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The majority of interleukin-1 (IL-1) family cytokines lack amino terminal secretion signals or
transmembrane domains for secretion along the conventional biosynthetic pathway. Yet,
these factors must be translocated from the cytoplasm across the plasma membrane into
the extracellular space in order to regulate inflammation. Recent work has identified an
array of mechanisms by which IL-1 family cytokines can be released into the extracellular
space, with supramolecular organizing centers known as infammasomes serving as
dominant drivers of this process. In this review, we discuss current knowledge of the
mechanisms of IL-1 family cytokine synthesis, processing, and release from cells. Using
this knowledge, we propose a model whereby host metabolic state dictates the route of IL-
1B secretion, with implications for microbial infection and sterile inflammation.
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INTRODUCTION

Production and secretion of interleukin-1 (IL-1) family cytokines is closely linked to inflammation.
All IL-1 family cytokines, except IL-1Ra, lack an amino terminal (N-terminal) secretion signal for
secretion by the endoplasmic reticulum (ER)-Golgi vesicular pathway (Garlanda et al., 2013). Several
family members, such as IL-1a, IL-1f, and IL-36a/B/y, are considered pro-inflammatory. Other
members, such as IL-1Ra and IL-36Ra, serve inhibitory or buffering roles that counteract the
pro-inflammatory functions of IL-1a/B and IL-36 cytokine signaling, respectively. Select IL-1
family cytokines can also serve anti-inflammatory functions in the case of IL-37 and IL-38 or
context-dependent pro-inflammatory and anti-inflammatory functions in the case of IL-18 and
IL-33.

IL-1a and IL-1f (sometimes referred to in aggregate as IL-1) have related functions within the
host through action on their shared heterodimeric receptor IL-1R1 and IL-1R accessory protein
known as IL-1R3 (Mosley et al., 1987a; Mosley et al., 1987b; Sims et al., 1988; Greenfeder et al., 1995).
Through cloning of pro-IL-1p, it was readily appreciated that this inactive precursor molecule did
not contain an N terminal signal sequence highlighting a major conundrum on how the bioactive
form of this cytokine might exit the cell to act on its cognate receptor (Auron et al., 1984; Rubartelli
et al., 1990). The IL-1 receptor complex, when ligated to IL-1a or IL-1p, but not when ligated to the
inhibitory protein IL-1Ra, can recruit the signaling adaptor MyD88 (Wesche et al., 1997). MyD88
recruitment and its downstream pro-inflammatory signaling events are similar to the sensing of
pathogen associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) of the
Toll-like receptor (TLR) family. As such, many of the pro-inflammatory functions of TLRs are
recapitulated by IL-1 family receptors. A major action of IL-1R signaling is the activation of the
transcription factor NF-«xB leading to production of pro-inflammatory cytokines, upregulation of
antigen presentation, and pro-survival signaling in various cell types (O’Neill, 2008). In addition, IL-
1R signaling can provide mitogenic signals in the case of T and B lymphocytes, as reviewed elsewhere
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(Evavold and Kagan, 2018). Recent work has also highlighted that
IL-1 signaling can induce an antiviral state in fibroblasts (Orzalli
et al., 2018; Aarreberg et al., 2019).

