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Abstract
P2X7 receptors (P2X7R) are extracellular ATP-gated ion channels expressed in the immune
effector cells that carry out critical protective responses during the early phases of microbial
infection or acute tissue trauma. P2X7R-positive cells include monocytes, macrophages, dendritric
cells, and T-cells. Given its presence in all host and pathogen cell types, ATP can be readily
released into extracellular compartments at local sites of tissue damage and microbial invasion.
Thus, extracellular ATP and its target receptors on host effector cells can be considered as
additional elements of the innate immune system. In this regard, stimulation of P2X7R rapidly
triggers a key step of the inflammatory response: induction of NLRP3/caspase-1 inflammasome
signaling complexes that drive the proteolytic maturation and secretion of the proinflammatory
cytokines interleukin-1β(IL-1β) and interleukin-18 (IL-18). IL-1β(and IL-18) lacks a signal
sequence for compartmentation within the Golgi and classical secretory vesicles and the proIL-1β
precursor accumulates within the cytosol following translation on free ribosomes. Thus, ATP-
induced accumulation of the mature IL-1β cytokine within extracellular compartments requires
non-classical mechanisms of export from the cytosolic compartment. Five proposed mechanisms
include: 1) exocytosis of secretory lysosomes that accumulate cytosolic IL-1β via undefined
protein transporters; 2) release of membrane-delimited microvesicles derived from plasma
membrane blebs formed by evaginations of the surface membrane that entrap cytosolic IL-β; 3)
release of membrane-delimited exosomes secondary to the exocytosis of multivesicular bodies
formed by invaginations of recycling endosomes that entrap cytosolic IL-β; 4) exocytosis of
autophagosomes or autophagolysosomes that accumulate cytosolic IL-1β via entrapment during
formation of the initial autophagic isolation membrane or omegasome; and 5) direct release of
cytosolic IL-1β secondary to regulated cell death by pyroptosis or necroptosis. These mechanisms
are not mutually exclusive and may represent engagement of parallel or intersecting membrane
trafficking responses to P2X7 receptor activation.

P2X7 Receptors, Inflammation, and Innate Immunity
Extracellular ATP and other nucleotides participate in multiple types of intercellular
communication (Ralevic and Burnstock, 1998). Acute tissue trauma that results in cell lysis
is one obvious source of extracellular ATP. However, various non-lytic stimuli also induce
ATP release from many cell types via several mechanisms (Lazarowski, 2012). The released
ATP and other nucleotides act as paracrine or autocrine agonists for the P2 nucleotide
receptors which include eight G protein-coupled P2Y receptors and seven ionotropic P2X
receptor subtypes that have been identified in multiple vertebrate genomes (Khakh and
North, 2006; von Kugelgen and Wetter, 2000). Given the overlapping roles of stress, cell
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death, and adaptation to injury in inflammation and P2 receptor signaling, P2 receptors have
been linked to multiple inflammatory and immune responses (Dubyak, 2001; Junger, 2011).
Within the context of innate immune response to the pathogen-associated molecule patterns
(PAMPs) derived from killed or dying microbes, it is important to consider that these
microorganisms will additionally release generic intracellular metabolites, such as ATP.

P2X receptors function as ATP-gated non-selective cation channels and the seven different
P2X receptor protein subunits (encoded by distinct genes) share a similar structure
comprising intracellular amino- and carboxy-termini, two transmembrane segments, and an
extracellular loop containing 10 similarly spaced cysteines and glycosylation sites.
Functional channels composed of P2X receptor subunits self-assemble during in vivo
translation into stable trimeric complexes that predominantly traffic to the plasma membrane
(Khakh and North, 2006). All P2X receptor subtypes display a very high selectivity for ATP
over other nucleotides. P2X7 receptors are most highly expressed in hematopoietic tissues
and cells including monocytes, macrophages, microglia, and T-lymphocytes (Ferrari et al.,
2006). When gated to the open state by ATP binding, P2X7R channels facilitate a rapid,
non-inactivating influx of Na+ and Ca2+, and efflux of K+; this results in rapid
depolarization, decreased cytosolic [K+], and increased cytosolic [Ca2+] and [Na+] (Figure
1). Prolonged stimulation of the receptor additionally induces the flux of molecules up to
800 Da in mass via an as yet unidentified mechanism. Activation of P2X7R in myeloid or
lymphoid leukocytes triggers multiple responses that shape the intensity or duration of
innate immune and inflammatory responses (Ferrari et al., 2006). Depending on the
magnitude and duration of stimulation, P2X7R can also elicit necrotic cytolysis or apoptotic
death of activated leukocytes. However, the most extensively characterized innate immune
response to P2X7R activation is the rapid and robust assembly of the NLRP3 inflammasome
complex that facilitates caspase-1 mediated processing and secretion of the primary
proinflammatory cytokine IL-1β (Di Virgilio, 2007).

