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Abstract

Maintaining ideal and balanced levels of IL-1p is of extreme importance as a way to avoid host
tissue damage. Intranasal infection of /f7/r1~/~ mice with Staphylococcus aureus led to
significantly improved bacterial clearance, survival and decrease of proinflammatory cytokines in
the airway including IL-1f, which was decreased by 75% (P<0.0001) and 97% (P<0.001) at 4 and
24 h after infection, respectively. Treatment of /f/rZ~~ mice with mouse recombinant IL-1 led to
increased bacterial burden in the airway and lung. Neutrophils purified from lungs of /fn/r1~/-
infected mice displayed a 50% decrease (P<0.05) in IL-1p levels compared to neutrophils isolated
from WT mice. Mice lacking NLRP3 and caspase-1 had reduced IL-1p levels 4 h after infection,
due to reductions or absence of active caspase-1 respectively, levels at 24 h were comparable to
WT infected mice. /f7/r1~/~ infected mice had decreases in both active caspase-1 and neutrophil
elastase indicating an important role for the neutrophil serine protease in IL-1p processing. By
inhibiting neutrophil elastase, we were able to decrease IL-1 levels by 39% in Nirp3 = infected
mice when compared to WT mice. These results highlight the crucial role of both proteases in
IL-1B processing, via inflammasome dependent and independent mechanisms.

Introduction

The interferon (IFN) family of cytokines is comprised of three groups (type I, Il and 111 IFN)
that signal through distinct receptors to regulate hundreds of genes influencing a multitude
of cellular functions. The role of interferons in infectious disease is varied and depending
upon the microorganism can be protective or inhibitory to pathogen clearance (1, 2).
Staphylococcus aureus is an important human pathogen that is major cause of pneumonia,
skin and soft tissue infections. Type | and 11 signaling contributes to the pathogenesis of S.
aureus infection in the airway (3-5) and we recently showed that type 111 IFN signaling
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contributes to S. aureus colonization of the upper airway in the context of influenza co-
infection (6).

Type I IFN, not unlike type | IFN, activates a signaling cascade via the JAK/STAT
pathway. The type 11 IFN receptor (IFNLR) is a heterodimer of 1L-28R and IL-10RB that
senses the type Il ligands IL-29 (IFNLZ), IL-28A/B (IFNL2/3) and IFNL4. Mice only
express IFNL2 and IFNL3 (7). A unique property of the type 111 IFN receptor is its tissue
distribution, with expression largely restricted to the epithelium and neutrophils (7, 8). The
kinetics of type I and Il also vary depending upon the infection, while the target genes are
overlapping (7, 9, 10). It has been shown in some systems that type | IFNs can influence
inflammasome activation (11, 12).

The inflammasome is a multi-protein complex that leads to production of inflammatory
cytokines, most notably IL-1p and IL-18, in response to microbial and danger signals. Initial
receptor recognition of pathogen associated molecular patterns (PAMPs) leads to production
of pro-proteins that are then cleaved by executioner caspases to facilitate secretion of the
active form (13). In some circumstances, this cleavage to the active form can occur via
caspase-1 independent mechanisms (14). Inflammasome activation contributes to
inflammation in the airway (15) and S. aureus has been shown to activate the inflammasome
through several of its toxins. Work-to-date has identified the NLRP3 and caspase-1
inflammasome as the major mechanism of activation, with additional contributions from
NLRC5, NLRP7 and AIM2 (16, 17). In the airway, activation of the NLRP3 inflammasome
contributes to pulmonary pathology (17).

In the experiments detailed in this study we show that type Il interferon signaling
contributes significantly to inflammatory cytokine production and inflammasome activation
in response to S. aureus in the airway. We show that IL-1f production in response to S.
aureus is both caspase-1 dependent and independent, with neutrophil elastase contributing to
IL-1pB production and providing a mechanism for the reduction of IL-1p in the absence of
type 11 IFN signaling. Inactivation of type Il IFN improves the ability of mice to clear the
infection.

