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SUMMARY

Virus-induced IL-1B and IL-18 production in macrophages is mediated via a caspase-1 pathway.
Multiple microbial components, including viral RNA, are thought to trigger assembly of the
cryopyrin inflammasome and consequent caspase-1 activation. Here we demonstrate that
cryopyrin~/~ and caspase-1~/~ mice are more susceptible than wildtype controls following infection
with a pathogenic influenza A virus. This profile of enhanced morbidity correlates with decreased
neutrophil and monocyte recruitment and reduced cytokine and chemokine production. Despite the
effect on innate immunity, cryopyrin-deficiency was not associated with any obvious defect in virus
control or on the later emergence of the adaptive response. Early epithelial necrosis was, however,
more severe in the infected mutants, with extensive collagen deposition leading to later respiratory
compromise. These findings reveal a novel function of the cryopyrin inflammasome in healing
responses. Cryopyrin and caspase-1 are clearly central to both innate immunity and to moderating
lung pathology in influenza pneumonia.
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INTRODUCTION

Seasonal influenza A virus epidemics are a major cause of morbidity and economic loss, with
35-45,000 annual deaths estimated in the USA alone (Kilbourne, 2006). The highly pathogenic
(HP) H5N1 avian influenza A viruses have been causing continuing, sporadic mortality in
(particularly) South Asia. Although they have not yet adapted to mediate human to human
spread, understanding the severe pathology associated with these infections is a matter of
urgency, particularly as the recently reconstructed 1918/19 pandemic virus shows similar
pathogenicity in rhesus macacques (Kobasa et al., 2007). Recent analysis indicates that a very
rapid onset, pro-inflammatory cytokine “storm” is a major contributor to the lethality induced
by these HP viruses in humans, mice and macacques (de Jong et al., 2006; Hampton, 2007;
Kobasa et al., 2007; Wareing et al., 2004). The mechanisms underlying this excessive innate
response are only now being characterized, with the studies to date demonstrating roles for the
pattern-recognition receptors TLR3, TLR7 and RIG-I (Diebold et al., 2004; Heer et al.,
2007; Hornung et al., 2006; Kato et al., 2005; Kawai et al., 2005; Koyama et al., 2007; Le
Goffic et al., 2006; Lopez et al., 2004; Lund et al., 2004; Meylan et al., 2005; Pichlmair et al.,
2006; Seth et al., 2005; Xu et al., 2005; Yoneyama et al., 2004).

Even so, the situation with regard to innate immunity and the HP influenza viruses is not simple,
as diminishing the magnitude of the initial, non-antigen specific response can also lead to later-
onset pathology that ultimately makes the disease process more severe. For example, infection
of monocytes and macrophages with a variety of pathogens is known to induce secretion of
the proinflammatory cytokines IL-1 and IL-18, which respectively bind to the type 1 IL-1
receptor (IL-1R1) and the IL-18 receptor (IL-18R) to induce a plethora of genes and activities.
Recent studies with a pathogenic influenza A virus demonstrated impaired neutrophil and CD4
+ T cell recruitment to the infected respiratory tract of IL-1R1~/~ mice, greatly diminished lung
inflammatory infiltrates, reduced IgM levels in both serum and at mucosal sites and decreased
activation of CD4+ T “helpers” in secondary lymphoid tissue (Schmitz et al., 2005). These
changes were not, however, associated with protection: the IL-1R17/~ mice were ultimately
more susceptible, though lung virus titers were only moderately increased (Schmitz et al.,
2005). Also, IL-187~ mice inoculated intranasally (i.n.) with the mouse-adapted influenza A/
PR/8/34 (PR8) virus showed increased mortality with enhanced virus growth, massive
infiltration of inflammatory cells, and elevated NO production over the first 3 days following
respiratory challenge (Liu et al., 2004). Using a less virulent influenza challenge, IL-187/~
deficiency was associated with decreased CD8* T cell cytokine production (Denton et al.,
2007). Furthermore, the administration of 1L-18 was shown to protect against herpes simplex
virusand vacciniavirus (Liuetal., 2004). Thus, while both IL-1p and IL-18 are clearly involved
in the innate response, they seem more associated with survival than with lethal
immunopathology, at least when the challenge is with viruses of moderate pathogenicity.