P2X7 Receptor Regulation of NLRP3 Inflammasome Assembly, IL-1β
Processing, and Non-classical IL-β Secretion

IL-1β is a primary proinflammatory cytokine whose local and circulating levels are tightly
regulated to prevent aberrant activation of pathways that can lead to chronic inflammatory
diseases (Dinarello, 1996). In response to various pathogen-associated molecular pattern
(PAMP) molecules that target toll-like receptors (TLR), IL-1β accumulates as a biologically
inactive 33 kDa procytokine (proIL-1β) in the cytoplasm of monocytes and macrophages.
Conversion to the biologically active 17 kDa form requires proteolytic maturation by
caspase-1 which itself is regulated by the assembly of multiprotein complexes termed
inflammasomes. Characterization of the multiple adapter proteins that comprise distinct
inflammasome complexes, as well as the microbial or sterile stress stimuli that trigger
inflammasome assembly, have been extraordinarily active areas of innate immune biology
research during the past few years and the subject of many excellent reviews (Franchi et al.,
2012; Rathinam et al., 2012; Zitvogel et al., 2012).

Although PAMPs, such as LPS, stimulate rapid toll-like receptor (TLR)-dependent
transcription and translation of proIL-1β, they elicit only modest production of mature IL-1β
due to inefficient assembly of active caspase-1 inflammasomes. However, when PAMP-
primed macrophages are additionally stimulated with extracellular ATP, they rapidly release
large amounts of mature IL-1β at rates up to 100 times faster than with PAMP exposure
alone (Laliberte et al., 1999; Perregaux and Gabel, 1994). This stimulatory action of ATP is
mediated by the P2X7R cation channels which act to rapidly dissipate the normal trans-
plasma membrane K+, Na+, and Ca2+ gradients (Solle et al., 2001). Significantly, the ability
of ATP/P2X7R to markedly accelerate caspase-1 activation and IL-1β secretion is
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eliminated in either ASC-null (Mariathasan et al., 2004) or NLRP3-null (Mariathasan et al.,
2006) macrophages primed with LPS. Activation of the NLRP3 inflammasome by P2X7R is
likely mediated by the secondary effects of altered cytoplasmic [K+]/[Na+] ratios, as well as
increased [Ca2+], on the integrity of the mitochondrial outer and inner membranes, which
also increases generation of mitochondria-dependent reactive oxygen species (ROS) (Figure
1). Recent studies have demonstrated that P2X7R stimulation triggers rapid release of
oxidized mitochondrial DNA (mitoDNA) into the cytosol wherein the mitoDNA facilitates
(possibly by direct binding to NLRP3) assembly of active NLRP3/ASC/caspase-1
complexes (Nakahira et al., 2011; Shimada et al., 2012).

A major unresolved issue is how inflammasome-mediated IL-1β processing in response to
P2X7R activation and indeed all other inflammasome-inducing stimuli is linked to the
efficient export of biologically active IL-1β to the extracellular compartments. IL-1β lacks
signal sequences for compartmentation within the Golgi and classical secretory vesicles and
the proIL-1β precursor accumulates within the cytosol following translation on free
ribosomes. Likewise, the various protein constituents (caspase-1, ASC, and NLRP3) of the
NLRP3 inflammasome assemble within the cytosolic compartment. Thus, accumulation of
the mature, caspase-1-processed IL-1β cytokine within extracellular compartments requires
non-classical mechanisms of export from the cytosolic compartment (Eder, 2009; Rubartelli
et al., 1990; Wewers, 2004). Moreover, P2X7R activation additionally stimulates the rapid
co-release of active caspase-1, a 60 kDa tetrameric complex, (Kahlenberg et al., 2005;
Laliberte et al., 1999; Mariathasan et al., 2004; Mariathasan et al., 2006) as well as the ASC
inflammasome scaffolding protein. This indicates a mechanism that involves a coordinated
mass transport of the IL-1β together with the caspase-1 inflammasome processing complex.
Although P2X7R stimulation can trigger cytolysis (Le Feuvre et al., 2002) via caspase-1
mediated pyroptosis, the early stages of IL-1β release from ATP-activated macrophages can
be unequivocally dissociated from ATP-induced cytolysis (Brough and Rothwell, 2007;
Pelegrin et al., 2008; Verhoef et al., 2005).