Type Il interferon signaling contributes to the pathogenesis of S. aureus pneumonia

To better understand the role of type Il interferon signaling in our model of acute
pneumonia, WT and /#n/r1~/~ deficient mice were intranasally infected and analysed at three
different time points: 4 h, 8 h and 24 h of infection. Mice lacking the type Il interferon
receptor displayed significantly improved bacterial clearance. /f2/r/~ mice had 9-fold less
bacteria in the airway (P<0.001), assessed in bronchoalveolar lavage fluid (BALF) and 11-
fold less bacteria in lung tissue (P<0.0001) 24 hours after infection (Figure 1A&B) when
compared to WT mice. We could already observe a significant decrease in the bacterial
burden in the airway (44% decrease; P<0.05; Figure 1A) at 4 h after infection and in the
lung tissue 8 h after infection (67% decrease; P<0.05; Figure 1B), indicating an early role
for type Il interferon signaling in pathogenesis in our acute pneumonia model. Consistent
with their reduced bacterial counts, /#7/r1~/~ infected mice had improved body temperatures
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compared to WT infected mice after 24 hours of infection (Figure 1C; P<0.01). In a
mortality model of infection, no death was observed for /f7/r1~~ mice, whereas 75% of WT
mice succumbed to infection (Figure 1D; P<0.01). These data indicate that type Il IFN
signaling contributes to pathogenesis of S. aureus infection.

Type Il IFN signaling contributes to inflammatory cytokine production

To better understand the improved phenotype in the absence of type 11 IFN signaling we
conducted multiplex cytokine analysis of bronchoalveolar lavage fluid. Comparison of
BALF from WT and /f/r1~/~ infected mice showed significant differences in several
cytokines after 24 h of infection. The proinflammatory cytokines IL-6 (89%; P<0.0001;
Figure 1E) and TNF (61%; P<0.001; Figure 1E), were decreased in the type 111 interferon
receptor deficient mice. Significant reductions were also observed for MCP-1 (56%; P<0.05;
Figure 1E), IL-1a (89%; P<0.0001; Figure 1E) and GM-CSF (90%; P<0.0001; Figure 1E).
IP-10 (P<0.05; Figure 1E) and MIG (P<0.0001; Figure 1E) were observed to be increased in
IfnlrI~ compared to WT mice at 24 h of infection. No difference was observed on cytokine
levels between uninfected WT and /#/r17~ mice (Supplementary Figure 1). Despite a lack
of difference in neutrophil recruitment to the airway and the lungs in WT and /f/r1~/~ mice
(Supplementary Figure 2), /fn/r1~'~ infected mice had significant reductions in neutrophil
related cytokines at 24 h with MIP-2 (96%; P<0.0001; Figure 1E), KC (97%; P<0.001;
Figure 1E) and G-CSF (69%; P<0.0001; Figure 1E) being significantly reduced. As we
observed a significant decrease in bacterial numbers at 24 h, the cytokine differences could
be a direct reflection of this, therefore we studied an earlier time point. At 4 h of infection
and comparable to what we observed at 24 h, similar numbers of neutrophils were being
recruited to the airway and (Supplementary Figure 3) despite the decrease of 26% and 28%
in MIP-2 (P<0.05; Figure 1F) and KC (P<0.01; Figure 1F) respectively. Interestingly at this
early time G-CSF had an increase of 37% (P<0.05; Figure 1F). The early time point (4 h)
was however reflective of the later time point (24 h) with significant reductions observed for
M-CSF, GM-CSF, IL-1a and MCP-1 (Figure 1F).

IL-1pB was the cytokine that displayed one of the most dramatic differences. After 4 h of
infection, even though no significant differences were observed with other proinflammatory
cytokines, such as TNF or IL-6 (Supplementary Figure 6), a 75% decrease in IL-1p was
evident in /fn/r1~/~ infected versus WT infected mice (P<0.0001; Figure 1F). By 24 h of
infection /fnlr1~'~ mice had a 97% decrease in IL-1p levels (Figure 1 E).

IL-1B contributes to pathology and is produced by neutrophils

IL-1pB is known to contribute to immunopathology in the airway and in response to S. aureus
(5, 15, 17). We first assessed its ability to impede bacterial clearance in our model with
Ifnlr™'= mice. /falr1~'~ mice were treated with recombinant mouse IL-1p on the day of
infection following intranasal infection with S. aureus. Ifalr1~'~ mice treated with IL-1p had
increased bacterial loads in the airway and in the lung (P<0.01 and P<0.05, respectively;
Figure 2A&B). Higher levels of IL-1p on /fn/r1~'~ mice treated with recombinant mouse
IL-1B were confirmed by ELISA (Figure 2C). To assess if the decrease observed in IL-1f
levels in /fnlr1™~ mice (Figure 1E&F) was due to a lack of pro-IL-1p production, we
assessed pro-1L-1p levels intracellularly by flow cytometry in cells from BALF. There were
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higher intracellular levels of pro-IL-1p in the CD45 positive population in Ifnlr1™'~ mice
when compared to WT mice (P<0.05; Figure 2D) indicating that the difference in IL-1p was
not due to production of pro-1L-1p but likely an impairment in the cleavage of pro-I1L-1p in
the /f7/r1™~ mice. This was also confirmed at the transcriptional level. qRT-PCR was
performed on lung homogenate at 4 h of infection and no differences in //Zb transcript levels
were observed between WT and /f7/r1~/~ mice (Supplementary Figure 8). To further assess
if the differences in IL-1p levels in BALF were due to an impairment in cleavage and not
due to differences in cell death/lysis between WT and /f/r1~/~ mice, total protein content,
cytotoxicity (LDH) and cell viability (DAPI staining) were performed following 4 and 24 h
of infection. No differences were observed between WT and knockout mice (Supplementary
Figure 9), supporting the hypothesis that there was reduced IL-1 maturation in the /fnlri™~
mice.