Both IL-1p and IL-18 are synthesized as inactive cytoplasmic precursors that are processed
into biologically active mature forms in response to various proinflammatory stimuli (including
viruses) by the cysteine protease caspase-1 (Burns et al., 2003; Dinarello, 2005; Kanneganti
et al., 2007b; Lamkanfi et al., 2007; Pirhonen et al., 2001; Pirhonen et al., 1999). Caspase-1 is
synthesized as an inactive zymogen that becomes activated by cleavage at aspartic residues to
generate an enzymatically active 10 kDa/20 kDa heterodimer (Martinon et al., 2002). Results
from our laboratory and others have shown that a set of NOD-like receptors (NLRs), including
ipaf and cryopyrin, induce caspase-1 activation and the release of the IL-1 and IL-18 through
the assembly of large protein complexes called inflammasomes. Salmonella and Legionella
flagellin are sensed by the ipaf inflammasome (Amer et al., 2006; Franchi et al., 2006; Miao
et al., 2006), whereas cryopyrin mediates caspase-1 activation in response to a wide variety of
microbial components including dsRNA and viral RNA or its analog poly(l:C) (Kanneganti et

Immunity. Author manuscript; available in PMC 2010 April 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thomas et al.

RESULTS

Page 3

al., 2007a, Mariathasan et al., 2006; Mariathasan et al., 2006; Martinon et al., 2006; Sutterwala
et al., 2006a; Sutterwala et al., 2006b).

Genetic disruption (—/=) of cryopyrin or the adaptor apoptosis-associated speck-like protein
(ASC) abrogates caspase-1 activation in poly(l:C), dsRNA or viral RNA stimulated
macrophages, although this process proceeds normally in cells lacking TLR3 or TLR7
(Kanneganti et al., 2007a). In addition, influenza A virus infection activates the cryopyrin
inflammasome in cultured macrophages (Kanneganti et al., 2007a). Here, we show that in
vivo activation of the cryopyrin inflammasome by a pathogenic influenza A virus controls the
release of IL-1 B and IL-18 and modulates the extent of inflammatory lung pathology and
bronchiolar necrosis. Purified influenza virus RNA was sufficient to induce enhanced levels
of IL-1pB in serum and bone marrow-derived dendritic cells in a cryopyrin- and caspase-1-
dependent manner. These results suggest that recognition of influenza virus RNA by antigen
presenting cells (APCs) triggers activation of the cryopyrin inflammasome, which in turn
modulates the severity of influenza pneumonia.

Cryopyrin and caspase-1 protect against influenza A virus-induced mortality

We first infected wildtype (WT*/*), cryopyrin™~ and caspase-1~/~ B6 mice i.n. with a high
virus dose (8000 EIDsg) of PR8 to determine the role of the cryopyrin inflammasome in
influenza-induced lethality. The absence of cryopyrin and caspase-1, but not ipaf, was
associated with greater mortality (Fig. 1A and Supplemental Figure 1), though, somewhat
surprisingly (Schmitz et al., 2005), this was not preceded by enhanced weight loss (Fig. 1B).
After obtaining this result, we sought to determine the mechanism of protection provided by
caspase-1 and cryopyrin.

In vivo cytokine and chemokine production depends on cryopyrin but not ipaf

The cyropyrin inflammasome has been shown in other systems to play a central role in cytokine
production and regulation. Cytokines and chemokines are key promoters of inflammation and
have been implicated in the host response to a wide range of infections. The levels and timing
of inflammatory mediator production during the development of influenza A virus pneumonia
were thus determined by collecting bronchoalveolar lavage (BAL) fluid at 0, 3 and 6 days (d)
after i.n. challenge of WT mice with the pathogenic PR8 influenza A virus, then assaying for
a set of 8 cytokines and chemokines (IL-14, IL-18, TNF-a, IL-6, KC, MIP-2, IFN-y and
IL-12p40). All were significantly upregulated in the lung fluid recovered on d3 (Suppl. Fig. 2,
d3), though they were undetectable in BAL samples from normal, uninfected mice (Suppl. Fig.
2, d0). The amounts of IL-1pB, IL-18, TNF-a, IL-6, KC and MIP-2 fell significantly over the
next 3 days, with only IFN-y and IL-12p40 being higher at the d6 time point (Suppl. Fig 2, d6).
The latter may also be regarded as measures of adaptive immunity, as IFN-y produced by T
cells further promotes IL-12 synthesis in monocytes. Similar cytokine patterns were detected
in the serum (data not shown). These results demonstrate that proinflammatory cytokines and
chemokines are produced during the early stages of influenza A virus infection and contribute
to the innate host response.

