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ABSTRACT

The nucleotide-binding oligomerization domain-like re-

ceptor protein 3 inflammasome, a multiprotein complex,

is an essential intracellular mediator of antiviral immunity.

In murine dendritic cells, this complex responds to awide

array of signals, including ion efflux and influenza A virus

infection, to activate caspase-1-mediated proteolysis of

IL-1b and IL-18 into biologically active cytokines. How-

ever, the presence and function of the nucleotide-

binding oligomerization domain-like receptor protein 3

inflammasome in human dendritic cells, in response to

various triggers, including viral infection, has not been

defined clearly. Here, we delineate the contribution of the

nucleotide-binding oligomerization domain-like receptor

protein 3 inflammasome to the secretion of IL-1b, IL-18,

and IL-1a by human dendritic cells (monocyte-derived

and primary conventional dendritic cells). Activation of

the nucleotide-binding oligomerization domain-like re-

ceptor protein 3 inflammasome in human dendritic cells

by various synthetic activators resulted in the secretion

of bioactive IL-1b, IL-18, and IL-1a and induction of

pyroptotic cell death. Cellular IL-1b release depended on

potassium efflux and the activity of proteins nucleotide-

binding oligomerization domain-like receptor protein 3

and caspase-1. Likewise, influenza A virus infection of

dendritic cells resulted in priming and activation of the

nucleotide-binding oligomerization domain-like receptor

protein 3 inflammasome and secretion of IL-1b and IL-18

in an M2- and nucleotide-binding oligomerization

domain-like receptor protein 3-dependent manner. The

magnitude of priming by influenza A virus varied among

different strains and inversely corresponded to type I IFN

production. To our knowledge, this is the first report

describing the existence and function of the nucleotide-

binding oligomerization domain-like receptor protein 3

inflammasome in human dendritic cells and the ability of

influenza A virus to prime and activate this pathway in

human dendritic cells, with important implications for

antiviral immunity and pathogenesis. J. Leukoc. Biol.

99: 723–734; 2016.

Introduction

Activation of innate immunity is required to stimulate and
modulate adaptive immune responses to pathogens and vaccines.
As the most potent APCs, DCs are central to the orchestration of
adaptive responses serving to uptake antigens, migrate to
lymphoid tissues, and activate naı̈ve T cells. To enable rapid
pathogen detection, the innate immune system uses numerous
germline-encoded PRRs that recognize conserved pathogen-
derived motifs or host-derived markers of cell stress or damage.
Upon pathogen detection, these PRRs act as signaling receptors
to induce the production of innate effector molecules. Among
these signaling receptors are the cytosolic NLRs, which respond
to a diverse range of pathogen-associated molecular patterns and
danger-associated molecular patterns. After encountering
pathogen-derived or “danger”-associated factors, DCs undergo a
process of maturation that results in the up-regulation of surface
costimulatory molecules and the production of proinflammatory
cytokines, including members of the IL-1 family, which are
dependent on NLR signaling for their production. DC matura-
tion greatly enhances their efficiency in promoting T cell and NK
cell activation through cell-to-cell contact and cytokine signaling,
including IL-1b [1], thus greatly enhancing the inflammatory
response at the site of infection.
Cytokines of the IL-1 family (e.g., IL-1b, IL-18, and IL-1a) are

critical components of host defense against infection. Upon
recognition of a microorganism, proinflammatory cytokines
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IL-1b and IL-18 are secreted and act as chemoattractants and
activators of innate and adaptive immune cells. In vivo IL-1b is
largely responsible for the acute-phase response, including fever
and inflammatory cytokine synthesis [2], and is one of the most
potent, endogenous fever-inducing molecules known to date.
IL-1R signaling downstream of viral recognition plays a key role
in induction of proinflammatory signals, as well as recruitment
and activation of immune cells [3]. Meanwhile, IL-18 is essential
for the induction of IFN-g by Th1 and NK cells [4] and as a
chemoattractant for certain immune cells. Production of IL-1b
requires the inflammasome complex, which is necessary for
activating the inflammatory caspase known as IL-1 converting
enzyme (procaspase-1), allowing it to convert cytoplasmic pro-IL-
1b and pro-IL-18 to bioactive cytokines [5]. The most extensively
studied inflammasome complex is mediated by NLRP3 (or
NALP3), a member of the NLR family. NLRP3 has the ability to
initiate the formation of a multimolecular protein complex
composed of 3 core proteins: homo-oligomerized NLRP3; the
scaffold protein ASC (also known as PYRIN-PAAD-DAPIN domain
and a CARD), which binds to NLRP3 N-terminal domains; and
procaspase-1, which is recruited via CARDs on ASC [6, 7].
Successful secretion of IL-1b family cytokines requires sensing

of 2 different and independent danger signals. Initially, cell
priming via TLR ligation or cytokine receptor signaling (TNF-a
or IL-1b) is required for production of intracellular pro-IL-1b in
human MDDCs [8]. It is important to note that whereas
constitutive IL-18 gene expression is present in human PBMCs
[9], expression is up-regulated further upon TLR ligand sensing
[10]. A second signal is then necessary for inflammasome
complex formation upstream of procaspase-1 maturation. This
leads to caspase-1 activation and cleavage of pro-IL-1b and pro-
IL-18 to their bioactive forms. Previously described NLRP3
inflammasome-stimulating signals in murine cells include agents
that promote K+ efflux, such as: extracellular ATP, bacterial
membrane pore-forming toxins (e.g., Nigericin), and lysosomal-
disrupting factors (e.g., calcium phosphate, alum, cholesterol,
and MSU) [11–15]. The precise mechanism leading to the
activation of the NLRP3 inflammasome is still unclear, but a
unifying hypothesis proposes that common intracellular activi-
ties, including induction of hypokalemia, reactive oxygen species,
or calcium-dependent phospholipase-2, are indirectly activating
the inflammasome [16].
DCs are present in the epithelial lining of conductive airways

and are also rapidly mobilized from circulation to bronchial
tissue following inhalation of microbial agents [17–20].

Therefore, DCs play a critical role in the afferent phase of the
immune response to IAV infection [21]. Genomic IAV RNA is
initially recognized during infection by the innate immune
system through TLR7/8, leading to the synthesis of inflammatory
cytokines TNF-a, IL-6, pro-IL-1b, IL-12p40, and IFN-a [22–24].
Upon replication of the virus, de novo M2 interacts with the trans-
Golgi network to upset intracellular ion concentrations, an effect
similar to the cellular K+ efflux induced by the bacterial
ionophore Nigericin. This ion perturbation activates the forma-
tion of the NLRP3 inflammasome and leads to the maturation of
IL-1b, which has been shown to mediate acute pulmonary
inflammatory pathology [25], whereas caspase-1 activation in the
hematopoietic compartment is required to induce protective
antiviral immunity during IAV infection [26, 27]. Therefore,
whereas inflammasome activity may play a key role in antiviral
immunity, it may simultaneously contribute to pathogenesis
when activation is sustained or overwhelming. Indeed, there is a
strong correlation between IAV-associated immunopathology
and increased cytokine production [28]. Enhanced knowledge of
the inflammatory responses generated by innate immune cells,
specifically DCs, during IAV infection may reveal methods to
prevent or treat infection-related complications once they occur.
Here, we identified the primary inflammasome pathway