To better understand the effect of type 111 IFN signaling on IL-1p activation we purified
macrophages and neutrophils from bone marrow given their role as IL-1p producing cells in
the airway upon infection. Utilizing bone marrow derived macrophages and neutrophils we
observed a 10% decreased in IL-1p production from S. aureus stimulated /fn/r'~ cells,
compared to WT infected cells (Figure 2E&F). This minor decrease did not reflect the IL-1p
phenotype observed in the airway. To have a better understanding of IL-1p production in
vivo, neutrophils were isolated from the lung of WT and /fn/rZ/~ mice that had been
infected with S. aureus for 4 h. Neutrophils were chosen due to their early recruitment to the
airway and noted responsiveness to type I11 IFN signaling (8, 18). Neutrophils purified from
lungs of /fnlr1~/~ mice displayed a 50% decrease (P<0.05) in IL-1B levels compared to
neutrophils isolated from WT mice (P<0.05; Figure 2G), suggesting that type 111 IFN
signaling is involved in modulation of IL-1p levels in response to S. aureus. This was
specific to IL-1p as TNF levels were unchanged (Figure 2H), analogous to that observed in
the airway at 4 h post infection (Supplementary Figure 6).

IL-1p secretion is partly caspase-1 independent in a S. aureus pneumonia model

IL-1p is a potent pro-inflammatory cytokine produced as an inactive precursor (31 kDa) that
is cleaved to its active form typically by the action of caspase-1 (19). To better understand
the reduction of IL-1p in the /f/r7~~ mice and given the roles of NLRP3 and caspase-1 in
inflammasome activation (20, 21) wild-type, CaspZ~'~ and Ni/rp3~ mice were intranasally
infected with S. aureusand IL-1f was detected by ELISA 4 and 24 h after infection.
Bacterial clearance was not different in A3~ mice, consistent with previous reports (17),
but after 24 hours there was a significant improvement in clearance in CaspZ~~ mice
(P<0.01; Figure 3A&B). After 4 hours of infection, IL-1p levels were significantly lower in
both Casp1~/~ and Nlrp3'~ mice relative to WT mice (77%; P<0.05 and 79%; P<0.001,
respectively; Figure 3C). However, no significant differences were observed in IL-1p levels
in both knockout mice 24 hours after infection (Figure 3C). These results suggest a time
dependent role for caspase-1 in IL-1p production in response to S. aureus infection in the
lung, whereby it is required early but not later in infection and implicates the action of other
IL-1B converting enzymes at later stages of infection.
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Similarly, IL-18 is also expressed as an intracellular inactive precursor that requires
proteolytic activation. Even though some caspase-1 independent mechanisms have been
described, namely through chymase and granzyme B, caspase-1 is still considered to be the
main mechanism in the conversion of IL-18 into its active form (22). 1L-18 levels were
detected by ELISA following a 24 h infection and unlike what was observed for IL-1p, the
levels were significantly lower in both Caspz~~ and NM/rp3~ mice when compared to WT
(P<0.01 and P<0.0001, respectively; Figure 3D), demonstrating a major role of caspase-1
and the NLRP3 inflammasome in IL-18 processing in our acute S. aureus pneumonia model.
IL-18 levels were also significantly lower in /fn/r~~ mice at both 4 h and 24 h of infection
(Supplementary Figure 11), suggesting lower active caspase-1 levels in /f/r1~/~ mice.