The fact that IL-1R™/~ and 1L-18/~ mice can respond sub-optimally to influenza A virus
challenge (Liu et al., 2004; Schmitz et al., 2005) suggests that the caspase-1-dependent
cytokines IL-1f and 1L-18 are important mediators of innate immunity in this infection,
although the upstream mechanisms remain unclear. The NLR proteins cryopyrin and ipaf have
been implicated in caspase-1 activation and the production of IL-1p and IL-18 following in
vitro stimulation of macrophages with a wide variety of bacterial and viral pathogen-associated
molecular patterns (PAMPS) including viral RNA and DNA (Kanneganti et al., 2007b).
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However, the in vivo role of these NLRs in influenza immunity has not been determined. We
thus infected WT, cryopyrin~~ and ipaf /= mice i.n. with the PR8 influenza A virus and
measured levels of inflammatory cytokines and chemokines on d3 after challenge. As expected
(Fig. 2), IL-1, IL-18, TNF-a and IL-6 were all detected in the BAL fluid and serum of wildtype
hosts (Fig. 2A-D and data not shown). However, the concentrations of the caspase-1-dependent
cytokines IL-1f and 1L-18 were greatly reduced in the BAL and serum samples from the
cryopyrin~/~ (but not the ipaf ’-) mice (Fig. 2A, B and data not shown). Less predictably, the
secretion of IL-6, TNF-a, IFN-a, KC and MIP-2 was also selectively diminished in the
cryopyrin~/~ group (Fig. 2C-H and Suppl. Fig. 3), although the decrease was less dramatic
than with IL-1p and IL-18. In contrast, IL-12 and IFN-y looked to be cryopyrin-independent
following influenza virus infection (Fig. 2E, F). These results suggest that the cryopyrin-
dependent production of IL-1p and 1L-18 in influenza A-virus infected mice contributes to the
secretion of IL-6, TNF-a, KC and MIP-2 through an autocrine or paracrine loop, whereas IFN-
v and 1L-12p40 are generated independently of IL-1p and IL-18. Again, the situation for IFN-
v is intriguing, as this cytokine is produced by NK cells and T cells.

Requirement for caspase-1

The analysis was repeated in caspase-1~/~ mice to establish whether the effect of cryopyrin
inactivation on IL-1p, IL-18, IL-6, TNF-o and the chemokines KC and MIP-2 is indeed
mediated via a caspase-1 dependant pathway. Again, IL-1p and I1L-18 could not be detected
in the BAL fluid (Fig. 3A, B) or serum (Suppl. Fig. 4) of caspase-1~/~ mice and the secretion
of TNF-a, IL-6, IFN-a, KC and MIP-2 (Fig. 3C, D, G, H) was significantly reduced, while
IFN-y and IL-12p40 levels remained unaffected (Fig. 3E, F). Thus, in addition to promoting
IL-1B and IL-18, the cryopyrin inflammasome influences the production of a broader subset
of pro-inflammatory cytokines and chemokines during influenza A virus infection.

Influenza RNA is sufficient for cryopyrin and caspase-1 mediated IL-1B secretion

Inflammasome activation has been attributed to a diverse set of microbial products (Kanneganti
et al., 2007b). Having established that cryopyrin and caspase-1 were required for the initial
wave of IL-1f in vivo, we investigated whether influenza virus RNA alone induced this activity.
Intraperitoneal administration of influenza virus RNA led to the presence of detectable

IL-1p levels in the serum of WT mice, with the effect being highly dependent on cryopyrin
(Supplementary Fig. 5). The ssRNA influenza virus genome has been shown to activate the
TLR7 and RIG-I pathways in antigen-presenting cells (APCs) such as macrophages and
dendritic cells (Diebold et al., 2004; Pichlmair et al., 2006). To test whether influenza virus
RNA also activated the cryopyrin inflammasome in APCs, we transfected purified viral RNA
into WT, cryopyrin™-, and caspase-1~/~ bone marrow derived dendritic cells (BMDCs) and
measured IL-1p secretion (Figure 4A). Both cryopyrin™~ and caspase-1~~ BMDCs produced
minimal levels of IL-1p after RNA stimulation, though WT BMDCs secreted robust amounts
of the cytokine. Apparently influenza virus RNA can activate inflammasome recognition in
the absence of virus replication and the involvement of other viral products.