Non-Classical or Unconventional Secretion of Cytosolic Macromolecules
and Metabolites

The non-classical secretion of IL-1β raises mechanistic questions that pertain to a broader
group of cellular responses that involve non-canonical export of other normally cytosolic
macromolecules and metabolites to extracellular compartments in the absence of (or
preceding) cytolysis (Nickel and Rabouille, 2009) (Thery et al., 2002b). In addition to
IL-1β, other cytokines and growth factors are released via non-classical secretion. These
include: 1) IL-18 which is also a substrate for caspase-1 inflammasomes (Mariathasan et al.,
2004); 2) IL-1α which binds to the same cell surface receptor as IL-1β, but is not a
caspase-1 substrate (Gross et al., 2012; Seki et al., 2001); 3) fibroblast growth factors
(Nickel, 2011); and 4) high-mobility group protein B1 (HMGB1), a nuclear protein which
acts as a proinflammatory mediator in extracellular compartments (Gardella et al., 2002;
Lamkanfi et al., 2010). There is also growing appreciation that cytosolic mRNA and
miRNAs can be released from intact cells for extracellular transfer to other cells and tissues
(Valadi et al., 2007); this includes transfer of miRNAs between T cells and antigen-
presenting cells at immune synapses (Mittelbrunn et al., 2011).

A complete discussion of the diverse cellular pathways described or hypothesized to
underlie the extracellular release of these various cytosolic macromolecules is beyond the
scope of this short review. However, consideration of the multiple mechanisms linked to the
specific response of P2X7 receptor-regulated IL-1β secretion provides a useful overview of
five major models of non-classical/unconventional secretion (Figure 1). All of these models
include three basic and common reactions: 1) targeting of the IL-1β and/or inflammasome
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proteins to the interfaces of the cytosol with particular subcellular membrane loci on the
plasma membrane or intracellular organelles; 2) entrapment or transfer of the cytosolic
IL-1β within membrane-delimited compartments which are distinct from the classical Golgi-
derived secretory vesicles; and 3) export of this entrapped or transferred IL-1β to the
extracellular space as either directly as a free, soluble protein or, indirectly, as the cargo
within a membrane vesicle which is the moiety directly released from the activated
macrophage/monocyte.

Experiments over the past 10–15 years have implicated four mechanistically distinct
pathways of unconventional IL-1β secretion from macrophages and other monocyte-lineage
leukocytes in response to P2X7R activation. The mechanisms, which are considered in more
detail in separate sections of this review, include: 1) exocytosis of secretory lysosomes that
accumulate cytosolic IL-1β via undefined protein transporters (Figure 1, Secretory
Lysosome Pathway in Red); 2) release of membrane-delimited microvesicles derived from
plasma membrane blebs formed by evaginations of the surface membrane that entrap
cytosolic IL-β(Figure 1, Microvesicle Pathway in Black); 3) release of membrane-delimited
exosomes secondary to the exocytosis of multivesicular bodies formed by invaginations of
recycling endosomes that entrap cytosolic IL-β(Figure 1, Exosome Pathway Scheme
Violet); and 4) exocytosis of autophagosomes (Figure 1, Autophagy Pathway I in Green) or
autophagolysomes (Figure 1, Autophagy Pathway II in Blue) that accumulate cytosolic
IL-1β via entrapment during formation of the initial autophagic isolation membrane or
omegasome. Notably, these mechanisms are not mutually exclusive and may indeed
represent engagement of parallel or intersecting membrane trafficking responses to P2X7
receptor activation.

It is also important to note that sustained activation of the P2X7R→NLRP3 inflammasome
cascade induces caspase-1 mediated pyroptotic death of monocyte/macrophages (Brough
and Rothwell, 2007; Le Feuvre et al., 2002; Verhoef et al., 2005). Thus, direct efflux of
cytosolic mature IL-1β across hyper-permeable plasma membranes comprises a fifth
pathway of non-classical export (Figure 1, Pyroptotic/Necroptic Pathway in Brown).

