens. Nasal IL-22 expression is limited under resting conditions and not
induced by influenza virus infection. Its protective effects in inducing the expression of antimicrobial peptides and in activating
dynamic responses of the mucosal barrier to facilitate signaling
and immune cell recruitment could be exploited therapeutically.
Strategies already in place, such as universal MRSA decolonization
(11), could be more widely implemented in the setting of early
influenza virus infection and, combined with the development of
local immunomodulators of STAT1 or therapeutic delivery of IL-
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22, may be useful in preventing bacterial superinfection in influenza.
MATERIALS AND METHODS
Ethics statement. Animal work in this study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health, the Animal
Welfare Act, and U.S. federal law. The protocol was approved by the
Institutional Animal Care and Use Committee of Columbia University
(protocol AAAF4851).
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Viral and bacterial growth. Mouse-adapted influenza virus A/Puerto
Rico/8/34 (PR8; H1N1) was grown on Madin-Darby canine kidney
cells and stored as previously described (13). S. aureus (LAC USA300)
and P. aeruginosa (PAK) were grown to stationary phase overnight at
37°C in Luria-Bertani broth, diluted 1:100 in the morning, and grown
to an optical density at 600 nm of 1.0 (USA300) or 0.50 (PAK) for
infection (25).
Animal models. Seven-week-old C57BL/6J WT mice were bred in
house as previously described (24). Il28r⫺/⫺ mutant mice were provided
by Bristol Myers Squibb and bred in house, and Ifnar⫺/⫺ mutant mice
have been described previously (25, 47). Both Ifnar⫺/⫺ and Il28r⫺/⫺ mutant mice are bred on the C57BL/6J background. Stat1⫺/⫺ mutant mice
were generously provided by Christian Schindler, Columbia University
(C57BL/6J background), and from Taconic (129S6/SvEv background).
Mice were anesthetized with ketamine and xylazine and intranasally inoculated with influenza virus (50 PFU/mouse) or PBS with 0.1% bovine
serum albumin (BSA) as a control. To determine the effect of IFN- on
the nasal flora, mice were intranasally treated with 1 g of recombinant
mIL-28B (PBL Assay Science; ⬍1 EU/g) in 50 l or with PBS-BSA as a
control, resulting in delivery to both the upper and lower respiratory
tracts. Nasal flora, upper airway RNA, and lung tissue were harvested
3 days following infection. Nasal lavage was performed by inserting a
sterile angiocatheter intratracheally, flushing with sterile UV-treated PBS,
and collecting lavage fluid from the nose. Selected animals were reinfected
7 days following initial infection with exponentially growing S. aureus
USA300 (4 ⫻ 107 CFU/mouse). These mice were sacrificed 24 h following
bacterial infection, and the numbers of bacteria present in their lungs were
determined as previously described (24). Colonization studies were performed by intranasal inoculation of 108 CFU of S. aureus in a small volume
(10 l into the nares without anesthesia) to limit infection to the nasopharynx. Colonization studies were performed for 3 or 7 days postinfection after a 1-week influenza virus infection. S. aureus was applied to the
nares of precolonized mice 7 days prior to influenza virus infection. Bacteria were isolated from homogenized nasal septum tissue. Infection of
mice while they were under anesthesia was conducted with 1 ⫻ 107 CFU of
exponentially growing P. aeruginosa PAK in 50 l.
Culture-dependent analysis of flora. For each sample, 2 ml of mouse
nasal lavage fluid was centrifuged at 1,400 rpm for 5 min. A 1.7-ml volume
of the supernatant was removed, and the pellet was resuspended in the
remaining 300 l. Fifty microliters of each sample was plated on CHROMagar Orientation and CHROMagar S. aureus plates and incubated overnight at 37°C. For colony PCR from CHROMagar plates, the 16S rRNA
gene sequence was amplified with primers Bact-8F (5=-AGAGTTTGATC
CTGGCTCAG-3=) and Bact-1391R (5=-GACGGGCGGTGTGTRCA-3=).
At least two colonies per unique color/morphology per plate were picked.
The PCR used Taq 5⫻ master mix (New England Biolabs) and 0.5 M of
forward and reverse primers. The cycling conditions were 95°C for 1 min;
30 cycles of 95°C for 30 s, 60°C for 1 min, and 68°C for 1 min; 68°C for
5 min; and holding at 4°C. The amplified 16S rRNA gene sequences were
sequenced by GeneWiz, Inc., with the Bact-8F primer. The resulting sequences were identified by 16S rRNA gene sequence (Bacteria and Archaea) nucleotide BLAST (basic local alignment search tool) searching at
http://blast.ncbi.nlm.nih.gov/Blast.cgi. The resulting alignments were
viewed, and the highest-scoring alignment with an E (error) value of 0.0
was taken as the species identification. For each sample, the identifying
information recorded for each 16S rRNA gene PCR template colony was
used to identify the assumed species of all colonies of that unique color on
both CHROMagar plates. Using the calculated number of CFU per species
for each nasal lavage fluid sample, the mean total CFU count, taxonomic
richness, Shannon-Weiner diversity index, and species evenness were calculated for each experimental condition, as were the mean CFU count for
each species and the species prevalence.