Cryopyrin and caspase-1 mediate neutrophil and moncyte/DC recruitment

The pro-inflammatory cytokine IL-1f is known to be a potent pyrogen that increases the
expression of adhesion factors on endothelial cells to facilitate the transmigration of leukocytes
(Dinarello, 2002, 2005, 2006; Wewers, 2004; Wewers et al., 1997). In addition, KC is a
chemoattractant for neutrophils (Lira et al., 1994) while MIP-2 draws polymorphonuclear
leukocytes to sites of infection (lida and Grotendorst, 1990). The decreased production of these
cytokines and chemokines in cryopyrin™~ and caspase-1~/~ mice might thus be expected to
result in diminished leukocyte extravasation into the airways following influenza A virus-
infection. This proved to be the case, with the numbers of neutrophils (Ly-6g+/MHC Class 11-)
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and CD11c™"/CD11b" monocytic dendritic cells (DCs) being dramatically reduced in the BAL
populations recovered on d3 after i.n. PR8 challenge of cryopyrin~~ and caspase-1~/~ mice
(Fig. 4B). The effect persisted until at least d6 (Fig. 4C) though, in contrast, the BAL cell
numbers in PR8-infected ipaf /~ mice were comparable throughout to those found for the WT
controls (data not shown).

Cryopyrin and caspase-1 are not required for the adaptive response

Influenza A virus-infected cryopryin~~ and caspase-1~/~ mice thus generate lower levels of
key cytokines and chemokines and recruit less inflammatory cells to the infected respiratory
tract (Figs. 2, 3 and 4). Does this modify the ensuing adaptive responses? Naive wildtype,
cryopyrin~/~ and caspase-1~~ mice were challenged i.n. with a sublethal dose (4000 EID50)
of PR8 and influenza-specific B cell activation was measured by antibody secreting cell
ELISPOTSs (Figs. 5 A-C, to measure the total number of anitibody secreting cells (ASs) and
by serum antigen-specific ELISA (Fig. 5D, to measure antibody production). No differences
were observed in antibody secreting cell counts for three isotypes at d7 after infection and the
d11 serum IgG titers were equivalent, indicating that the cryopyrin inflammasome has no
obvious effect on humoral immunity. Additionally, measurement of four dominant antigen-
specific CD8+ T cell specificities showed comparable splenic responses at d11 in these mice
(Fig. 5E). Overall, the cyropyrin/~ and caspase-1 ~/~ phenotypes manifest primarily as innate
immune deficiencies. Furthermore, WT, cryopyrin™~ and caspase-1~/~ mice had equivalent
lung virus titers at d3 and d6 after infection (Fig. 5F,G), establishing that the innate responses
mediated by cryopyrin and caspase-1 do not play an essential part in limiting virus production.

Enhanced virus-induced pathology and diminished respiratory function

Does the diminished cytokine/chemokine production and reduced neutrophil/monocyte
recruitment in cryopyrin~~ mice modify the extent of early damage to the virus-infected
respiratory tract? Comparing lung H&E stained paraffin sections from virus-challenged WT
and cryopyrin~/~ mice on d3 established that the overall extent of pneumonia was mild for both
experimental groups, though significant differences in histopathology were observed at the
level of the small bronchi and bronchioles. The lungs of WT mice were only minimally affected,
while the cryopyrin~~ animals showed focal lesions of epithelial necrosis, obstruction of the
airway by fibrin, and degenerate neutrophils, macrophages and necrotic cell debris with mild
edema around the adjacent vessels (Fig. 6A, B). We next asked whether this early necrotic
phenotype led to increased pathology at later time points. Evidence of pneumonia was found
on d11 in mice from all experimental groups. Foci of minimal collagen deposition were
observed in the alveoli (and occasionally in the terminal airways) of WT mice (Fig. 6C, D
arrows), and a thin layer of collagen was occasionally seen to line the alveolar spaces (Fig. 6E,
blue). In stark contrast, abundant, concentric layers of collagen were prevalent in the distal
airways and lung interstitium of the cryopyrin~~ and caspase-17/~ groups, to the extent that
the alveoli were often occluded (Fig. 6D arrows).