underlying IL-1b and IL-18 secretion from DCs, first by use of a
model for viral infection that combines TLR7/8 ligation followed
by triggering the NLRP3 inflammasome with agents known to
induce cellular K+ efflux. Our results demonstrate that TLR7/8
ligation potently stimulates the production of procytokines,
including pro-IL-1b and pro-IL-18. Additionally, K+ efflux
induced by Nigericin and ATP results in the following: 1) NLRP3
inflammasome activity, 2) activation of caspase-1, 3) secretion of
IL-1b and IL-18, and 4) induction of pyroptosis. Infection of
human DCs with IAV both primed and activated the NLRP3
inflammasome, although the degree of priming varied signifi-
cantly between different strains and inversely correlated with type
I IFN production. These data collectively describe the presence
of the NLRP3 inflammasome in human DCs and provide
evidence of its role in the innate immune response to IAV
infection in humans.

MATERIALS AND METHODS

Generation of MDDCs and primary DC isolation
Human MDDCs were differentiated from monocyte fractions of human
PBMCs obtained from healthy volunteer blood donors, as described previously
[8, 29, 30]. Human buffy coats served as the source of monocytes and were
obtained from the New York Blood Center (New York, NY, USA). Human
monocytes (CD14+CD11c+) were differentiated from human MDDC
(CD142CD11c+) by characterizing the cells with CD14 and CD11c antibodies.

Human cDCs were isolated using the CD1c (BDCA-1)+ Dendritic Cell
Isolation Kit (Miltenyi Biotec, San Diego, CA, USA) or the EasySep Human
Myeloid DC Enrichment Kit (CD11c+; Stemcell Technologies, Vancouver, BC,
Canada) per the manufacturers’ protocol. Primary human DCs were purified
further by cell sorting for Lineage2HLA-DR+CD142CD11c+ cDCs before
performing analysis.

Cytokine quantification
IL-1b, IL-6, IL-10, TNF-a, and IL-12p70 cytokine secretion was analyzed using
the Human Cytometric Bead Array (BD Biosciences, San Diego, CA, USA).
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IL-1a (Abcam, Cambridge, MA, USA) and IL-18 (R&D Systems, Minneapolis,
MN, USA, and Biosensis, Thebarton, South Australia) were analyzed by
standard ELISA. Multisubtype IFN-a was detected by ELISA (PBL Assay
Science, Piscataway, NJ, USA).

Gene expression analysis
Cytokine- and inflammasome-related gene expression was analyzed by qPCR
(primers from Integrated DNA Technologies, Coralville, IA, USA). Total RNA
was isolated using the RNeasy mini kit (Qiagen, Valencia, CA, USA). First-
strand cDNA synthesis (Applied Biosystems, Foster City, CA, USA) was
performed before RT-PCR (Invitrogen, Carlsbad, CA, USA). A no-template
control and minus reverse transcription control were included for quality
control. Gene expression was normalized to unstimulated control and
GAPDH using the DDCT method.

Protein detection
The following antibodies were used for Western blotting: a-IL-18, a-IL-1b, and
a-IL-1b-FITC (R&D Systems); ASC, b-actin, and b-tubulin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); and caspase-1 (Cell Signaling
Technology, Danvers, MA, USA, and Imgenex, Novus Biologicals, Littleton,
CO, USA). IRDye secondary antibodies (LI-COR, Lincoln, NE, USA) were
used for Western blot signal detection. IL-1b, IL-18 (R&D Systems), and
caspase-1 p10 subunit (Imgenex, Novus Biologicals) were analyzed by Western
blotting, transferred onto Immobulin-FL PVDF membrane (EMD Millipore,
Billerica, MA, USA), and probed in 5% BSA or Odyssey blocking buffer
(LI-COR). Blots were imaged using the LI-COR Odyssey scanner or chemilumi-
nescence detection. Multiple protein probes on the same gel were detected
using the same method within each experiment. Detection of intracellular
proteins was performed by loading 2 3 105 cells/well. For the detection of
caspase-1 p10 and IL-1b from supernatants, 1 3 106 cells were stimulated per
condition in serum-free media. Protein concentration of extracellular proteins
was performed with chloroform and methanol. The entire volume was loaded
on a 15% SDS-PAGE gel. For detection of NLRP3 (bs-10021R; Bioss, Woburn,
MA, USA), 50 ng total cellular protein derived from untreated cells was loaded
on an 8% SDS-PAGE gel and detected by chemiluminescence. GAPDH
(2118S; Cell Signaling Technology) was used as a loading control.

Cell death determination
MDDCs were treated as described, followed by staining with AnnexinV-FITC
(BD PharMingen, San Diego, CA, USA) and 7AAD (Abcam) after 3 h of
inflammasome stimulation for 10 min, and then washed before analysis by
flow cytometry. Pyroptotic cells were distinguished from apoptotic and
necrotic cells as those that stained double positive. Additionally, after MDDCs
were treated to activate the inflammasome, LDH secretion was measured with
a colorimetric LDH Assay (Abcam), according to the manufacturer’s
instructions. LDH secretion was represented as the percent of control cells
that were 3 times F/T with dry ice.

Viral infection
Pyrogen-free influenza PR/8 and A.F. negative control was produced by
Charles River Laboratories (Germantown, MD, USA) and used at 1000 HAU/ml
[21, 31], unless otherwise indicated. The H1N1 strains WSN, NC, PR/8
(labeled Mount Sinai PR/8), and H3N2 were a gift from Dr. Peter Palese
(Mount Sinai Hospital, New York, NY, USA) and used at an MOI of 1 unless
otherwise indicated. An equivalent volume of A.F. was added to control
conditions. R848 (5 mM) was used as a TLR7/8 ligand for 18 h, unless
otherwise indicated. Cells were stimulated with live or inactivated virus
continuously in complete media.

Inhibitor treatment
The following inhibitors of the inflammasome were added to cellular media
after 18 h of TLR stimulation and before inflammasome stimulation or before
IAV infection: caspase-1 (50 mM; Z-Wehd-FMK), pan-caspase (100 mM; Z-VAD-
FMK), Glyburide (200 mM; ENZO Life Sciences, Farmingdale, NY, USA),

K+ (140 mM; Sigma, St. Louis, MO, USA), or ATPo (5 mM; Sigma). Unbound
Z-Wehd-FMK, Z-VAD-FMK, Glyburide, and ATPo were washed out after a
30 min incubation with the cells. Amantadine and Rimantadine (200 mM)
were added to conditions, 2 h after infection with PR/8, which was heat
inactivated for 1 h in a water bath at 65°C to inhibit binding of the virus to the
cell membrane and 56°C to prevent viral replication. Exposure to 1 J/cm2 UV
light, 4 times with a Stratalinker UV cross-linker (Agilent, Santa Clara, CA,
USA), was performed to UV irradiate PR/8 before infection to block viral
replication [32]. The phosphorothioate TLR inhibitory ODNs IRS661 and
IR957 were synthesized, as described elsewhere [33, 34], and purified using
Na+ ion exchange and HPLC (Integrated DNA Technologies). They were
added to cells at a final concentration of 1 mM before addition of R848.