Non-classical IL-1β Secretion via P2X7R-Stimulated Exocytosis of
Secretory Lysosomes

An early model was based on observations that immunoreactive IL-1β and caspase-1 can be
localized within lysosomes of human monocytes with the underlying assumption that
proIL-1β and caspase-1 are transported from the cytosol into a subset of secretory lysosomes
(Figure 1) (Andrei et al., 1999; Andrei et al., 2004; Carta et al., 2006). Secretory lysosomes
comprise specialized subtypes of lysosome-related organelles predominantly found in
hematopoietic cells (Blott and Griffiths, 2002). As for other secretory granules released via
regulated exocytosis, the fusion of secretory lysosomes with the plasma membrane is
regulated by characteristic t- and v-SNARE proteins and Ca2+-dependent synaptotagmins
(Andrews, 2000; Blott and Griffiths, 2002). Notably, P2X7R-stimulated exocytosis of
secretory lysosomes (as assayed by release of lysosomal proteases) occurs concurrently with
the release of IL-1β and caspase-1 in both murine macrophages (Qu et al., 2007) and human
monocytes (Carta et al., 2006). In human monocytes, both events are blocked by inhibitors
of Ca2+-dependent and Ca2+-independent phospholipase A2 and phosphatidylcholine-
specific phospholipase C (Andrei et al., 2004). Suppression of the microtubule-directed
movements of secretory lysosomes also attenuates ATP triggered release of IL-1β (Andrei et
al., 1999; Carta et al., 2006). The ability of an LPS-dependent and cyclohexamide-sensitive
priming process to potentiate the release of both cathepsin B (as a marker of secretory
lysosomes) and mature IL-1β further suggested that a common set of rapid-turnover
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signaling protein(s) may orchestrate the ability P2X7R to coordinately regulate
inflammasome assembly, IL-1β export, and lysosome exocytosis (Qu et al., 2007).

In contrast to these multiple correlations between IL-1β release and exocytosis of secretory
lysosomes, other findings argue against secretory lysosomes as a central pathway for non-
classical IL-1β export in response to P2X7R activation. Notably, removal of extracellular
Ca2+ completely abrogated ATP-induced secretion of the lysosomal marker cathepsin B
from murine macrophages while minimally affecting IL-1β export (Qu et al., 2007).
Moreover, immunofluorescence analyses of intact murine peritoneal macrophages indicated
that IL-1β did not significantly co-localize with cathepsin B and LAMP-1 in lysosomal
compartments immediately before, or during, P2X7R-triggered activation of caspase-1
(Brough and Rothwell, 2007). Given the defined roles of cytosolic ASC and NLRP3 in
P2X7R-regulated caspase-1 activation, it is also unclear how these inflammasome
components plus the proIL-1β substrate might be coordinately transported into lysosomes
prior to assembly of active inflammasome complexes and IL-1β maturation. Nonetheless,
earlier electron microscopy studies based on immunogold labeling as well as conventional
western blot analyses provided unequivocal evidence that a significant fraction of
intracellular proIL-1β and procaspase-1 colocalizes with lysosomal marker proteins within
an endolysosomal fraction of LPS-activated human monocytes (Andrei et al., 1999).
However, interpretation of these previous immunolocalization results needs to be revisited
in the light of recent findings that pro-IL1β, as well as the protein components of the NLRP3
inflammasome, can be targeted by the basic autophagy machinery of macrophages (Harris et
al., 2011; Shi et al., 2012). These new observations indicate that cytosolic pro-IL1β is
sequestered within the isolation membranes/phagophores that ultimately enclose to generate
the double membrane autophagosomes (Figure 1). Most autophagosomes fuse with
conventional lysosomes to facilitate proteolytic degradation of their sequestered cytosolic
protein during both basal and stress-stimulated autophagy. Thus, the previously described
colocalization of immunoreactive proIL-1β and caspase-1 with lysosomal markers may
reflect basal or stress-stimulated autophagic degradation of these proteins, rather than the
acutely induced compartmentalization of the IL-1β pool destined for maturation by active
inflammasomes and regulated export. On the other hand, there is growing evidence that a
subset of autophagosomes may be redirected for fusion with the plasma membrane rather
than lysosomes and thereby comprise another route for unconventional protein secretion.