The next step was to measure blood gases in the control and virus-infected cryopyrin~~ and
WT and mice, to determine whether there was a correlation between the extent of lung
pathology and the integrity of respiratory function. Oxygen levels (measured as partial pressure
of oxygen, pO,) were higher in the uninfected controls than in the infected WT and mutant
mice, with the decrease being most apparent for the cryopyrin™~ group (60 mmHg vs. 110
mmHg, Supp Figure 6) that also showed the most severe alveolar damage. These data thus
confirm the histological analyses and provide support for the view that the protective
mechanism mediated via the cyropyrin inflammasome is the promotion of early healing and
lung repair that minimizes respiratory compromise.

Immunity. Author manuscript; available in PMC 2010 April 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

DISCUSSION

Both IL-1p and IL-18 are thought to play an important part in the pathogenesis of influenza A
virus infections, but the underlying molecular mechanisms have remained largely obscure.
Precursor forms of IL-18 and IL-1 B lack a signal peptide and require cleavage by caspase-1
(IL-1B-converting enzyme) for their maturation, and hence for biological activity (Kuida et al.,
1995; Li et al., 1995; Thornberry et al., 1992). The activation of caspase-1 takes place upon
the assembly of the “inflammasome”, a signaling platform scaffolded by proteins belonging
to the NLR family of innate immune receptors (Martinon et al., 2002). However, the virus-
induced signals that are involved in activating the inflammasome have not been completely
characterized. Recently, we and others reported that both cytosolic poly(l:C) and viral RNA
induce caspase-1 activation and the subsequent processing and secretion of IL-1p and IL-18
in vitro via a cryopyrin-dependent pathway (Kanneganti et al., 2006; Pirhonen et al., 2001;
Pirhonen et al., 1999). However, prior to the present analysis, nothing was known about the
in vivo role of the cryopyrin inflammasome during influenza virus infection.

The results presented here clearly demonstrate an in vivo requirement for cryopyrin and
caspase-1 that in turn correlates with IL-1p and IL-18 production in the influenza A virus-
infected respiratory tract. Furthermore, enhanced bronchial airway necrosis was evident as
early as d3 after infection of the cyropyrin~ mice, with significantly increased collagen
deposition being apparent by d11. These findings were further supported by blood gas analysis
showing severely compromised lung function in the absence of cryopyrin. This finding is
significant, as it indicates that the inflammasome plays a hitherto unrecognized role in tissue
repair following infectious injury.

Earlier evidence suggested that IL-1 is indeed involved in lung healing. The repair of
mechanically injured rat type 11 alveolar epithelial cell monolayers was promoted by adding
IL-1B to the in vitro cultures (Geiser et al., 2000). Similarly, edema fluid from patients with
acute respiratory distress syndrome was found to stimulate repair of the human epithelial cell
line A549 in an IL-1p dependent manner (Olman et al., 2004). Other studies have shown a
time—dependant, pro-fibrotic, inflammatory role for IL-1p in wound healing (Thickett and
Perkins, 2008).

Influenza viruses cause a highly inflammatory pneumonia characterized by the early
recruitment of neutrophils and monocytes to sites of infection. The migration of neutrophils is
critically mediated by the two CXC chemokines, MIP-2 and KC, both of which are significantly
downregulated in cryopyrin™~ and caspase-1~/~ mice. The present study establishes that a
cryopyrin/caspase-1-dependent pathway is indeed involved in the extravasation of
inflammatory cells into (and/or maintenance in) the influenza virus-infected mouse lung, a
finding that is accord with the capacity of IL-1 to regulate MIP-2 and KC production (Shanley
etal., 1997). The observed reduction in MIP-2 and KC levels in influenza A virus infected
cryopyrin~~and caspase-1~/~ lungs may thus be considered to explain the diminished presence
of neutrophils. Furthermore, recent studies of murine renal and hepatic ischemia reperfusion
injury also indicated that IL-1 is involved in neutrophil mobilization (Haq et al., 1998). As in
our influenza model, IL-1 could be thought to contribute directly or indirectly to neutrophil
accumulation during acute ischemic and/or virus-induced injury, though it may be less
important in the later neutrophilia characteristic of chronic conditions like tuberculosis. Even
so, the part played by neutrophils in the pathophysiology of influenza virus infection is not
fully resolved, though they do seem to be protective in the early phase of this pneumonia. Other
reports have suggested that IL-1p functions to promote virus clearance (Schmitz et al., 2005).
While this was not apparent in the present analysis, it is possible that the HP virus used here
may have masked effects that would have been apparent in mice given a less virulent challenge.
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A key mediator of the acute morbidity and mortality characteristic of infection with ultra-HP
influenza A viruses, like the recent H5N1 strains and the reconstructed 1918 virus, is thought
to be an early onset “cytokine storm”(Korteweg and Gu, 2008). However, diminishing the
extent of cytokine/chemokine production following infection with the PR8 influenza A virus
increased, rather than diminished, the severity of influenza pneumonia and the incidence of
fatal disease. It thus seems that, even with a relatively pathogenic virus like PR8, the cropyrin/
caspase-1-dependant cytokines/chemokines are broadly protective and function to contain the
extent of lung damage and associated epithelial necrosis. Perhaps the difference from the
extreme HP 1918 and HP H5NL1 strains is that, while a measure of increased epithelial
permeability early in the response may promote recovery, that same process is lethal if the
resultant fluid transudation is so acute and massive that it compromises lung function. Clearly,
any therapeutic protocols that might be designed to modulate the “cytokine storm” effect in
HP influenza would need to be implemented with caution.