Caspase activity detection
Caspase-1 activity assay (Abcam) was performed with 5 3 106 cells/condition
and read on a UV spectrometer, according to the product manual. Caspase-1
FAM-FLICA (ImmunoChemistry Technologies, Bloomington, MN, USA) was
added 30 min before activation of the inflammasome with Nigericin for
indicated times. Data were acquired immediately by flow cytometry.
Comparison of para-nitroaniline absorbance by spectrophotometer between
Nigericin-treated samples and an untreated control allowed for determination
of the fold increase in caspase-1 activity.

IFN neutralization and supplementation
MDDCs were incubated with rhIFN-b (1000 IU/ml), 6 h after priming with
R848 for 12 h. Cells were then treated with Nigericin, and supernatants were
collected 6 h later. Isotype control had no affect and is not shown.

Statistics
Statistical analyses were performed using unpaired Student’s t tests, two tailed
(GraphPad Prism version 5.0). Significance levels are indicated in figure legends.

Online Supplemental material
Supplemental Fig. 1 shows primary human DCs isolated from blood release
IL-1 family cytokines in response to R848 and Nigericin treatment and that the
IL-1b released is a mature cytokine. Supplemental Fig. 2 shows that both
human MDDCs and human cDCs express intracellular NLRP3, ASC, and
caspase-1. Supplemental Fig. 3 shows that caspase-1 activity is increased
following activation with Nigericin, and this activity is increased further if the
cells were primed with R848 (TLR ligand). Supplemental Fig. 4 shows (using
markers for cell death) that ATP, Nigericin, MSU, and IAV all induce a
pyroptotic phenotype in MDDCs. This phenotype is specific to the triggers
used and dependent on NLRP3 activation.

RESULTS

Human DCs up-regulate IL-1 family cytokines upon
TLR sensing of R848
We first evaluated the expression of IL-1 family members in
primary human DCs. Immature DCs express low levels of surface
costimulatory makers CD80, CD86, CD83, and CD40. Exposure
to a TLR ligand, such as TLR7/8 agonist R848 (a synthetic
purine also known as Resiquimod), results in maturation of DCs,
a state characterized by the up-regulation of surface costimula-
tory molecules under NF-kB transcriptional control [35, 36].
TLR signaling also results in priming of DCs via inflammatory
cytokine transcription and expression. To assess IL-1b and IL-18
expression, DCs were stimulated over the course of 4 h with
R848, and RNA was extracted for qPCR analysis. Human MDDCs
(Fig. 1A) and primary CD11c+ cDCs (Fig. 1B) from healthy
volunteer donors displayed TLR-induced transcriptional
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up-regulation of pro-IL-1b, pro-IL-1a, and pro-IL-18. All donors
displayed a poststimulation, time-dependent up-regulation of
cytokine RNA, but the degree of expression varied among
them. Transcriptional up-regulation of these cytokines was
detected 30 min after exposure to R848, indicating their
involvement in the acute-phase response of DCs to TLR ligation
(Fig. 1A). These results were consistent for all donors of MDDC
and cDC (Fig. 1B).
Western blot was performed to determine whether trans-

lational expression of these cytokines occurred at the protein
level (Fig. 1C and D). Intracellular protein expression of pro-IL-
1b (33 kDa) and pro-IL-18 (24 kDa) in MDDCs mirrored the
change in expression of RNA over time (Fig. 1C). Whereas there
was baseline expression of all cytokine RNA in MDDC, both pro-
IL-18 and pro-IL-1b were minimally detectable by Western blot
until 2 h after addition of R848 to appropriate conditions.
Notably, mature forms of cytokines were not elicited by R848
alone. In contrast, cDCs expressed baseline pro-IL-18, but not
pro-IL-1b, in freshly isolated cells, and these proteins were
increased further upon R848 priming overnight (Fig. 1D),
consistent with the literature [9, 10].
MDDCs were stained for intracellular IL-1b protein expression

after overnight R848 priming to determine if pro-IL-1b was
uniformly expressed throughout the MDDC (CD11c+CD142)
population. Staining for IL-1b was evident in ;50% of R848-
primed MDDCs (Fig. 1E and F). Primary cDCs had similar levels
(;50%) of intracellular IL-1b expression (data not shown).
To verify the specificity of TLR signaling upstream of cytokine

expression in response to R848, MDDCs were treated with TLR-
blocking agents IRS661 (TLR7 inhibitor ODN) or IRS957 (TLR8
inhibitor ODN; Fig. 1G). MDDCs express TLR8 but not TLR7

[37, 38]; therefore, expression of pro-IL-1b should be prevented
when pretreating the cells with IRS957. As expected, up-
regulation of intracellular pro-IL-1b in the presence of these
endosomal TLR inhibitors was prevented with IRS957 pre-
treatment but not IRS661, in agreement with the concept that
specific TLR triggering is required to initiate inflammasome
priming.
In summary, immature DCs require a priming signal delivered

through TLR ligation, such as R848 on TLR7 (expressed by
cDCs) or TLR8 (expressed by MDDCs) to up-regulate expression
of costimulatory markers, as well as transcription and cytosolic
expression of pro-IL-1b, pro-IL-18, and pro-IL-1a. Expression of
these cytokines following treatment with R848 occurs rapidly,
within 2 h, in approximately half of the MDDC and cDC
population. These data indicate that both human-derived DCs
and primary cDCs are similar in their ability to express pro-IL-1b
and pro-IL-18 in response to TLR7/8 sensing of R848.

Inflammasome activation results in IL-1 family
cytokine secretion
To assess IL-1 production by inflammasome stimulation, MDDCs
were primed overnight with 5 or 10 mM R848, and inflammasome
activation was induced with Nigericin, MSU, or ATP. Upon
activation of the inflammasome, MDDCs secreted IL-1b, IL-18,
and IL-1a (Fig. 2A–C). Secretion of IL-1 cytokines occurred in a
priming- and activation-dependent manner. The inflammasome
independent cytokine, TNF-a, was also measured (Fig. 2D).
Secretion of TNF-a was dependent on R848 but not on
inflammasome activation. Primary blood CD11c+ DCs secreted
IL-1b, IL-18, and IL-1a with R848 priming alone, and this
secretion was similarly potentiated by Nigericin activation