Culture-independent analysis. Nasal lavage fluid microbial DNA was
isolated with the Powersoil DNA Isolation kit (Mo Bio Laboratories, Inc.,
Carlsbad, CA) according to the manufacturer’s instructions with modifi-
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cations. For each sample, 200 l of mouse nasal lavage fluid was used.
Subsequently, the V4 region of the 16S rRNA gene was PCR amplified in
triplicate as described previously (48) with primer pair 515f/806r. PCR
amplicons were sequenced on an Illumina MiSeq at the University of
Colorado Next Generation Sequencing Facility. The raw, paired-end
reads were merged, quality filtered, and clustered into operational taxonomic units (OTUs) at the ⱖ97% identity level with the UPARSE pipeline
(49). A taxonomic identity was assigned to each OTU with the QIIME
(50) implementation of the Ribosomal Database Project classifier (51)
and the August 2013 release of the GreenGenes database (52). To account
for variability in sequence depth, communities were rarefied by randomly
selecting 10,000 sequences from each sample. Bray-Curtis dissimilarities
in community structure across our sample set were calculated in the vegan
package in R v. 3.0.0 after log transformation of relative OTU abundances
(53). The resulting DNA sequences and OTU table are available for download at http://dx.doi.org/10.5061/dryad.v1ff0.
Presence/absence analysis. For the PA dendrogram analysis, a presence/absence matrix was constructed where any number of rarefied reads
for a particular OTU was designated present. Each sample was treated as a
taxon, and each OTU was treated as a binary character. The dendrogram
was then constructed on the basis of a maximum-parsimony algorithm as
implemented in the program PAUP (54). All characters and character
state transformations were given equal weight. We used Mesquite (55) to
define specific OTUs that were exclusively present in or absent from the
cluster of samples defined by influenza virus. All but one virus positivesample clustered on the basis of the parsimony analysis. To further explore characteristic attributes of the virus-positive samples, we performed
the same analysis by forcing all virus-positive samples into the same
group.
ELISA and immunoblotting. BALF was analyzed for cytokine and
chemokine content by enzyme-linked immunosorbent assay (ELISA)
(R&D Biosystems, PBL Assay Science, or eBioscience) and multiplex analysis (Eve Technologies). Lung homogenates were lysed in radioimmunoprecipitation assay buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100) with Halt protease and phosphatase
inhibitor (Pierce). Protein separation, transfer, and immunoblotting were
performed as described previously (26). Anti-phospho-STAT1 (Abcam),
-STAT1, -phospho-STAT3, -STAT3, -SOCS1 (Cell Signaling), and -␤actin (Sigma) antibodies were used to measure expression.
qRT-PCR. RNA was recovered with the PureLink RNA minikit (Life
Technologies). Briefly, the upper airways were washed with RNA lysis
buffer by inserting a catheter into the trachea and pushing the lysis
buffer through the nares. RNA was purified according to the manufacturer’s instructions. cDNA was synthesized with the High Capacity
cDNA RT kit (Applied Biosystems). qRT-PCR was performed with
Power SYBR green PCR master mix in a StepOne Plus thermal cycler
(Applied Biosystems). ␤-Actin was used to normalize samples. Primers for actin, Ifnb, and Ifnl have been described previously (24). The
following primers were used: HA, 5=-ATGCAGACAATATGTATAGG
C-3= (sense) and 5=-GATACTGAGCTCAATTGCTC (antisense);
mReg3␤, 5=-ACTCCCTGAAGAATATACCCTCC-3= (sense) and 5=-C
GCTATTGAGCACAGATACGAG-3= (antisense); Lipocalin-2 (Ngal),
5=-TGCAAGTGGCCACCACGGAG-3= (sense) and 5=-GCATTGGTC
GGTGGGGACAGAGA-3= (antisense); S100a8, 5=-AAATCACCATGC
CCTCTACAAG-3= (sense) and 5=-CCCACTTTTATCACCATCGCA
A-3= (antisense); SOCS1, 5=-CTGCGGCTTCTATTGGGGAC-3=
(sense) and 5=-AAAAGGCAGTCGAAGGTCTCG-3= (antisense); Il22,
5=-ATGAGTTTTTCCCTTATGGGGAC-3= (sense) and 5=-GCTGGAA
GTTGGACACCTCAA-3= (antisense).