In conclusion, our results demonstrate that influenza A viruses trigger activation of the
cryopyrin inflammasome, which controls production of the proinflammatory cytokines
IL-1B and IL-18 and partially regulates MIP1 and KC production. These findings are in line
with the demonstration that IL-1, the IL-1RI and IL-18 play a significant role in the innate
immune response to influenza A viruses (Liu et al., 2004; Schmitz et al., 2005), though are less
significant for adaptive responses (Denton et al., 2007; Schmitz et al., 2005). Finally, the
augmented alveolar fibrosis and increased mortality characteristic of influenza A virus
infection in cryopyrin™~ and caspase-1~~ mice underscores the importance of this
inflammasome for maintaining respiratory integrity in the damaged lung.

EXPERIMENTAL PROCEDURES

Virus

Mice

Influenza virus A/Puerto Rico/8/34 (PR8) was generated by an eight-plasmid reverse genetics
system (Hoffmann et al., 2002). Stocks were propagated no more than twice by allantoic
inoculation of 10-day-old embryonated hen’s eggs with seed virus diluted 1:10°. Virus titers
were determined as 50% egg infectious dose (EIDsgp).

The cryopyrin”= (CRYO™") ipaf 7~ (IPAF ") and caspase-1~~ (CASP17") mice have been
described (Franchi et al., 2006; Kanneganti et al., 2007a), the WT C57BL/6J mice were
purchased from the Jackson Laboratories, Bar Harbor ME, and housed in an SPF facility. All
experiments were conducted under protocols approved by the St. Jude Children’s Research
Hospital Committee on Use and Care of Animals.

Virus infection and sampling

Mice were anaesthetized with Avertin (2,2,2-tribromoethanol) and infected i.n. with diluted
virus (2-8x108 EIDsg) in 30pL of endotoxin-free phosphate-buffered saline (PBS). They were
then either weighed and monitored for mortality daily for a period of 14d, or sacrificed at
various intervals for sampling (Allan et al., 1990) the lung lumen by bonchoalveolar lavage
(BAL). The BAL fluid was collected in 3x1 mL washes. Following light centrifugation, total
cell numbers/BAL were determined using a Coulter Counter (IG Instrumenten Gesellschaft
AG) and cells were processed for further analysis as indicated. Aliquots of BAL and spleen
cell populations were stained with allophycocyanin-labeled anti-CD11b, phycoerythrin (PE)-
labeled anti-Class Il, anti-Ly6g FITC and anti-CD11c PE-Cy5 (eBioscience) MAbs, after
blocking the Fc receptor with anti-CDAY 32/CD16 MAb (from BD Pharmingen unless
indicated differently) at 4°C, and analyzed by flow cytometry. A 10% (w/v) lung homogenate
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was prepared for virus plaque assay in PBS using a Tissue Tearor homogenizer (Fisher
Scientific). Blood was recovered via terminal retro-orbital bleed.

Viral titer determination

Lung homogenates were titered by plaque assay on Madin-Darby Canine Kidney (MDCK)
cells. Near confluent 9.6 cm? MDCK cell monolayers were infected with 1 mL aliquots of
6x10 fold dilutions of lung homogenate for 1 hr at 37°C, then washed in PBS before adding 3
ml MEM containing 1 mg/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated
trypsin (Worthington) and 0.9% agarose. Cultures were incubated at 37°C, 5% CO», for 72 h.
Plaques were visualized with crystal violet.