Neutrophil elastase is involved in IL-1p processing at later stages of S. aureus lung

infection

Given the importance of IL-1p during infection as well as its potential to cause tissue
damage, it is not surprising that multiple IL-1 activation systems exist. One non-canonical
mechanism of IL-1 activation is through the neutrophil serine proteases (NSPs), such as
neutrophil elastase (NE). The ability of NE to release mature IL-1p has been reported in
response to LPS in the absence of caspase-1 (23). To examine the influence of active
caspase-1 and NE in IL-1p activation in our S. gureus pneumonia model we analyzed
expression of both proteins in lung homogenates from WT, /fnlr1™=, Casp1~'~ and Nip3 !~
mice intranasally infected with S. aureusfor 4 h and 24 h. No differences were observed for
NE protein levels at 4 h of infection between WT and /f/r1~/~ mice (Figure 4A&B),
however a 52% decrease in NE protein levels was observed at 24 h in /fn/r~~ mice (P
<0.05; Figure 4A&B). Activation of caspase-1 leads to the formation of its two subunits, p20
and p10. We observed an increase in caspase-1 p20 subunit in the lung homogenate of WT
and /f/r17!~ mice upon S. aureus infection (Figure 4A). The level of caspase-1 p20 was
lower in /fn/rI~ mice at both 4 h and 24 h of infection (41%, P=0.0518 and 66%, P=
0.0725, respectively; Figure 4B) when compared to WT. To determine if the reduction in NE
levels were not due to impaired induction of neutrophil serine proteases in /f7/r1~/~ mice
because of the decreased bacterial levels (Figure 1A&B), protein levels of cathepsin G were
also determined. Levels of cathepsin G were increased in /fn/r/~ mice when compared to
WT mice (Supplementary Figure 12), indicating the reduction in NE was not due to
impaired stimulation.

In the absence of caspase-1 there was a 63% decrease in NE expression at 4 h of infection
compared to WT mice (P <0.05; Figure 4C), consistent with the lower IL-1p levels observed
at 4 hin Caspz™~ mice (Figure 3 C). At 24 h of infection NE levels were similar between
WT and CaspI”~. Given that both WT and CaspZ~/~ mice produced similar levels of active
IL-1p at 24 h, our results suggest a role for NE in IL-1p processing and activation in our
pneumonia model. In A/rp37'~ infected mice both NE and active caspase-1 were
significantly lower, with a 65% and 76% decrease respectively (P <0.0001 and P <0.05,
respectively; Figure 4C&D) after 4 h of infection. The observed difference was not a
reflection of a difference in total neutrophil numbers recruited to the airway (Supplementary
Figure 13). Levels of both proteins were analogous to WT at 24 h of infection (Figure
4E&F) consistent with the levels of IL-1p (Figure 3C). Even though the NLRP3
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inflammasome is required in vitro (24, 25), our data indicates the importance of other
inflammasome proteins in the production of IL-1f in vivo. These results suggest that the
decrease observed in IL-1B levels in /f2/r7~'~ mice is a result of an impairment in activation
of both caspase-1 and neutrophil elastase. We observed that caspase-1 is particularly
important early in infection and the role of neutrophil elastase is more apparent later in
infection.

Neutrophil elastase contributes to IL-1p activation in S. aureus lung infection

Neutrophil serine proteases, such as neutrophil elastase are part of the inflammasome-
independent known mechanisms for activation of IL-18 (23, 26). To assess the contribution
of neutrophil elastase in IL-1p activation in S. aureus lung infection WT and N/rp37'~ mice
were treated with sivelestat, a neutrophil elastase inhibitor, in a 24 h model of acute
pneumonia. Mice lacking NLRP3 and treated with the neutrophil elastase inhibitor displayed
a slight reduction in bacterial clearance (Figure 5A&B). In the absence of NLRP3 we
observed a 39% decrease in IL1-B levels when compared to WT treated mice (P <0.05;
Figure 5C). No change was observed in WT mice as they are still producing IL-1p via
caspase-1-dependent mechanisms. These data show the important role for neutrophil
elastase in IL-1p activation in vivo in addition to the activity of caspase-1.

Discussion

Type I IFN signaling has been investigated in the context of viral infections but not to the
same extent in bacterial infections. In this report, we show that type 111 IFN contributes to
the pathogenesis of S. aureus in the airway, influencing proinflammatory cytokine
production and the inflammasome. We demonstrate that production of IL-1 in response to
S. aureus is not entirely dependent on the canonical caspase-1 dependent inflammasome, but
also requires neutrophil elastase.