Non-classical IL-1β Secretion via P2X7R Stimulation of Plasma Membrane
Blebbing and Microvesicle Release

Studies with human THP1 monocytes (MacKenzie et al., 2001), murine microglial cells
(Bianco et al., 2005), or human dendritic cells (DCs) (Pizzirani et al., 2007) revealed that
P2X7R stimulation can initiate local accumulation of caspase-1 and IL-1β within the
microdomain of the sub-plasma membrane cytosol which is then coordinated with the
evagination of plasma membrane blebs that rapidly scission away from the cell surface
(Figure 1). The shed blebs comprise a pool of phosphatidylserine-enriched microvesicles
that contain entrapped IL-1β and caspase-1. Stimulus-induced shedding of plasma
membrane-derived microvesicles has been described in multiple hematopoietic cell types
(platelets, DCs, and neutrophils) and non-hematopoietic cell types (Barry et al., 1998;
Heijnen et al., 1999; Hess et al., 1999). Microvesicles range in size between 100 nm to 1 μm
in diameter. This distinguishes them from both the 1– 4 μm apoptotic bodies derived from
fragmented apoptotic cells and the 30–80 nm exosomes (discussed below) derived from the
intraluminal vesicles of endosomal multivesicular bodies (MVB).

ATP-induced microvesicle shedding from macrophages and DCs was correlated with
decreased plasma membrane capacitance (MacKenzie et al., 2001) and markedly inhibited
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by the removal of extracellular Ca2+ or the treatment of with P2X7R antagonists (Pizzirani
et al., 2007). The released microvesicles have been reported to contain: 1) soluble proteins
including unprocessed proIL-1β, caspase-1 processed mature IL-1β, and caspase-1 itself; 2)
intrinsic membrane proteins including MHC-II, P2X7R itself, P2Y2 receptors, CD63, CD39,
and LAMP-1 (Andrei et al., 2004; Bianco et al., 2005; Carta et al., 2006; Gudipaty et al.,
2003; Qu et al., 2007); 3) an increased level of surface-active phospholipids such as
phosphatidylserine (MacKenzie et al., 2001). In addition to IL-1β and IL-18, the ATP-
mobilized microvesicles comprise a mechanism for extracellular delivery of other danger
molecules such as the high mobility group box 1 protein (HMGB1) (Gardella et al., 2002)
and intracellular thiol reducing agents (Angelini et al., 2002). P2X7R stimulation of murine
dendritic cells or interferon-γ primed murine macrophages also elicits the release of
microvesicles enriched in MHCII (major histocompatibility protein II), the intrinsic
membrane protein that plays a critical role in presentation of antigens to T cells (Qu et al.,
2009; Ramachandra et al., 2010).

The molecular basis for P2X7R-dependent microvesicle shedding remains incompletely
characterized. It likely reflects direct effects of altered ion homeostasis, particularly
increased cytosolic Ca2+, on proteases that regulate association of the plasma membrane
with the sub-membrane cytoskeleton, as well as lipases that induce localized changes in
membrane lipid composition and fluidity. A recent analysis of P2X7R-stimulated IL-1β
secretion from astrocytes indicated that rapid activation of acid sphingomyelinase was
required for efficient formation and shedding of microvesicles containing IL-1β (Bianco et
al., 2009). Plasma membrane blebbing, which is a prerequisite for microvesicle shedding,
represents a phenomenon wherein sections of plasma membrane reversibly protrude and
retract at the cell surface. Studies with different cell types have indicated that P2X7R-
stimulated membrane blebbing involves several common cytoskeletal signaling pathways
(Morelli et al., 2003; Wilson et al., 2002). Activation of Rho and p38 MAPKs occurred
concurrently with P2X7R-induced membrane blebbing (Pfeiffer et al., 2004) while
pharmacological inhibitors of p38, Rho, and Rho kinases all reduced P2X7R-stimulated
actin reorganization and blebbing (Morelli et al., 2003; Pfeiffer et al., 2004; Verhoef et al.,
2003). Deletion of the C terminus of P2X7R completely abrogates its interaction with
tetraspanin proteins that are implicated as regulators of rapid blebbing and markers of
released microvesicles (Wilson et al., 2002). P2X7R-dependent membrane blebbing in
osteoblasts was correlated with serial activation of phospholipase D and A2 to produce and
release lysophosphatidic acid (LPA) (Panupinthu et al., 2007). Antagonism of G protein-
coupled LPA receptors in these osteoblasts suppressed blebbing in response to either LPA or
P2X7R agonists but did not affect the ionotropic actions of P2X7R. Thus, LPA may
function as an autocrine mediator downstream of P2X7R to induce signaling cascades that
control membrane blebbing and, possibly, microvesicle release and non-classical secretion
of inflammatory mediators.