Figure 1. Human DCs up-regulate intracellular pro-IL-1 cytokines in response to R848 sensing by TLR. (A) MDDCs and (B) cDCs were primed with
R848, and qPCR analysis of IL-1 cytokines was performed. Expression was compared with GAPDH. (C and D) MDDCs and cDCs were primed with
R848, and Western blot, using LI-COR Odyssey Infrared Imaging System, was done for pro-IL-1b and pro-IL-18. Relative intracellular cytokine
protein was normalized to b-tubulin and indicated below the corresponding band. (C) MDDCs were primed with R848 over the course of 8 h. (D)
cDCs were primed for 18 h. (E and F) MDDCs were primed with R848 for 18 h and stained for pro-IL-1b-FITC and DAPI. Cells were imaged by
epifluorescence microscopy. Isotype staining (not shown) revealed no background. (F) Representative histogram of flow cytometric analysis showing
up-regulation of intracellular IL-1b. Percent of pro-IL-1b+ cells was quantified for multiple donors. (G) MDDCs were primed with 1 mM IRS661 or
IRS957 for 1 h before overnight stimulation with 10 mM R848. Data are representative of (A and C) 4, (B and D) 3, and 6 (E–G) independent
donors. MFI, Mean fluorescence intensity. Error bars represent SD. **P , 0.01; ***P , 0.001.
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(Supplemental Fig. 1A). The inflammasome-independent cyto-
kine, TNF-a, was also dependent on priming but not inflamma-
some activity in CD11c+ cells.
Reduction of intracellular pro-IL-1b and increase in the

secretion of mature IL-1b product are characteristics of
inflammasome activation. Western blot of total CD1c+ cDC and
MDDC lysates displayed an increase in intracellular pro-IL-1b
with priming and a decrease upon Nigericin activation (Supple-
mental Fig. 1B). In mirroring the changes in intracellular IL-1b,
Western blotting of secreted IL-1b in the supernatant verified the
presence of the mature form of IL-1b only, following R848
priming and subsequent Nigericin activation.
In R848-stimulated human DCs, expression of NLRP3 and

associated inflammasome proteins, ASC and procaspase-1, was

investigated. These proteins were all expressed at baseline in
unstimulated DCs, and modest up-regulation of NLRP3 RNA was
observed following R848 stimulation in cDCs, whereas MDDCs
experienced ;2-fold up-regulation in ASC RNA (Supplemental
Fig. 2A). Despite these changes observed at the transcriptional
level in NLRP3 and ASC, Western blot analysis revealed that cDC
and MDDC expressed NLRP3, ASC, and procaspase-1 proteins in
their basal state, which was largely unchanged following over-
night incubation with R848 (Supplemental Fig. 2B and C). These
data indicate that DCs constitutively express NLRP3, ASC, and
procaspase-1, possibly to assemble rapidly the inflammasome
complex following activation.
The blocking of the inflammasome can be accomplished with

irreversible chemical inhibitors specific for polycaspases (Z-VAD-
FMK), caspase-1 (Z-Wehd-FMK), or NLRP3 inflammasome
formation (Glyburide; Fig. 3A). We next confirmed the capacity
of these inhibitors to block IL-1b release from DCs.
K+ efflux upstream of NLRP3 inflammasome formation is

required during Nigericin- and ATP-induced inflammasome
formation through different mechanisms [39]. ATPo has been
shown to prevent inflammasome activation by irreversibly
blocking the ATP-binding sites on P2Rx7 and other purinergic
membrane-bound receptors, thus reducing K+ efflux in the
presence of 5 mM ATP [40–42]. Previous studies have shown the
expression of surface membrane P2Rx7 on human DCs [43, 44].
To investigate the role of P2Rx7, MDDCs were primed with R848
overnight, treated with ATPo for 1 h, and activated with ATP (Fig.
3B, left). As expected, inhibition of purinergic receptor signaling
with ATPo prevented secretion of IL-1b.
As a result of its nonspecific activity, activation of the

inflammasome with Nigericin results in purinergic receptor-
independent K+ efflux. To determine the necessity of K+ efflux
during Nigericin activation of the inflammasome, MDDCs were
primed with R848 overnight and supplemented with extracellular
KCl before treatment with Nigericin. Extracellular K+ prevented
the secretion of IL-1b during Nigericin and ATP activation (Fig.
3B, middle).
The mechanism by which MSU activates the inflammasome is

less clear. The current accepted model describes phagocytic
uptake of various particulate matter along with a concurrent
drop in intracellular K+ as a requirement, preceding the release
of IL-1b [39, 45]. In contrast to Nigericin and ATP, MSU

Figure 2. Human DCs secrete IL-1 cytokines in response to NLRP3
inflammasome activators. MDDCs were primed with R848 overnight,
followed by activation with Nigericin, MSU, or ATP. (A–D) Secreted IL-
1b, IL-18, and TNF-a was measured by CBA and IL-1a by ELISA. Data
are representative of at least (A, B, and D) 11 and (C) 3 independent
donors. All experiments were performed in triplicate. *P , 0.05;
**P , 0.01; ***P , 0.001; ****P , 0.001.

Figure 3. IL-1b secretion is attenuated when blocking NLRP3 activation. (A) MDDCs were treated with inhibitors before activation with ATP.
Secreted IL-1b was measured by CBA. (B) MDDCs were treated with K+ or ATPo before activation. CBA was performed to detect secreted IL-1b.
Data are representative of 3 independent donors. Each donor was tested in triplicate. Error bars represent SD. *P , 0.05.
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activation during treatment with ATPo or K
+ did not inhibit IL-1b

secretion from MDDCs (Fig. 3B, right). In support of this
conflicting finding, a recent report from a separate group
uncovered a role for MSU-triggered ATP release, which
potentiates the secretion of IL-1b from murine macrophages
[46]. Additionally, another study found that K+ efflux was not
required for IL-1b maturation [47], and suggests that cellular
volume increase causes concurrent dilution of intracellular K+.
Therefore, ATP release downstream of MSU phagocytosis or
dilution of intracellular K+ may provide compensatory mecha-
nisms for IL-1b maturation during blockage of K+ cellular efflux.

NLRP3 inflammasome activation results in caspase-1
activity
The hallmark of inflammasome activity is to recruit and induce
procaspase-1 autoproteolysis. Active caspase-1 formation can be
measured via irreversible binding of a probe composed of an
inhibitor peptide sequence containing a fluorescent tag, referred
to as FAM-FLICA. Therefore, increased staining in the FITC
channel indicates the generation of active caspase-1.
First, a time course was performed over 2 h, wherein cells

were primed with R848 overnight, followed by incubation with
FAM-FLICA before activation with Nigericin (Supplemental Fig.
3A). Unactivated cells, both immature and primed, had low
background staining for FAM-FLICA (Supplemental Fig. 3A,
top). At 15 min post-Nigericin activation, almost 100% of DCs
stained for active caspase-1, labeled FAM-FLICA+. Interestingly,
at 60 min, a new, more intense FAM-FLICA population
appeared, labeled FAM-FLICA++ (Supplemental Fig. 3A, com-
pare middle with bottom), presumably representing further
activation of caspase-1 within these cells. Both immature and
R848-primed MDDCs were capable of activating caspase-1 in
response to Nigericin-induced inflammasome activation, but
R848-primed cells induced double the population of
FAM-FLICA++ compared with unprimed DCs (Supplemental Fig. 3A,
bottom). Although TLR priming with R848 produced no
obvious change in overall procaspase-1 expression when
measured by Western blot, p10 (a cleavage product of
inflammasome activity) could be detected in the supernatants
of primed MDDCs (Supplemental Fig. 3B). These findings
indicate that MDDCs primed with R848 followed by activation
with Nigericin resulted in more expression of p10 compared
with cells stimulated with Nigericin alone.
Finally, caspase-1 enzymatic activity was also measured with a

specific enzymatic assay (Supplemental Fig. 3C). Caspase-1
activity increased over the course of 2 h for both immature and
primed DCs. R848 alone was able to induce caspase-1 activity that
was increased further with Nigericin treatment, in agreement
with the FAM-FLICA experiments. Altogether, our results
indicate that the proteins required for inflammasome activation
are functionally active in MDDCs following a suitable trigger and
are enhanced by pretreatment with R848.