Measurement of cytokines and chemokines

Mouse cytokines and chemokines in BAL fluid and serum were measured using the BioRad
multiplex assay following the manufacturer’s instructions. Blood gases were measured from
arterial blood obtained via cardiac puncture using an iStat analyzer (Heska), cartridge CG8+.

Elispot Assay

96-well nitrocellulose-bottomed multiscreen HA filtration plates (Millipore, Bedford, MA)
were coated (1ug/well) with a concentrated, purified PR8 virus preparation that had been
incubated with disruption buffer (0.5% Triton X-100, 0.6 M KCl and 0.05 M Tris-Hcl, pH 7.5)
for 15 minutes at room temperature. After overnight incubation at 4 °C, the plates were washed
with PBS then blocked. Next, different dilutions of cell suspensions were added in volumes of
100 pl/well. After 4 hours incubation at 37 °C in a humidified atmosphere containing 5% CO2,
the plates were washed with PBS and Alkaline Phosphatase-conjugated goat anti-mouse 1gM,
1gG or IgA (Southern Biotechnology, Birmingham, AL) diluted in PBS containing 5% BSA
were added (100ul/well) and incubated overnight at 4°C. Spots were developed by adding
100ul/well of BCIP/NBT Phosphatase substrate (KPL, Gaithersburg, MD), then counted with
an Olympus SZX9 stereozoom microscope for analyisis by KS Elispot software (Zeiss,
Hallbergmoos, Germany).

Antigen-specific ELISA

Briefly, microtiter plates (Corning) were coated overnight at 4°C with purified whole PR8
virus in PBS. Influenza-specific IgG1 was detected with a goat anti-mouse IgG alkaline-
phosphatase conjugate (Southern Biotechnology Associates) diluted 1/1,000 in PBS with 1%
BSA. A substrate (p-nitrophenyl phosphate; Sigma-Aldrich) was added, plates were incubated
for 60 min at room temperature for color development, and OD values were determined at 405
nm in an ELISA reader (Molecular Devices). Titers were presented as the highest dilution that
yielded an OD three times higher than that for a 1/100 dilution of pre-immune serum.

Measuring Virus-Specific CD8+ T Cells

Single-cell suspensions of spleen or BAL were incubated for 60 min at room temperature with
APC or PE-conjugated tetramers corresponding to the epitopes of interest (DPNP3gg,
DPPA,4, KPPB1703 or DPPB1-F24,), followed by 20-min incubation at 4°C with anti-CD8 o
(BD Pharmingen) and anti-mouse CD16/CD32 (clone 2.4G2) mAb (BD Pharmingen) to block
nonspecific Fc-receptor-mediated binding. All samples were washed in PBS and resuspended
in 2%-PBS azide for detection of fluorochrome-labeled cells on a FACS Calibur (BD
Biosciences). Data were analyzed using FlowJo software (Tree Star).
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Transfection of BM-DC

Bone marrow derived murine dendritic cells (Lutz et al., 1999) were scraped off the culture
dish, seeded on to 24 well plates, then cultured overnight (37°C and 10% CO2) in high glucose
complete DMEM + 10 ng/mL GM-CSF. On the following day, the cells were washed once
with serum-free DMEM media and fed fresh complete media. Viral RNA (2ug isolated from
sucrose density gradient purified PR8) was then added to diluted TransIT-LT1 transfection
reagent (Mirus) (50 pl serum free DMEM+1 pl of TransIT-LT1 per well of a 24 well plate).
The RNA-transfection reagent mix was incubated at room temperature for 15-30 minutes, then
the RNA complexes were added drop-wise to the DCs whilst mildly rocking. The cells were
incubated (37°C, 10% CO») for 24 hrs before collecting the media for cytokine analysis. Other
DCs were mock transfected as a negative control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cryopyrin and caspase-1 provide protection against influenza A virus-induced lethality
Groups of 10 wildtype, cryopyrin”~ (CRYO ") and casapse-1 (CASP1 /") mice were infected
i.n. with 8x102 EIDs (= 1LDs) of PR8 and survival was monitored daily for 14d. Differences
in group survival were analyzed with Cox proportional hazards test and p<0.05 was considered

statistically significant.
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Figure 2. Influenza virus-induced cytokine and chemokine production depends on cryopyrin, but