We demonstrate a role for NLRP3/caspase-1 and neutrophil elastase in IL-1f production in
response to S. aureus in the airway. In vitro data has shown that activation of the
inflammasome and cleavage of IL-1p in response to S. aureusis largely NLRP3 and
caspase-1 dependent. This has been shown with purified cells and cell lines using S. aureus
lipoproteins and several of the S. aureustoxins (21, 27). Our data suggest there are several
systems that contribute to IL-1f activation and that the in vitro data does not fully reflect
what occurs in vivo in the airway. We observed IL-1p to be largely NLRP3/caspase-1
dependent early (4 h) during infection, while the inflammasome was dispensable for IL-1p
production at 24 h. We saw significant reductions in IL-1p in the absence of IFNLR at 4 and
24 h that correlated with reductions in both caspase-1 and NE, which was not due to a lack
of pro-IL-1p production or from changes in cell death. This reduction was also evident in
purified neutrophils from WT and /fn///~ infected mice. The reduction in NE was also not
the result of reduced neutrophil numbers or their induction of neutrophil proteases, as
cathepsin G was still produced in the absence of IFNLR. All these points suggest a
requirement for both caspase-1 and NE in the processing of IL-1 in response to S. aureusin
the airway, providing signaling redundancy in its maturation. Therefore, only when we
inhibited NE in the absence of NLRP3 did we observe an effect on IL-1p levels in the
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airway. The neutrophil serine proteases are present in neutrophilic granules and have known
IL-1p cleavage sites (14). Activation of IL-1p within neutrophils is largely protease
dependent (28) but they can also act extracellularly and facilitate IL-1p cleavage in other
cells such as macrophages (29, 30). The contribution of neutrophil serine proteases to IL-1p
activation has been noted in inflammatory disorders such as arthritis where there is a large
neutrophil component (31-33). Given that neutrophils are the most abundant cell recruited to
the airway following infection, the contribution of neutrophil elastase to IL-1f activation to
supplement the action of caspase-1 is consistent with this. Although in the absence of
IFNLR we observe a significant improvement in bacterial clearance, we did not observe any
significant cellular changes, such as neutrophil numbers. This clearance phenotype is
potentially a result of the reduced cytokine production and its associated immunopathology,
the direct effect of a secreted factor or a change in function with one of the professional
phagocytes under these conditions.

Production of IL-1p is potentially detrimental in the airway as overproduction contributes to
immunopathology (15). The role of the inflammasome in S. aureus pathogenesis is varied. In
cutaneous models of skin infection, it plays an important role (34), while in the airway, data
for its role is varied. Inhibition of IL-1p with the antagonist drug Anakinra reduces
immunopathology (5), while in different mouse strains and in co-infection with influenza it
can play an important role (35). Our data with NLRP3 knockout mice is consistent with
previous work showing that the inflammasome contributes to excessive inflammation and
pathology but not clearance (17). However, we did observe a clearance phenotype in the
absence of caspase-1. Multiple receptors are known to utilize caspase-1 for inflammasome
activation and this data also suggests that a downstream product of caspase-1 may be
inhibitory to bacterial clearance or is suppressed by caspase-1. Moreover, caspase-1 has also
been reported to activate the transcription factor NF-kB regardless of its activation and hence
lead to increased inflammation in vivo (36). The absence of caspase-1 may also lead to less
proinflammatory cytokines, which as we have shown in our /#nr1~/~ mice with the
exogenous addition of IL-1f, may contribute to immunopathology and reduced capacity to
clear the infection.

In the absence of the type 111 IFN receptor, we observed improved bacterial clearance of S.
aureus, decreased mortality and large reductions in proinflammatory cytokine production.
Our novel observation was that the absence of IL-1p was due to both reductions in caspase-1
but also a significant reduction in neutrophil elastase, suggesting a possible crosstalk
between type Il IFN signaling and NE regulation. While it has been shown that type 111 IFN
is important in viral infection less is known about its role in bacterial infections (9, 37). Most
studies so far have generated correlative data that haven’t utilized genetic knockouts. One
study that was the initial examination of S. aureus and Pseudomonas aeruginosa reported
type 111 IFN to contribute to pathogenesis and pulmonary pathology in the absence of
cellular infiltrate differences (7). Our clearance phenotype is consistent with that study. The
contribution of neutrophils to disease has recently garnered significant attention as it was
discovered they are responsive to type 111 IFN. In models where neutrophils play a
prominent role, their responses to type 111 IFN have been shown to reduce inflammation in
arthritis and intestinal inflammation as well aid in the clearance of fungal infection (8, 18,
38). As they are a prominent cell in the airway in response to infection and given our
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observations with neutrophil elastase and IL-1p activation, we see type Il IFN signaling in
neutrophils playing an important role in the pathogenesis of S. aureus pneumonia.