Human MDDCs undergo pyroptosis following
NLRP3 activation
Necrosis, apoptosis, and pyroptosis are morphologically distinct
forms of cell death [48]. The morphology of pyroptosis is still
incompletely defined; however, differentiating markers include

AnnexinV+7AAD+ staining, LDH release [49], secretion of IL-1b,
activation of caspase-1, and morphologic changes, such as
cellular swelling [50, 51].
Inflammasome activation results in the induction of a

specialized programmed inflammatory cell death, termed
pyroptosis. Human DCs were assessed for expression of
pyroptotic morphologic hallmarks after induction of cellular
death with Nigericin. MDDCs were first primed with R848
overnight and activated with Nigericin for 3 h (Supplemental Fig.
4A). Nigericin exposure resulted in increased secretion of LDH
from cells compared with unactivated cells in immature and
R848-primed MDDCs.
During pyroptosis, the cell membrane forms pores to permit

AnnexinV to stain the inner leaflet of the membrane, allowing
membrane impermeant fluorescent dyes, such as 7AAD, to stain
DNA. Pyroptotic cells appeared only upon activation with
Nigericin or ATP (Supplemental Fig. 4B). In keeping with the
pattern of increased caspase-1 activity following priming with
R848, the percentage of pyroptotic cells (labeled AnnexinV+7AAD+)
was increased when DCs were first primed with R848.
Expansion of cell volume is induced upstream of NLRP3

inflammasome formation, and therefore, pyroptosis is charac-
terized morphologically by cellular swelling [52], which is
accurately detected using light-scatter analysis [53]. Glyburide, a
well-established inhibitor of K+ efflux, protects cells from ATP-
induced membrane damage and cellular swelling, while pre-
venting inflammasome formation [54]. Cells were primed with
R848 overnight and incubated with Glyburide for 1 h before
activating with Nigericin for 3 h (Supplemental Fig. 4C).
Inhibition of the NLRP3 inflammasome formation with Glybur-
ide prevented expansion in cellular size induced by R848
priming and Nigericin within the time frame measured.
To determine whether Nigericin specifically induced an

inflammatory cell death, characterized by IL-1b release, MDDCs
were primed with R848 overnight, followed by induction of cell
death with Nigericin, UV exposure, or multiple F/T cycles for 6 h
to initiate pyroptotic, apoptotic, and necrotic cell death, re-
spectively (Supplemental Fig. 4D). Treatment with Nigericin
following R848 priming resulted in potent IL-1b release.
Exposure to UV radiation also resulted in secretion of IL-1b, as
described previously [55] but to a much lesser extent [56]. As
expected, multiple F/T cycles induced no secretion of IL-1b
above the R848-only control.
Our studies show that MDDCs undergo inflammatory cellular

death characterized by LDH secretion, AnnexinV and 7AAD
costaining, IL-1b release, caspase-1 activation, and cellular
swelling when activated with Nigericin.

IAV primes the NLRP3 inflammasome in human DCs
Upon IAV infection, monocytes and DCs express viral proteins,
up-regulate costimulatory molecules [57] and proinflammatory
cytokines [58], and undergo eventual cellular death [31, 58, 59],
including pyroptosis (Supplemental Fig. 4A and B). Therefore,
we evaluated MDDCs for their capacity to respond to live IAV
infection. To determine whether MDDCs were capable of
maturing in response to IAV infection, cells were infected with
PR/8 for 18 h and stained for the costimulatory molecule CD86
(Fig. 4A). Influenza infection resulted in the increase of these
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markers, but CD86 expression was not dose dependent in the
range tested.
IAV has been shown to prime murine BMDMs via TLR7

stimulation for the production of IL-1b [22–24]. PR/8 was
evaluated as a priming stimulus in MDDCs before activation with
Nigericin to promote secretion of IL-1b (Fig. 4B). Virus alone
resulted in very weak to no induction of IL-1b release in vitro,
whereas the addition of Nigericin allowed for its significant
increase. Additionally, PR/8 infection alone weakly induced IL-
18 secretion (Fig. 4C).
Heat-inactivated IAV at temperature of 65 and 56°C selectively

denatures viral hemagglutinin and abrogates replication capacity,
respectively [26, 32, 60, 61]. The incubation of IAV at 65°C
reduced its capacity to prime MDDCs before Nigericin activation
compared with live virus (Fig. 4D). Heat inactivation at 56°C did
not significantly reduce the capacity of IAV to prime MDDCs, as
the virus retains the capacity to be endocytosed into TLR7-
containing endosomes and to access the cellular cytoplasm
through fusion. Similar to MDDCs, cDCs did not secrete IL-1b in
response to infection with IAV alone and required a second
signal in vitro, such as ATP, to induce secretion of IL-1b
(Fig. 4E).
To determine how other H1N1 strains compared with PR/8 in

their capacity to prime the inflammasome, MDDCs were infected
with WSN and NC at an MOI of 1, and PR/8 (Charles River

Laboratories) at 1000 HAU/ml. The NC strain resulted in more
IL-1b but less TNF-a secreted from MDDCs when compared with
PR/8 (Fig. 5A and B). The WSN strain, at equal MOI, induced
the opposite pattern of cytokine expression—low IL-1b and high
TNF-a.
To resolve if there was a correspondence between IL-1b

secretion and the production of type 1 IFN, as has been
described previously [62], we measured IFN-a and IFN-b
production in MDDCs in response to IAV (Fig. 5C). IFN-b was
not detected following infection of MDDC with IAV strains, but
significant amounts of IFN-a were secreted. Notably, high IFN-a
secretion by PR/8 and WSN corresponded to lower IL-1b
secretion.
Murine bone marrow-derived DCs and BMDMs treated with

rhIFN-b during activation with Alum blocked the secretion of IL-
1b, IL-18, and IL-1a by suppressing the activation of caspase-1
[62], possibly through the induction of IL-10 as an intermediate
step to decrease the intracellular pro-IL-1b cytokine pool.
Additionally, primary monocytes from healthy donors exposed to
rhIFN-b displayed diminished IL-1b secretion. To investigate
whether type I IFN exerts the same anti-inflammatory effects on
human MDDCs, cells were primed with R848 for 6 h, cultured
overnight with rhIFN-b, followed by activation with Nigericin.
Consistent with this previous report, incubation with rhIFN-b
effectively diminished Nigericin-induced IL-1b secretion (Fig.
6A). Attempts to neutralize IFN were unsuccessful as a result of
high levels of endotoxin in commercial-blocking antibodies.
Additionally, in agreement with Guarda et al. [62], release of IL-
10 increased in the presence of rhIFN-b (Fig. 6B), concurrent
with a decrease in TNF-a and increase in IP-10 release (Fig. 6C).
Our results indicate that IAV strains can vary in their ability to
activate inflammasomes and that this may be partially dependent
on their intrinsic ability to induce type I IFNs.