not ipaf

Groups (n=4) of B6 (WT), cryopyrin”~ (CRYO ") and ipaf '~ (IPAF ") mice were infected
i.n with 4x103 EIDsq of PR8 influenza virus and sampled 3d later to determine levels of
IL-1B (A), IL-18 (B), TNF-a. (C), IL-6 (D), IFN-y (E), IL-12p40 (F), KC (G), and MIP-2
(H), in BAL fluid. Results are mean £ S.D. and are representative of three independent
experiments. Data were analyzed with Student’s t-test (*, p<0.05).
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Figure 3. Caspase-1 is required for influenza virus-induced secretion of cryopyrin-dependent
cytokines and chemokines
Groups of 4 B6 (WT) and caspase-1~/~ (CASP17~) mice were infected i.n with 4x103
EIDsg of PR8 influenza virus and levels of IL-1p (A), IL-18 (B), TNF-a (C), IL-6 (D), IFN-y
(E), IL-12p40 (F), KC (G), and MIP-2 (H) were measured in BAL fluid 3d later. Results are
mean + S.D.. Data were analyzed with Student’s t-test (*, p<0.05) and are representative of

three independent experiments.
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Figure 4. Innate cellular responses to influenza are mediated by cryopyrin and caspase-1

(A) Dendritic cells from WT, CRYO ™~ and CASP1~/~ mice were transfected with 2 ug purified
influenza A viral RNA for 24 h and cell-free supernatants were analyzed by ELISA for
production of IL-1p. Data are representative of two independent experiments. Groups of 4
C57BL/6 WT, CRYO '~ and CASP1~/~ mice were infected i.n. with 2x103 EIDs of PR8
influenza virus and cells recovered by BAL on d3 (B) and d6 (C) were characterized by flow
cytometry (see Experimental Procedures). Results are mean + S.D. Data were analyzed with
ANOVA (*, p<0.05) and are representative of three independent experiments.
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Figure 5. Cryopyrin and caspase-1 are not required for early virus clearance or for adaptive

immunity

Groups of 4 WT, CRYO ~~ and CASP1~~ mice were infected i.n. with 4x103 EIDs of PR8
influenza. Seven days following infection, the frequency of antibody secreting cells in the
draining mediastinal lymph node was determined by ELISPOT for the indicated isotype (A—
C). Antigen-specific serum IgG was measured by ELISA on d11 following infection (D). Also
on d11, antigen-specific CD8* T cell numbers were enumerated from the BAL by tetramer
staining (E). Virus titers in lungs were determined on d3 (F) and d6 (G) by standard MDCK
plaque assay. Data were analyzed with ANOVA (*, p<0.05) and are representative of three
independent experiments.
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Figure 6. Virus-induced pulmonary necrosis is enhanced in the absence of cryopyrin

Groups of 4 WT and cryopyrin™~ mice were infected i.n. with 8x103 EIDs of PR8 influenza
virus. Lung samples were collected on d3 and processed for routine H&E staining of 4p paraffin
sections. (A), top panels, x200, WT airway epithelium is intact with only small foci of necrosis
(arrow) and peribronchiolar inflammation; * shows unobstructed airway lumen.
Cryopyrin~~, the small bronchi and bronchioles show diffuse necrosis with loss of the airway
epithelium and obstruction of the lumen by debris (*). (B), bottom panels x400, Intact wildtype
epithelium with limited foci of necrosis (arrow), and diffuse necrosis of CRYO ™~ bronchiolar
epithelium (arrows). Histologic evaluation was performed by an experienced veterinary
pathologist (KLB). Groups of 4 wildtype and cryopyrin™~ mice were infected i.n. with
8x103 EIDs of PR8 influenza virus. Lung samples were collected on d11 and 4um paraffin
sections processed for routine H&E (C,D) or Masson’s Trichrome staining (E). (C) %200, the
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WT mice show only focal and minimal collagen deposition in the alveoli and occasionally in
the terminal airways (arrows). This collagen deposition is exuberant in the mutant groups and
often occludes alveoli and terminal airways (arrows). (D) %400, arrows indicate areas of
collagen deposition. (E) x200, bottom row Masson’s Trichrome stain confirms collagen
deposition. In the WT groups the insult was sufficiently severe to cause basement membrane
damage, evidenced by a thin layer of collagen lining the alveolar spaces. In the mutant lungs,
deposition of collagen is abundant and forms concentric layers that occlude alveoli and terminal
airways.
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