Signaling through other IL-1 receptors appears to follow
analogous processes to IL-1R, whereby the cognate ligand of
an IL-1 family cytokine binds a heterodimeric receptor that
induces the recruitment and activation of MyD88 (Garlanda
et al, 2013; O'Neill, 2008). The anti-inflammatory action of
some IL-1 family members may stem from differential usage
of MyD88 for pro-inflammatory versus anti-inflammatory
responses. For example, IL-33 binding to the specific IL-33
receptor known as IL-1R4 (also known as ST2) can be
considered pro-inflammatory on type 2 T helper (Th2) cells
and mast cells (Ali et al.,, 2007; Chackerian et al., 2007). IL-33
bound IL-1R4 can then recruit the accessory protein IL-1R3, as is
the case for the IL-1 receptor complex, to recruit and activate
MyD88 (Garlanda et al., 2013). Conversely, IL-33 signaling on T
regulatory cells (Tregs) can be considered anti-inflammatory
through induction of proliferation of this inherently anti-
inflammatory cell type and production of the tissue repair
factor known as amphiregulin (Arpaia et al., 2015; Kuswanto
et al., 2016). Analogous to TLR contextual signaling, TLR4 and
TLR5 expressing Tregs also appear to use TLR-MyD88-
dependent signaling for anti-inflammatory and tissue repair
related responses (Caramalho et al., 2003; Crellin et al., 2005).

Thus, as IL-1 family cytokines can have location and cell-type-
dependent responses, leading to either the induction or resolution
of inflammation, this family of cytokines is under increased
regulation compared to conventionally secreted counterparts.
Regulation of the induction, maturation, and secretion of these
cytokines is the focus of this review.

OVERVIEW OF IL-1 FAMILY CYTOKINES

As stated above, IL-1 is the prototypical member of the IL-1
family of cytokines. IL-1 acts on many cell types to induce
inflammation including, but not limited to, endothelial cells,
epithelial cells, myeloid cells, and lymphocytes (Evavold and
Kagan, 2018). IL-1 can also trigger the secretion of additional
conventional cytokines and chemokines, such as IL-6 and IL-8
respectively, that promote local inflammation through increasing
the permeability of endothelial cells for immune cell recruitment
and systemic inflammation through induction and maintenance
of fever and production of acute phase proteins in the liver
(Garlanda et al., 2013).

IL-1a exists as a pro-form cytokine primarily within the
nucleus of cells (Werman et al., 2004; Lamacchia et al., 2013).
Some cell types, such as epithelial cells, appear to constitutively
express IL-1a, though pro-inflammatory signaling can induce the
production of new pools of IL-1a. The subcellular localization of
this cytokine is attributed to a nuclear localization signal (NLS)
within the pro-domain (Werman et al., 2004; Wessendorf et al.,
1993). IL-1a is best known for its pro-inflammatory activities
resulting from ligation and activation of the IL-1 receptor
complex. This necessitates that IL-1a egresses the nucleus and
makes it to the extracellular space to act on IL-1 receptor

Control of IL-1 Secretion

complexes on other cells (Figure 1). While pro-form IL-la
can signal through the IL-1 receptor complex (Kim et al,
2013), the potency of IL-l1a on its cognate receptor increases
after processing by select proteases (Figure 2). Examples of such
proteases include calpains, which are calcium-dependent cysteine
proteases located at the inner leaflet of the plasma membrane
(Kobayashi et al., 1990; Afonina et al., 2011). Thus, while IL-1a
can be released upon cellular necrosis, the activity of IL-la is
increased following regulated secretion that includes disruption
of the nucleus and calcium (Ca) flux (Gross et al., 2012; England
et al., 2014). These events occur during certain cell death
processes such as induction of pyroptosis through the action
of inflammasomes, which will be discussed in the following
sections (Keller et al., 2008; Gross et al., 2012). Recent studies
indicate that IL-1a can also be released from cells after sublytic
inflammasome stimulations and from living cells, such as occurs
during phagocyte hyperactivation or early pyroptotic
stimulations (Gardner et al.,, 2015; Evavold et al., 2018; Tapia
et al,, 2019; Wiggins et al,, 2019; Aizawa et al., 2020; Tsuchiya
et al, 2021). While the canonical inflammasome component
caspase-1 can mediate the calpain-dependent processing and
subsequent release of IL-1a (Gross et al., 2012; Tsuchiya et al,,
2021), caspase-1 is unable to directly process pro-IL-1a (Howard
et al, 1991). In contrast, recent work has identified that
inflammatory caspase-5/-11 can directly process IL-la into a
more bioactive molecule (Wiggins et al., 2019). The increased
bioactivity of processed IL-1a can also be contextually controlled
in trans. Under these circumstances, a necrotic cell may release
pro-form IL-1a that is then cleaved by proteases from a different
cell, such as mast cell chymase, neutrophil elastase, or cytolytic
T-lymphocyte (CTL) and natural killer (NK) cell granzyme B
(Lithi et al., 2009; Clancy et al., 2018). Moreover, IL-1a can be
activated after cleavage by the coagulation cascade associated
protease thrombin (Burzynski et al., 2019) (Figure 2).