IAV activates the NLRP3 inflammasome in human DCs
In a recent study, commensal bacteria were found to regulate
immunity by priming DCs to up-regulate cytoplasmic pro-IL-1b

Figure 4. IAV primes the expression of IL-1b and IL-18 in human DCs.
(A) MDDCs were infected for 16 h with various doses of PR/8
generated by Charles River Laboratories. Cells were then fixed and
stained for surface expression of CD86 before flow cytometry analysis.
(B) MDDCs were infected overnight and activated with Nigericin for
6 h. CBA was performed to detect secretion of IL-1b. (C) MDDCs were
infected with live virus alone for 24 h. Secreted IL-18 was measured by
ELISA. Data were normalized to A.F. control. (D) MDDCs were
infected with heat-inactivated IAV followed by Nigericin for 6 h.
Secretion of IL-1b was detected by CBA. (E) cDCs were primed with
IAV overnight and activated with Nigericin 6 h. Data are representative of
(A) 18, (B) 5, (C) 3, and (D) 4 independent donors. C was performed in
triplicate. Error bars represent SD. *P , 0.05; **P , 0.01; ****P , 0.001.

Figure 5. Expression of inflammatory cytokines depends on the IAV
strain. MDDCs were primed with R848 overnight or activated with IAV
for 18 h followed by Nigericin for 6 h. IAV strains were used at an MOI
of 1, and the PR/8 used was produced by Charles River Laboratories at
a concentration of 1000 HAU/ml. CBA was performed to detect
secretion of (A) IL-1b and (B) TNF-a. (C) Multisubtype IFN-a was
measured by ELISA. Data are representative of (A and B) 4 and (C) 16
independent donors. *P , 0.05.
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expression [63]. Following treatment with antibiotics, mice were
infected with a sublethal dose of PR/8, which resulted in IL-1b
cytokine secretion, suggesting that IAV can also function as an
intrinsic activator of the inflammasome. To test this, MDDCs
were primed with R848 overnight before infection with IAV. We
found that secretion of IL-1b was dose dependent (Fig. 7A),
confirming that IAV can serve as an effective secondary trigger
for IL-1b release from DCs.
To determine if there were differences in the capacity of IAV

strains to activate the inflammasome, infection with PR/8 was
compared with WSN, NC, and a recent IAV H3N2 isolate,
Victoria. Infection with all 3 strains resulted in different levels of
IL-1b secretion (Fig. 7B). The NC strain caused the most
cytokine release, similar to its function as a priming agent,
whereas the H3N2 strain resulted in lower IL-1b secretion
compared with the A.F. control. Additionally, the PR/8 strain
from Charles River Laboratories was compared with the Mount
Sinai strain. Surprisingly, the Charles River Laboratories strain
caused a significant increase in secreted IL-1b, whereas the
Mount Sinai strain did not induce IL-1b release compared with
control, including at higher doses.
IAV-induced NLRP3 inflammasome activation reportedly

requires the production of de novo viral M2 production [23].
Among its many functions, M2 is thought to interact with the
trans-Golgi network, where it forms intracellular proton channels.
The activity of these channels disturbs intracellular ion concen-
trations, which promotes the formation of the NLRP3 inflam-
masome and subsequent IL-1b release. To investigate further the
role of M2 in activation of the inflammasome, MDDCs were
primed with R848 to up-regulate intracellular pro-IL-1b, followed
by infection with PR/8 in the presence of M2 inhibitors, the
adamantane-based drugs Amantadine or Rimantadine. Both
inhibitors resulted in attenuation of IL-1b secretion compared
with the IAV, infected only control when added 2 h after initial

infection (Fig. 8A). The release of another TLR-induced
proinflammatory cytokine, TNF-a, was not inhibited significantly
by Amantadine treatment during IAV infection, consistent with
the ability of IAV to retain DC-activating function. Additionally,
replication-incompetent, UV-treated PR/8 resulted in signifi-
cantly less IL-1b secretion from MDDCs compared with control,
likely as a result of its inability to replicate efficiently and produce
de novo M2 protein [26].
Finally, to confirm the role of NLRP3 in IL-1b secretion

elicited by IAV, MDDCs were primed with R848 and infected with
virus in the presence of Glyburide (Fig. 8B). Secretion of IL-1b
was attenuated when cells were infected in its presence.
Altogether, these data show that DCs infected with IAV require
viral entry, endosomal fusion, and replication activity to prime
and activate optimally the NLRP3 inflammasome.

DISCUSSION

IL-1 family cytokines have long been associated with acute and
chronic inflammation, playing an essential role in the proin-
flammatory innate response to bacterial and viral infection.
Among their biologic functions, these cytokines increase acute-
phase signaling, leukocyte trafficking, epithelial cell activation,
and secondary cytokine production. Of the 11 cytokines that
compose this family, IL-1 is the key proinflammatory mediator
during infection and primarily a product of monocytes,
macrophages, and DCs. Recent studies observed rapid activation
of NLRP3 and IL-1 production, resulting in the mass infiltration
of leukocytes, particularly neutrophils, to the inflamed lung
during early IAV infection [25, 27, 64, 65]. Together with lung
epithelial cells, along with resident and recruited immune cells,
secretion of proinflammatory cytokines is continued. This potent
inflammatory response leads to a cytokine storm, mediated, in
part, by IL-1b. These findings highlight how IAV infection results

Figure 7. IAV activates the secretion of IL-1b in a strain-dependent
manner. (A) MDDCs were primed with R848 overnight and activated
with Charles River Laboratories PR/8 at various doses for 18 h. CBA
was performed to detect secretion of IL-1b. Data were represented as
fold change to A.F. control to normalize the data. (B) Cells were
primed with R848 overnight before activation with various strains of live
IAV for 18 h. Data are representative of (A) 4 and (B) 8 independent
donors. Error bars represent SD. *P , 0.05; **P , 0.01; ***P , 0.001.