Non-classical IL-1β Secretion via P2X7R Stimulation of the Release of
Multivesicular Body-Derived Exosomes

In addition to plasma membrane-derived microvesicles, immune and inflammatory cells
release another pool of membranous vesicles termed exosomes (Johnstone, 2006; Thery et
al., 2002b). Exosomes are derived from the intraluminal vesicles (ILV) within the
multivesicular bodies (MVB) that are generated by invagination of the limit membranes of
recycling endosomes and contain a unique proteome (Thery et al., 2001). Although MVBs
often fuse with lysosomes to deliver their ILV-associated proteins for degradation, some can
be redirected for fusion with the plasma membrane to release the ILVs into extracellular
compartment as exosomes. Exosomes also act as yet another non-classical pathway for the
P2X7R-stimulated secretion of IL-1β (Qu et al., 2007). These data suggest that invagination
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of cytosol by recycling endosomes in inflammatory macrophages can entrap caspase-1
inflammasome complexes and the proIL-1β substrate (Figure 1). Significantly, exosomes
released from macrophages, dendritic cells, or B lymphocytes also contain intrinsic
membrane proteins, such as the type II major histocompatibility complex (MHCII), that play
critical roles in immune recognition and antigen presentation (Raposo et al., 1996). P2X7R
activation in murine macrophages and dendritic cells triggers the rapid extracellular
accumulation of two pools of membranes containing MHCII (Qu et al., 2009).

When released from macrophages or DCs that have internalized and processed microbial or
other foreign proteins, exosomes will contain MHCII loaded with antigenic peptide
(pMHCII exosomes) (Muntasell et al., 2007). These released pMHCII exosomes can either
directly activate T lymphocytes, or indirectly activate T cells following the uptake of the
pMHCII exosomes by remote naïve dendritic cells which then process the antigen-loaded
exosomes for conventional antigen presentation at DC-T cell synapses (Thery et al., 2002a).
In macrophages primed with both interferon-γ and LPS or DC primed with LPS,
extracellular ATP stimulated the export of ~15% of the total cellular MHCII pool within 90
min (Qu et al., 2009). The released MHCII was associated with two distinct populations of
membrane vesicles: 1) plasma membrane-derived microvesicles (100–500 nm diameter) that
contained P2X7R protein, actin, and the LAMP1 lysosomal membrane protein; and 2)
multivesicular body-derived exosomes (30–80 nm diameter) that lacked the P2X7R, actin,
and LAMP1 markers. Notably, both pools of released MHCII membranes were capable of
binding antigenic peptide and activating T cell receptor-dependent IL-2 production in
antigen-specific T cell hybridoma cells (Ramachandra et al., 2010). These observations
linked the well-characterized ability of the P2X7 receptor to stimulate NLRP3
inflammasome and non-classical IL-1β secretion as innate immune responses with the
coordinated release of MHCII-containing exosomes and microvesicles that may engage the
adaptive immune response.

The strong repressive effects of ASC or NLRP3 deletion on ATP-induced release of MHCII
exosomes suggest the possibility that inflammasome complexes per se may regulate the
formation of specialized MVB that accumulate cytosolic IL-1β and caspase-1 within the
invaginating exosomes that define MVB (Qu et al., 2009). Such a role for inflammasomes
per se in membrane compartmentation and non-classical export may be related to the
observations that: 1) caspase-1 targets the Sterol Regulatory Element Binding Proteins
(SREBPs) which regulate regulate membrane biogenesis (Gurcel et al., 2006); and 2)
NLRP3 inflammasomes also regulate the export of IL-1α which, unlike IL-1β, is not
substrate for caspase-1 (Gross et al., 2012).