IL-1p is generally associated with myeloid lineage cells such as
macrophages, dendritic cells, and neutrophils (Chan and
Schroder, 2020). In their resting (non-inflammatory state),
these myeloid cells do not express pro-form IL-1p and
typically require a pro-inflammatory signal to initiate
transcription and translation, such as after TLR activation
upon microbial encounters (Figure 1). Conversely, certain cell
types, such as keratinocytes, may constitutively express low levels
of IL-1p without pro-inflammatory stimuli (Mizutani et al,
1991a). Pro-IL-1P is found within the cytosol (Chan and
Schroder, 2020). This pro-form cytokine requires proteolytic
processing to become biologically active on the IL-1 receptor
complex (Howard et al., 1991; Thornberry et al., 1992) (Figure 2).
This cytokine also must be released from the cytosol into the
extracellular space to reach IL-1 receptor complexes on other cells
(Figure 1). Thus, in contrast to IL-1a, which must cross the
nuclear and plasma membrane to access the extracellular space,
cytosolic IL-1B must only traverse the plasma membrane. The
lower threshold of crossing the membrane of a single
compartment for IL-1B to escape the cell might be explained
through the additional regulation at the induction of
transcription, compared to a pre-existing pool of nuclear IL-1a
in some cell types. Moreover, unlike IL-1a, IL-1f has an absolute

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2022 | Volume 10 | Article 910983


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Evavold and Kagan

Control of IL-1 Secretion

\WB:IH R

IL-1R3

IL-1 Ra:IL-y/

X

Bioactivity
via
cleavage

Cytosolic
proform

Crossing of
9 translation
[-———==]

nuclear

membrane _—=

A O
Constitutive

IL-1a  nuclear

pro-IL-1B

De novo transcription
IL-1Ra

Plasma
membrane
fusion

Constitutive
vesicular
trafficking

Co-translational
crossing of ER
membrane

localization \
; Z Q x :J PRAOVOVUR Nucleus :

FIGURE 1 | Multi-level regulation of unconventional secretion of IL-1. IL-1a can be constitutively expressed, but accumulates in the nuclear compartment. Secretion
requires crossing the topological barriers of the nuclear membrane and the plasma membrane. Proform IL-1a is biologically active on the IL-1 receptor complex, but
cleavage by certain proteases such as calpains can increase activity. Pro-IL-1p is often transcriptionally induced upon sensation of lower level threats to the host such as
extracellular PAMPs or pro-inflammatory cytokines. Pro-IL-1f is translated and remains in the cytosol, and must cross the topological barrier of the plasma
membrane for secretion. Cleavage of pro-IL-1p by proteases such as caspase-1 is required for bioactivity on the IL-1 receptor complex. IL-1Ra is the only IL-1 family
member that is conventionally secreted through the biosynthetic pathway. IL-1Ra is transcriptionally induced alongside sensation of inflammatory cues and conventional
secretion of this cytokine may buffer the action of pro-inflammatory IL-1a/IL-1f by blocking their interaction with IL-1R1.

requirement for its cleavage to achieve bioactivity. Thus, multiple
strategies of IL-1 regulation appear to mediate IL-1a and IL-1f
release from cells.