Figure 6. Expression of IL-1b is attenuated by IFN signaling. Cells were
primed with R848, supplemented with rhIFN-b for 6 h, and activated with
Nigericin. Secreted IL-1b (A), IL-10 (B), and IP-10 (C) were measured by
CBA. Data are representative of 6 independent donors. *P , 0.05.
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in activation of the inflammasome and subsequent release of IL-
1b that lends to severe, potentially deleterious inflammatory lung
pathology.
To investigate the ability of human DCs to produce

inflammasome-dependent cytokines, the TLR7/8 ligand R848 (a
viral mimic) was used to prime DCs, thus allowing for the
measure of key inflammasome substrates, primarily pro-IL-1b.
Both human MDDCs and primary cDCs rapidly produced pro-
IL-1b, pro-IL-18, and pro-IL-1a in response to R848 priming in a
time-, dose-, and TLR-dependent fashion. Similar to IL-1b, IL-18
is synthesized as an inactive precursor, but unlike IL-1b, we
found that the IL-18 precursor is constitutively present in
primary cDCs.
Caspase-1 is responsible for the conversion of pro-IL-1b to

bioactive IL-1b, which is then secreted via the nonclassic
secretory pathway [66]. Subsequent to TLR priming, DCs require
an additional trigger to process the zymogen form of caspase-1 to
the enzymatically active form [40] by the NLRP3 inflammasome
complex. Caspase-1 activity was measured in unstimulated and
R848-primed cells. Primed DCs resulted in greater caspase-1
activity and pyroptosis soon after inflammasome activation with
inducers of cellular K+ efflux, such as Nigericin and ATP. This
phenotype may be a result of the regulation of an important
cofactor that modulates inflammasome kinetics, such as
thioredoxin-interacting protein [67]. Secretion of IL-1a and
bioactive IL-1b and IL-18 occurred in a NLRP3- and caspase-1-
dependent manner, as shown by inhibition with caspase
inhibitors and Glyburide. Release of IL-1b, in response to
Nigericin and ATP, was also dependent on K+ efflux, which
presumably occurs upstream of caspase-1 formation. It has been
shown by several studies conducted in THP-1 and murine
macrophages that cellular K+ efflux is a requirement for NLRP3
inflammasome activation triggered by all known activators,
including MSU [15, 16]. In this study, MSU activation of the
inflammasome did not depend on P2Rx7 sensing of ATP nor
K+ efflux. The rigorous study by Muñoz-Planillo et al. [39] tested
various particulate matter, with the exception of MSU, to define
the role of K+ efflux during uptake of particulate matter and
found a consistent trend between tested NLRP3 agonists—a

decrease in intracellular K+ concentrations with concurrent
release of mature IL-1b. More work is necessary to determine the
role of K+ efflux in MSU-dependent activation of the NLRP3
inflammasome from human DCs to define definitively the
pathway of NLRP3 activation.
In addition to the conversion of pro-IL-1b and pro-IL-18 to

their bioactive form, caspase-1 activity induces proinflammatory
pyroptotic cell death. Activation of MDDCs with Nigericin and
ATP induced a typical pyroptotic phenotype defined by LDH
secretion and AnnexinV+7AAD+ costaining. Conversely, the
majority (.70%) of MDDCs infected with PR/8 at 1000 HAU/ml,
without a prepriming signal, expressed markers of apoptotic
cell death within 18 h (Supplemental Fig. 4A and B). At later
time points, IAV infection induced LDH release (WSN, NC, and
PR/8 strains), as well as the production and release of several
proinflammatory cytokines, including TNF-a, IL-1b, IFN-a, and
IL-12 (data not shown). Multiple cell death programs are
induced in a single dying cell during infection; thus, cell death is
a continuum rather than a clearly defined pathway [48], whose
kinetics may be influenced by the cellular environment.
Consequently, it is possible for the predominant morphologic
features of death during IAV infection to be apoptotic and
simultaneously proinflammatory in stimulated populations. These
data suggest that differences among PR/8, WSN, NC, and H3N2
are unlikely to be a result of large variations in the degree of
infection and/or replication but rather, a function of cell viability.
Up-regulated IL-1b activity causes considerable damage in

patients with hyperactive inflammasome activity [69] and viral
infection [70, 71] and has been shown to mediate acute
pulmonary inflammatory pathology, while also enhancing
survival during IAV infection [25]. Genomic IAV RNA is sensed
initially during infection by DCs through TLR7/8, leading to the
synthesis of pro-IL-1b [22–24]. Likewise, HIV-1 has been shown
to induce intracellular pro-IL-1b expression in human monocyte-
derived macrophages [71] and healthy donor MDDCs [72],
presumably through viral RNA detection activating the NF-kB
signaling pathway. We not only defined the ability of human DCs
to produce and secrete IL-1 cytokines but also determined that
early events in IAV infection primed DCs to synthesize IL-1b. The
more recent H1N1 isolate tested in our experiments, NC,
secreted the highest levels of IL-1b when compared with the IAV
isolates from the 1930s—PR/8 and WSN—despite all strains
inducing similar expression of CD80, viral influenza nucleopro-
tein A synthesis. NC also induced the lowest levels of IFN-a (Fig.
5C), providing a possible explanation for this result. Viral NS1
encoded by the IAV has many functions, including inhibition of
IFN-a production during infection [73]. Sequence analysis
comparing the aligned NS1 reference protein sequences of these
H1N1 strains tested here found a 10.82% aa difference between
NC and PR/8, possibly explaining the differences in IFN-a
secretion caused by these virus strains.
In keeping with the model of type I IFN attenuation of the

inflammasome pathway [62], a separate study performed by
Pontillo et al. [74] compared MDDCs derived using IFN-a in
place of IL-4 from healthy donors. Their study found significant
reduction in the induction of IL-1b from IFN-a-derived MDDCs
infected with reverse transcription-incompetent aldrithiol-2 treated
(AT-2) HIV-1 [74]. However, in this same study, MDDCs derived

Figure 8. Amantadine and Rimantadine attenuate IL-1b production. (A)
Cells were treated 2 h after infection with live or UV-irradiated PR/8
produced by Charles River Laboratories with Amantadine and Rimanta-
dine. (B) MDDCs were primed with R848 and infected with live IAV
for 6 h before inhibiting the inflammasome with Glyburide. Data are
representative of (A) 8 and (B) 3 independent donors. Error bars
represent SD. *P , 0.05.
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from HIV+ individuals were not able to induce significant IL-1b
production compared with untreated cells. This response is possibly
a result of the well-known, elevated and sustained type I IFN
responses of HIV+ patients that may impact inflammasome func-
tion [75]. Further studies of the relationship between type I IFN
and IL-1b secretion will be useful to determine the differential
secretion of these cytokines between seasonal and pandemic strains.
Our results indicate intrinsic differences between strains in their
ability to be sensed by the host cell, but the cause and full effects of
these differences have yet to be determined.
The current model for IL-1b secretion during IAV infection

requires that de novo-synthesized viral M2 interacts with the trans-
Golgi network to alter intracellular proton concentrations,
leading to NLRP3 inflammasome formation and secretion of
mature IL-1b [23]. The blocking of M2 ion conductance is
achieved with Rimantadine or Amantadine during infection with
IAV. M2 inhibition resulted in attenuation of IL-1b release from
DCs, supporting the model of M2 activity for the activation of the
NLRP3 inflammasome. Given that M2 blockers were added 2 h
following initial IAV infection, we cannot exclude the possibility
that in addition to inhibiting neosynthesis of M2, there was
blockade of viral replication.
To confirm further the role of active viral protein production