The inflammatory response to microbial insult is orchestrated by a multitude of receptors
and many interconnected signaling pathways. We have observed that the inflammatory
response to S. aureus s significantly reduced in the absence of type 111 IFN signaling and
this is connected to the inflammasome. IL-1 is activated by S. aureusnot only through a
canonical caspase-1 dependent pathway, but also through neutrophil elastase. It is likely that
the function of the neutrophil serine proteases does not end with a role in IL-1p signaling
and highlights their multiple functions in addition to the contribution type 111 IFN signaling
plays in the pathogenesis of S. aureus infection.

Material and Methods

Animal studies

S. aureus strain USA300 FRP3757 was grown in Luria-Bertani (LB) broth at 37°C to
exponential phase (optical density of 1.0 at 600 nm). Six to eight week old C57BL/6J WT,
C57BL/6NJ WT, /fnlr1™=, Casp1~'~ and Nirp3 '~ mice were intranasally infected while
under anesthesia with 4 x 107 cfu of S. aureus USA300 for 4 h, 8 h or 24 h as previously
described (3).

C57BL/6NJ WT was used as the WT control for CaspZ™~ infections. C57BL/6 WT,
C57BL/6NJ WT, CaspI™'~ and Nilrp3~'~ mice were purchased from Jackson Laboratories
and /fnlrI'~ mice were provided by Bristol Myers Squibb. Both sexes of mice were used
and co-housed for at least two weeks prior to infection. For mortality studies C57BL/6 WT
and /f/r17'~ mice were intranasally infected with 108 cfu of S. aureus USA300 and
mortality assessed for 7 days. For inhibition of neutrophil elastase C57BL/6 WT and
Nirp3~'= mice were treated intraperitoneally with 10 mg/kg of sivelestat (TOCRIS) or
vehicle control 24 h prior to infection as well as on the day of infection and infected with S.
aureus as described above. /fn/r17/~ mice were treated with 300 ng of recombinant IL-1f
(Tocris) or PBS intranasally at the time of infection. Temperatures were measured using the
TW?2 infrared thermometer (Thermoworks).

Bronchoalveolar lavage fluid (BALF) was obtained from three successive washes with 1 ml
of PBS. BALF was used to enumerate bacterial counts and quantify cytokine levels. Lung
tissue was homogenized and used to enumerate bacterial counts, immunoblotting and
transcriptional analysis. Cytokine levels were quantified using multiplex technology (Eve
Technologies) and ELISA.

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. Protocols were approved by the Animal Care
and Use Committee of Columbia University.

Eur J Immunol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pires and Parker

Page 9

Isolation of mouse bone marrow neutrophils and macrophages

Neutrophils were isolated from the bone marrow of the femurs and tibias of naive WT and
IfnlrI™"~ mice by density gradient centrifugation as previously described (39). Briefly, bone
marrow cells were overlaid on a Histopaque 1119 and Histopaque 1077 gradient (Sigma)
and centrifuged for 30 minutes at 720 x g at room temperature without brake. Thereafter,
neutrophils were collected at the interface between the 2 layers. After assessment of cell
number and viability, neutrophils were resuspended in HBSS containing Ca?*, Mg2* and
0.1% gelatin. Macrophages were generated from bone marrow over a period of 7 days in
RPMI-1640 media supplemented with 10% fetal bovine serum (FBS), penicillin,
streptomycin and 20 ng/mL macrophage colony stimulating factor (M-CSF).

Bone marrow derived neutrophils were used for experiments on the day of purification and
seeded into 96 well plates at a density of 500,000 cell/well. Cells were incubated with S.
aureus at a MOI of 10 for 16-18 hours at 37 °C in an atmosphere containing 5% CO,. Bone
marrow derived macrophages were previously seeded onto 96 well plates at a density of
100,000/well, washed with antibiotic-free media and incubated with S. aureus at a MOI of
10 for 16-18 hours at 37 °C in an atmosphere containing 5% CO5. LPS (100 ng/mL) and
nigericin (5 pM) were used as a positive control. IL-1 levels in cell-free supernatants were
analyzed by ELISA.