Non-classical IL-1β Secretion via P2X7R-Stimulated Mobilization of
Autophagosomes

The most recently proposed model of non-classical IL-1β secretion utilizes the membrane
trafficking machinery of the autophagy pathway (recently reviewed by (Deretic et al., 2012).
Basal autophagy comprises a highly conserved pathway for the isolation and degradation of
cytosolic proteins (such as aggregated or excess enzymes) and dysfunctional organelles
(such as irreversibly damaged mitochondria). Stimulated rates of autophagy in response to
metabolic stresses, such as nutrient deprivation, serve to replenish and maintain the levels of
amino acids necessary for cell survival and basic function. However, much recent research
has identified additional roles for autophagy in the innate immune responses to microbial
invasion or sterile inflammatory stress (Levine et al., 2011). Basal and stimulated autophagy
involves the assembly of isolation membrane structures or phagophores initiated as so-called
omegasome evaginations from the endoplasmic reticulum (Figure 1). As nascent
omegasomes grow, they entrap adjacent cytosol and/or cytoplasmic organelles prior to
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maturation and the end-to-end fusion which generates the double-membrane
autophagosomal organelles. In most cases, autophagosomes fuse with lysosomes which
deliver the proteases and lipases that degrade the cytosolic proteins or damaged organelles
previously sequestered within the autophagosome. The multiple phases of autophagosome
initiation and maturation are orchestrated by several key Atg (Autophagy) regulatory
factors. Knockout or overexpression of these Atg proteins in immune effector cells provides
experimental approaches for assessing roles for autophagy in innate or acquired immunity.
Notably, several recent studies have reported that basal autophagy in macrophages and DCs
provides an important suppressive mechanism to limit the rate and extent of the NLRP3
inflammasome activation and consequent IL-1β processing in response to P2X7R and other
inflasmmasome stimuli. This suppression involves: 1) targeting of ubiquitinated
inflammasome proteins for entrapment with developing omegasomes and autophagosomes
(Shi et al., 2012); 2) autophagic sequestration of the damaged mitochondria that otherwise
release the oxidized mitochondrial DNA which facilitates assembly of NLRP3
inflammasomes in the cytosol (Nakahira et al., 2011); and 3) autophagic sequestration of
proIL-1β substrate away from the active cytoplasmic inflammasome processing complexes
(Harris et al., 2011).

The above findings obviously support a model wherein autophagy will act to attenuate,
rather than promote, secretion of mature IL-1β as consequence of suppressed inflammasome
assembly and proteolytic maturation of proIL-1β. In those studies, the knockout or
inhibition of various Atg proteins acted to increase the rate and extent of IL-1β secretion in
response to P2X7R activation and other stimuli. However, another study has indicated that
suppression of Atg factors in macrophages can have the opposite effect, i.e., inhibition of
IL-1β export (Dupont et al., 2011). This suggests that a subset of autophagosomes
containing entrapped IL-1β and caspase-1 can be redirected from fusing with lysosomes to
fusing with the plasma membrane (Figure 1, Autophagy Pathway I). That report analyzed
IL-1β secretion in response to multiple NLRP3 inflammasome stimuli other than ATP.
However, another study has demonstrated that P2X7 activation of microglial cells triggers a
secretion of IL-1β that is temporally correlated with the release of membranes enriched in
lipidated LC3B (Atg8), a canonical marker of mature autophagosomes (Takenouchi et al.,
2009). This response was linked to a P2X7R-induced suppression of lysosomal acidification
that may provide a mechanism attenuating the usual fusion of lysosomes with
autophagosomes and thereby redirecting the latter organelles for exocytotic fusion with the
plasma membrane. This suggests that exocytosis of mature autophagosomes may lead to the
release of the intact inner membrane vesicles containing entrapped IL-1β and other cytosolic
proteins. Biochemical comparison of possible autophagosome-derived extracellular vesicles
with the microvesicle and exosome pools of vesicles known to be released from ATP-
activated macrophages is an important area for future research.

Alternatively, autophagosomes containing IL-1β may canonically fuse with conventional
lysosomes leading to dissolution of the inner membrane compartment and consequent
generation of autophagosolysosomes. It is possible that a subpool of such organelles may be
directed for exocytotic fusion with plasma membrane prior to complete proteolytic
degradation of entrapped IL-1β. Such putative “secretory autophagolysosomes” may be
mobilized for exocytosis via the same signals, SNARE proteins, and synaptotagmins that
regulate the secretory lysosomes described above. The exocytosis of secretory
autophagolysosomes containing mature IL-1β would result in the direct extracellular
accumulation of the cytokine as a free, soluble protein in contrast to the membrane-
entrapped cytokine that would be released via the exocytosis of autophagosomes.
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Concluding Remarks and Remaining Questions: Non-classical IL-1β
Secretion via P2X7R and Other Inflammasome Activators