in inflammasome activity, UV irradiation was used to prevent the
replication of virus and subsequently, the production of M2. The
exposure of IAV to UV radiation resulted in decreased IL-1b
secretion from DCs, suggesting that new protein synthesis is
necessary to activate optimally the inflammasome. To show the
necessity of NLRP3 in IL-1b release during infection, NLRP3
inflammasome formation was blocked with Glyburide during
infection, resulting in attenuated IL-1b secretion from MDDCs.
RIG-I has been implicated recently in activating an inflamma-
some during IAV infection of primary lung epithelial cells [76].
Whereas our data support the model of de novo M2 ion channel
activity upstream of NLRP3 inflammasome formation and
subsequent secretion of mature IL-1b in human DCs, we cannot
exclude the possible redundant role of another inflammasome in
our system, such as the RIG-I inflammasome.
Resistance to adamantane-based drugs in H1N1 IAV strains is

conferred through viral M2 mutations in the transmembrane
helix responsible for viral ion channel activity [23, 77],
specifically at amino acid residues Val27 and Ser31 within the
central cavity, among others [78–80]. Therefore, it is possible
that mutations in this region could affect activation of the
inflammasome during IAV infection by altering ion conductance.
A sequence analysis of M2 was performed in PR/8, WSN, and NC.
Of note, the Mount Sinai PR/8 strain (Accession #AF389121.1)
contained 2 mutations in the transmembrane region: Val27Ala
and Ser31Asp. Functionally the Ser31Asp substitution is hypoth-
esized to decrease proton current at low pH and thus, ion
conductance by the M2 channel [81]. Additionally, Val27 is
thought to function as a secondary gate of the channel
controlling proton conductance [82]. Therefore, it is possible
that the mutations found in the Mount Sinai strain M2 protein
could account for its inability to activate the inflammasome in
our system (Fig. 8B).
In summary, we have identified that the stimuli, components,

and mechanics of NLRP3-dependent inflammasome activation,

as well as consequent cytokine production in primary human
cDCs, are modeled by human MDDCs. Moreover, we show how
IAV can act as an activator of this pathway. Strikingly, our
findings also suggest that differential expression of inflammatory
cytokines and induction of cell death depend on the IAV strain.
The optimal balance of IL-1b signaling appears to be critical for
protection from viral infection; either too much or too little IL-
1b promotes the development of disease. These findings may
have therapeutic implications, suggesting that prophylactic drug
therapy to limit the inflammatory response by suppressing the
inflammasome may help to reduce the lung pathology associated
with severe IAV infection.
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RNA and small antiviral compounds activate caspase-1 through
cryopyrin/Nalp3. Nature 440, 233–236.

13. Mariathasan, S., Weiss, D. S., Newton, K., McBride, J., O’Rourke, K.,
Roose-Girma, M., Lee, W. P., Weinrauch, Y., Monack, D. M., Dixit, V. M.
(2006) Cryopyrin activates the inflammasome in response to toxins and
ATP. Nature 440, 228–232.

14. Eisenbarth, S. C., Colegio, O. R., O’Connor, W., Sutterwala, F. S., Flavell,
R. A. (2008) Crucial role for the Nalp3 inflammasome in the
immunostimulatory properties of aluminium adjuvants. Nature 453,
1122–1126.
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Aranguré, J. M. (2012) Pandemic influenza A/H1N1 virus infection and

TNF, LTA, IL1B, IL6, IL8, and CCL polymorphisms in Mexican
population: a case-control study. BMC Infect. Dis. 12, 299.

70. Liu, Y., Li, S., Zhang, G., Nie, G., Meng, Z., Mao, D., Chen, C., Chen, X.,
Zhou, B., Zeng, G. (2013) Genetic variants in IL1A and IL1B contribute
to the susceptibility to 2009 pandemic H1N1 influenza A virus. BMC
Immunol. 14, 37.

71. Hernandez, J. C., Latz, E., Urcuqui-Inchima, S. (2014) HIV-1 induces the
first signal to activate the NLRP3 inflammasome in monocyte-derived
macrophages. Intervirology 57, 36–42.

72. Pontillo, A., Silva, L. T., Oshiro, T. M., Finazzo, C., Crovella, S., Duarte,
A. J. (2012) HIV-1 induces NALP3-inflammasome expression and
interleukin-1b secretion in dendritic cells from healthy individuals but
not from HIV-positive patients. AIDS 26, 11–18.

73. Hale, B. G., Randall, R. E., Ortı́n, J., Jackson, D. (2008) The multifunctional
NS1 protein of influenza A viruses. J. Gen. Virol. 89, 2359–2376.

74. Pontillo, A., Santillo, B. T., Duarte, A. J., Oshiro, T. M. (2013) Differential
inflammasome expression and IL-1b secretion in monocyte-derived
dendritic cells differentiated with IL-4 or IFN-a. AIDS Res. Ther. 10, 35.

75. Sabado, R. L., O’Brien, M., Subedi, A., Qin, L., Hu, N., Taylor, E.,
Dibben, O., Stacey, A., Fellay, J., Shianna, K. V., Siegal, F., Shodell, M.,
Shah, K., Larsson, M., Lifson, J., Nadas, A., Marmor, M., Hutt, R.,
Margolis, D., Garmon, D., Markowitz, M., Valentine, F., Borrow, P.,
Bhardwaj, N. (2010) Evidence of dysregulation of dendritic cells in
primary HIV infection. Blood 116, 3839–3852.

76. Pothlichet, J., Meunier, I., Davis, B. K., Ting, J. P., Skamene, E., von
Messling, V., Vidal, S. M. (2013) Type I IFN triggers RIG-I/TLR3/NLRP3-
dependent inflammasome activation in influenza A virus infected cells.
PLoS Pathog. 9, e1003256.

77. Wang, C., Takeuchi, K., Pinto, L. H., Lamb, R. A. (1993) Ion channel
activity of influenza A virus M2 protein: characterization of the
amantadine block. J. Virol. 67, 5585–5594.

78. Hu, F., Luo, W., Cady, S. D., Hong, M. (2011) Conformational plasticity
of the influenza A M2 transmembrane helix in lipid bilayers under
varying pH, drug binding, and membrane thickness. Biochim. Biophys.
Acta 1808, 415–423.

79. Suzuki, H., Saito, R., Masuda, H., Oshitani, H., Sato, M., Sato, I. (2003)
Emergence of amantadine-resistant influenza A viruses: epidemiological
study. J. Infect. Chemother. 9, 195–200.

80. Shiraishi, K., Mitamura, K., Sakai-Tagawa, Y., Goto, H., Sugaya, N.,
Kawaoka, Y. (2003) High frequency of resistant viruses harboring
different mutations in amantadine-treated children with influenza.
J. Infect. Dis. 188, 57–61.

81. Pinto, L. H., Dieckmann, G. R., Gandhi, C. S., Papworth, C. G., Braman,
J., Shaughnessy, M. A., Lear, J. D., Lamb, R. A., DeGrado, W. F. (1997) A
functionally defined model for the M2 proton channel of influenza A
virus suggests a mechanism for its ion selectivity. Proc. Natl. Acad. Sci. USA
94, 11301–11306.

82. Zhou, H. X. (2011) A theory for the proton transport of the influenza
virus M2 protein: extensive test against conductance data. Biophys. J. 100,
912–921.

KEY WORDS:

IL-1b • caspase-1 • pyroptosis • cell death • interferon

734 Journal of Leukocyte Biology Volume 99, May 2016 www.jleukbio.org

http://www.jleukbio.org