Isolation and ex vivo culture of lung neutrophils

WT and /fn/rI~'~ mice were intranasally infected with 4 x 107 cfu of S. aureus USA300.
Following a 4 h infection, a single-cell suspension of lung cells was prepared through
proteolytic digestion of the lungs. Briefly, murine lungs were inflated with 2 mL of Dispase
(5U/mL) followed by 0.5 mL of 1% low melting agarose. Lungs were then placed in 3 mL
of dispase solution (5U/ml) for 45 min at RT. The lung cell suspensions were filtered
through different pore size cell strainers, starting with 100 pm and subsequently with 70 pm
and 40 um. After hypotonic red cell lysis, magnetic-activated cell sorting (MACS) was used
to isolate Ly6G™ cells from the lung single-cell suspension using PE microbeads (Miltenyi
Biotec) and PE-Ly6G™ antibody, following the manufacturers protocol. All MACS-purified
cell preparations were assessed for purity by flow cytometry. Neutrophils were resuspended
in RPMI 1640 medium containing 10% fetal bovine serum, 1% PenStrep and 500 pg/mL
gentamicin and seeded on to 96-well plates for 16—18 hours at 37 °C in an atmosphere
containing 5% CO,. IL-1p levels in cell-free supernatants was analyzed by ELISA.

ELISA and Immunoblotting

BALF was analyzed for IL-1p (Biolegend) and IL-18 (ThermoFisher Scientific) by ELISA
according to the manufacturer’s instructions. Lung homogenates were lysed in RIPA buffer
(20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA and 1% Triton X-100),
containing HALT protease and phosphatase inhibitors (Pierce) and used to assess neutrophil
elastase (R&D Systems-MAB4517), cathepsin G (MyBioSource-MBS2029904), caspase-1
(pro-form and active form - p20; R&D Systems-MAB6215) and B-actin (Sigma) protein
levels. Secondary antibodies conjugated to horseradish peroxidase (Santa Cruz
Biotechnology Inc.) were used. Densitometry was performed using Image J (NIH).
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Flow cytometry

Cells in BALF and lung homogenate were stained with fluorescently labeled antibodies:
CD11b-AF594 (M1/70), Ly6G-BV605 (1A8), CD11c-PerCP-Cy5.5 (N418), CD45-AF700
(30-F11), BV510-CD103 (2E7), Siglec-F-AF647 (E50-2440; BD Biosciences), MHCII-
APC-Cy7 (M5/114.15.2), Ly6C-PE-Texas Red (AL-2; BD Biosciences) and DAPI to assess
cell viability. Antibodies were from Biolegend unless otherwise stated. Cells in the airway
and lung were classified as before (40, 41). For IL-1p intracellular staining, surface staining
was performed as stated above and was followed by fixation and then permeabilization,
using the fluorescently labeled antibody pro-I1L-1B-APC (NJTEN3) and the two-step
protocol for intracellular (cytoplasmic) proteins (eBioscience) according to manufacturers
instructions. We have adhered to the EJI recommended guidelines for the use of flow
cytometry.

Transcriptional analysis

Statistics

Total RNA was extracted from lung homogenate using the E.Z.N.A. Total RNA Kit |
(OMEGA biotech) according to manufactures instructions and followed by DNase treatment
using the DNA-free DNA removal kit (Life Technologies). cDNA was generated using the
High Capacity cDNA reverse Transcriptase Kit (Applied Biosystems). Quantitative real-time
RT-PCR (QRT-PCR) was performed using Power SYBR Green PCR Master Mix in a Step
One Plus Real-Time PCR System (Applied Biosystems). Primers for //1B were: 5°-
TCAACTGTGAAATGCCACCT-3’; 5’-TCCACAGCCACAATGAGTGA and for Actb5’-
AGTGTGACGTTGACATCCGT-3’; 5’-TGCTAGGAGCCAGAGCA-3'.

Animal data was assumed to not follow a normal distribution, thus a nonparametric Mann-
Whitney test was used. Mortality data was assessed using a Fishers exact test. Unpaired t-
test was used for densitometry analysis. Statistics were performed with Prism software
(GraphPad, La Jolla LA USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Typelll interferon signaling contributesto pathogenesis and cytokine production in
responseto S. aureusin the airway.
C57BL/6J WT and /fn/r1~'~ mice were intranasally infected with 4 x 107 cfu of S. aureus