The five possible mechanisms described above for non-classical IL-1β secretion are not
mutually exclusive and likely represent the engagement of parallel responses of
macrophages to P2X7 receptor activation under different physiological or
pathophysiological conditions. A critical -- but still poorly understood – set of questions
concerns the temporal, spatial, and contextual parameters that define each of these pathways.
For example, membrane blebbing and microvesicular release may predominate under
conditions where a macrophage, DC, or microglial cell is exposed to very high
concentrations of ATP, as may occur during extensive but brief traumatic tissue injury such
as spinal cord injury (Wang et al., 2004). High local concentrations of ATP will result in
rapid and massive P2X7R-mediated Ca2+ influx and consequent perturbation of the sub-
plasma membrane cytoskeleton and lipid remodeling dynamics. Conversely, the exososomal
or autophagic pathways may predominate during submaximal, but sustained, gating of P2X7
channels in myeloid cells that sense lower concentrations of local extracellular ATP, as
likely occurs during paracrine release of ATP from nearby apoptotic cells (Ghiringhelli et
al., 2009) or autocrine release at the immune synapses between T cells and APCs (Piccini et
al., 2008). Finally, pyroptotic release of IL-1β(driven by both P2X7R-dependent and
P2X7R-independent cascades) may be important under pathological conditions wherein the
release of active caspase-1 is attenuated, as occurs in macrophages infected with
intracellular bacteria that evade the macrophage’s antimicrobial machinery. Recent studies
have indicated that pyroptotic death of such infected macrophages is beneficial to the host
by facilitating the release not only of inflammatory cytokines, but also the bacteria per se.
The release of bacteria from their protected intracellular niche to the extracellular
compartments exposes them to rapid killing by adjacent neutrophils (Miao et al., 2010).

Despite the many recent reports describing the myriad extrinsic stimuli that trigger IL-1β
maturation via intracellular assembly of NLRP3 inflammasomes, few have considered how
these stimuli elicit extracellular IL-1β accumulation. Although this review has focused on
the unconventional secretory mechanisms entrained by P2X7R channel activation, the same
pathways are likely induced to varying extents by other stimuli coupled to the NLRP3
inflammasome cascade (Franchi et al., 2012; Rathinam et al., 2012; Zitvogel et al., 2012).
For example, pore-forming exotoxins produced by some extracellular bacteria increase
permeability of the leukocyte plasma membrane to ions and small molecules. Moreover, a
growing body of evidence suggests that activation of caspase-1 per se plays a general role in
regulating non-classical export pathways via signaling mechanisms that remain largely
undefined (Keller et al., 2008). It is possible that caspase-1 interacts – even perhaps
independently of its canonical proteolytic function – with other proteins such as GRASP55
and Rab39 implicated in the non-classical export of various macromolecules (Deretic et al.,
2012; Nickel and Rabouille, 2009). Exploring these potential mechanistic links between
inflammasome signaling and the more general cell biology of unconventional secretion
should provide new insights, and undoubtedly new questions, regarding the extracellular
accumulation of IL-1β during physiological and pathological inflammatory responses.
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Figure 1. Regulation of NLRP3 Inflammasome Assembly and Non-Classical Pathways of IL-1β
Secretion by the P2X7 Receptor
The figure illustrates the signaling cascade (left side of a generic myeloid leukocyte) by
which extracellular ATP-induced gating of P2X7 receptor channels serially triggers changes
in intracellular cation concentrations, perturbation of mitochondrial function, and assembly
of NLRP3/ASC/Procaspase-1 inflammasome complexes in macrophages, monocytes,
dendritic cells, or microglial cells. Accumulation of active caspase-1 in the cytosol
facilitates efficient proteolytic processing of cytosolic proIL-1β (a 33 kDa protein) to the
mature, 17 kDa IL-1β cyotokine. The right sight of the figure illustrates the four major
pathways of non-classical secretion (also termed unconventional secretion) by the cytosolic
IL-1β can be exported to the extracellular compartment. These include: the 1) exosome
pathway (violet); 2) the microvesicle pathway (black); 3) two variants of the autophagy
pathway that may involve exocytosis of either autophagosomes (green) or
autophagolysosomes (blue); 4) the secretory lysosome pathway (red). The bottom left of the
figure illustrates a fifth pathway (brown) for IL-1b export as a secondary sequelae of
regulated macrophage death by caspase-1 dependent pyroptosis or, possibly, damaged
mitochondria-dependent necroptosis. Abbreviations: MitoDNA (mitochondrial DNA); MVB
(multivesicular body).
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