Shotgun proteomic analysis. (i) Materials. High-performance liquid
chromatography (HPLC) grade LC buffers, dithiothreitol, acetonitrile
(ACN), ammonium bicarbonate, trifluoroacetic acid, and iodoacetamide
were purchased from Thermo, Fisher Scientific (Waltham, MA). Trypsin
Gold, Mass Spectrometry Grade, was purchased from Promega (Madison,
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WI). Nanopure water was prepared with a Milli-Q water purification
system (Millipore, Billerica, MA).
(ii) Sample preparation. Proteins were precipitated from 500 l of
mouse nasal lavage fluids with methanol-chloroform and resuspended in
20 l of 4 M urea in 50 mM ammonium bicarbonate. The protein concentration in the mouse lavage fluid was determined by the EZQ Protein
Quantification Assay (Life Technology Corp.). Two micrograms of protein from mouse lavage fluid was digested with 150 ng of trypsin (1:40)
along with 2 mM CaCl2 and incubated at 37°C for 16 h. Samples were
centrifuged for 30 min at 14,000 rpm, and the cleared supernatants
were transferred to fresh tubes to be acidified with 90% formic acid
(FA) (2% final) to stop proteolysis. The soluble peptide mixtures were
collected for liquid chromatography-tandem mass spectrometry (LCMS/MS) analysis.
(iii) LC-MS/MS analysis. The concentrated peptide mixture was reconstituted in a solution of 2% ACN–2% FA for MS analysis. Peptides
were loaded with the autosampler directly onto a 2-cm C18 PepMap precolumn and eluted from the ID PepMap RSLC C18 2-m column (50 cm
by75 m) with a Thermo Dionex 3000 and a 98-min gradient ranging
from 2% buffer B to 30% buffer B (100% acetonitrile, 0.1% FA). The
gradient was switched from 30% to 85% buffer B over 5 min and held
constant for 1 min. Finally, the gradient was changed from 85% buffer B to
98% buffer A (100% water, 0.1% FA) over 2 min and then held constant at
98% buffer A for 25 min. The application of a 2.0-kV distal voltage electrosprayed the eluting peptides directly into the mass spectrometer
equipped with an Easy-Spray Source (Thermo Finnigan, San Jose, CA).
The full mass spectra of the peptides were recorded over an m/z range of
400 to 1,500 at a 120,000 resolution, followed by MS/MS collisioninduced dissociation events for a total of a 3-s cycle. Charge statedependent screening was turned off, and peptides with charge states of 2
to 6 were analyzed. Mass spectrometer scanning functions and HPLC
gradients were controlled by the Xcalibur data system (Thermo Finnigan,
San Jose, CA). Three technical replicates of each sample were run, and
MS/MS data from technical replicates were merged for a subsequent database search.
(iv) Database search and interpretation of MS/MS data. Tandem
mass spectra from .raw files were searched against a human protein database with the Proteome discoverer 1.4 (Thermo Finnigan, San Jose, CA).
The Proteome Discoverer application extracts relevant MS/MS spectra
from the .raw file and determines the precursor charge state and the quality of the fragmentation spectrum. The Proteome Discoverer probabilitybased scoring system rates the relevance of the best matches found by the
SEQUEST algorithm (56). The mouse database was downloaded as
FASTA-formatted sequences from the UniProt protein database (released
in December 2014) (57). The peptide mass search tolerance was set to
10 ppm. A minimum sequence length of 7 amino acid residues was required. Only fully tryptic peptides were considered. To calculate confidence levels and false-positivity rates (FDR), Proteome Discoverer generates a decoy database containing reverse sequences of the nondecoy
protein database and performs the search against this concatenated database (nondecoy plus decoy) (58). The discriminant score was set at a 1%
FDR determined on the basis of the number of accepted decoy database
peptides to generate protein lists for this study. Spectral counts used to
identify each protein were used for expression profiling analysis. Qlucore
Omics Explorer (Qlucore AB, Sweden) was used to perform statistical
analysis of quantifiable proteins among biological replicates (t test, P ⬍
0.05). Differentially expressed proteins were analyzed with David (59).
Statistics. Significance of data was determined by a nonparametric
Mann-Whitney test. Multiple comparisons were performed by analysis of
variance (ANOVA) with a Bonferroni comparison posttest. These tests
were conducted with GraphPad Prism software, and significance was defined as P ⬍ 0.05.
For culture-independent community analyses, principal-coordinate
analysis was used to visualize pairwise similarities in composition. Permutational multivariate ANOVA (PERMANOVA, with 999 permutations)
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was used to test whether influenza virus-infected mice harbored bacterial
communities that were significantly different in composition from those
found in controls. The ordination and PERMANOVA analyses were conducted in R v. 3.0.0.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
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Table S1, PPT file, 0.3 MB.
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Table S3, PPT file, 0.2 MB.
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