USA300. A) BALF and B) lung homogenate were enumerated for bacterial counts at 4 h, 8
h and 24 h after infection. C) External temperature of WT and /f/nr2~/~ mice prior to
euthanasia after a 24 h infection. D) WT C57BL/6J and /f7/r'~ mice were intranasally
infected with 108 cfu of S. aureus USA300 and mortality assessed (n=WT-13, /falr'==7). E)
Cytokine levels in BALF of WT and /f/rZ~~ mice infected with S. aureus for 24 h
(n=WT-10, /f/r'=-10). F) Cytokine levels in BALF of WT and /fn/r7~"~ mice infected with
S. aureus for 4 h (n=WT-12, /fnlr17=-11). Each point represents a mouse. Data is from at
least two independent experiments except A&B) 4 and 24 hours that are from three
independent experiments. Lines display medians. Graphs display means with standard
deviation. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Mortality data (D) was assessed
using a Fishers exact test. For all other analysis a nonparametric Mann-Whitney test was
used to assess differences between WT and /f/r1~/~.
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Figure 2. IL-1B roleand regulation in response to S. aureusin the airway.
C57BL/6J WT and /f/r1~'~ mice were intranasally infected with 4 x 107 cfu of S. aureus

USA300. A) BALF and B) lung homogenate were enumerated for bacterial counts at 24 h
after infection. C) Quantitation of IL-1p in BALF by ELISA. n=/falr'=-6, Ifalr=+IL-1p
4. D) Intracellular levels of pro-IL-1p in CD45" cells from BALF of WT and /fn/r1~~
mice following a 4 h infection, determined by flow cytometry (n=WT-8, /fn/r17~ -8). E)
IL-1 levels from purified bone marrow macrophages from WT and /f/r17/~ mice
determined by ELISA n=5. F) IL-1p levels from purified bone marrow neutrophils from WT
and /fn/r”~ mice determined by ELISA. n=5. G) IL-1p levels from neutrophils of WT and
Ifnlr1~'= mice purified from S. aureus infected lungs following a 4 h infection determined by
ELISA. n=5.. H) TNF levels from neutrophils of WT and /f/rZ”~ mice purified from S.
aureus infected lungs following a 4 h infection determined by ELISA. n=5. Each point
represents a mouse. In vitro and ex vivo experiments are from two independent experiments.
Lines display medians. Graphs display means with standard deviation. *P<0.05, **P<0.01.
A nonparametric Mann-Whitney test was used to assess differences between WT and
Il
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Figure 3. Caspase-1 independent production of IL-1f.
WT, Casp1™~ and N/rp3~ mice were intranasally infected with 4 x 107 cfu of S. aureus

USA300 for 4 h and 24 h. A) BALF and B) lung homogenate were enumerated for bacterial
counts. C) IL-1p levels in BALF determined by ELISA (4 h n=WT/6NJ-7, Casp1’~-7,
WT-8, Mip3'~=7; 24 h n=WT-9, Casp1’~-8, WT-9, Nilrp3'=-8). D) IL-18 levels in BALF,
determined by ELISA (n=WT-9, Casp17~ -8, WT-9, M/rp3’~-8). Each point represents a
mouse. Data is from two independent experiments. Lines display median. Graphs display
means with standard deviation. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. A
nonparametric Mann-Whitney test was used to assess differences between WT and KO

m

ice.
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Figure 4. Neutrophil elastase contributesto activation of IL-1p.
A) Western blot analysis of caspase-1 and neutrophil elastase expression in lungs of WT and

IfnlrI™"~ mice following 4 and 24 hours of infection with S. aureus. Dashed arrow indicates
unspecific band. B) Densitometry of NE and caspase-1 (p20) expression from A). C)
Western blot analysis of neutrophil elastase expression in lungs of WT and CaspZ™~ mice
following 4 and 24 hours of infection with S. aureus. D) Densitometry of NE expression
from C). E) Western blot analysis of neutrophil elastase and caspase-1 expression in lungs of
WT and MV/p3'~ mice following 4 and 24 hours of infection with S. aureus. F)
Densitometry of NE and caspase-1 (p20) expression from E). Data is from two independent
experiments except C)-4h from three independent experiments. Each lane is an individual
mouse. Representative blots are shown from eight infected mice for each genotype and two
mice for each uninfected genotype. Graphs display means with standard deviation.
****pP<0.0001 and *P<0.05. An unpaired t-test was used.
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C57BL/6J WT and N/rp37~ mice treated with sivelestat were intranasally infected with 4 x
107 cfu of S. aureus USA300 for 24 h. A) BALF and B) lung homogenate were enumerated
for bacterial counts. C) IL-1p levels in BALF, determined by ELISA. n=WT control-3,
NIrp3 = control-4; n=9 for sivelestat treated groups. Each point represents a mouse. Data is
from two independent experiments. Lines display median. Graphs display means with
standard deviation. *P<0.05. ns-not significant. A nonparametric Mann-Whitney test was

used to assess differences.
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