The cleavage and release of IL-1f is often closely linked to the
action of inflammasomes (Evavold and Kagan, 2019; Chan and
Schroder, 2020). Inflammatory caspase-1 cleaves pro-IL-1f into
mature IL-1B (Kostura et al., 1989; Thornberry et al., 1992; Li
et al., 1995). Caspase-1 also cleaves the protein gasdermin D
(GSDMD) to mediate pyroptotic lysis of cells (He et al., 2015;
Kayagaki et al,, 2015; Shi et al, 2015). GSDMD cleavage by
caspase-1 releases a fragment that oligomerizes into pores in host
cell membranes (Aglietti et al., 2016; Liu et al., 2016a; Ding et al.,
2016; Sborgi et al,, 2016). GSDMD pores can mediate IL-1f
release in direct and indirect ways (Evavold et al., 2018; Heilig
et al., 2018). Moreover, inflammatory caspases-4, -5, -11 can also
mediate the cleavage and secretion of IL-1(, but this process
requires the secondary activation of the NLRP3 inflammasome
and caspase-1 for direct IL-1pB cleavage (Kayagaki et al., 2015;
Riihl and Broz, 2015; Shi et al., 2015). The necroptotic pathway
can also cause membrane permeability and rupture via the pore
forming protein MLKL and pro-IL-1p processing via the NLRP3
inflammasome (Gutierrez et al., 2017). Recent work has also
illustrated that caspase-8 can mediate the cleavage and release of
IL-1P in contexts where traditional inflammasome components
are lacking or under conditions of TAK1 inhibition (Orning et al.,
2018; Sarhan et al., 2018; Muendlein et al., 2020). Finally, pro-IL-
1P can be cleaved in the extracellular space in trans via mast cell-
associated chymase, neutrophil-associated elastase, proteinase-3,

matrix metalloprotease 9, and CTL and NK cell-associated
granzyme A (Black et al., 1988; Hazuda et al., 1990; Mizutani
et al., 1991b; Coeshott et al., 1999) (Figure 2).

IL-1Ra is an inhibitory protein to the IL-1 receptor complex
(Arend et al., 1989; Arend et al., 1994). IL-1Ra is the only IL-1
family member that contains an N-terminal signal sequence for
translation at the endoplasmic reticulum, trafficking through the
Golgi, and fusion and release at the plasma membrane (Figure 1)
(Garlanda et al., 2013). The highly inflammatory nature of IL-1a
and IL-1B on cells expressing the IL-1 receptor complex may
explain why this inhibitory member of the IL-1 family evolved to
be conventionally secreted. IL-1Ra binds to the same IL-1R1 as
IL-1a and IL-1B, thus limiting the pro-inflammatory signaling
that these cytokines induce (Arend et al., 1989; Arend et al., 1994).
IL-1Ra bound IL-1R1 cannot productively signal through IL-1R3.
This may serve as a local and systemic buffering system to limit
low levels of autoinflammation during constitutive death
processes or during resolution of inflammation. Other
cytokine systems, such as the conventional cytokine IL-6, also
have mechanisms to buffer the signaling propensity of the pro-
inflammatory cytokine via the production of secreted decoy
receptors (Yousif et al, 2021). In addition to IL-1Ra-
dependent inhibition of IL-1R1 signaling, IL-1 is also
scavenged by a membrane bound and soluble decoy receptor
known as IL-1R2 (Colotta et al., 1993; Re et al., 1996; Kuhn et al.,
2007; Lorenzen et al., 2012). These two strategies in addition to
the cell-intrinsic and in trans regulation of IL-la and IL-1f
cytokine processing and release illustrate that these cytokines
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FIGURE 2 | Proteases that regulate IL-1 bioactivity in cis or in trans. (A) The precursor protein for IL-1a is inherently bioactive. Several proteases have been shown
to increase this bioactivity. Intracellular proteases that can regulate IL-1a in cis include calcium activated proteases such as calpains as well as the non-canonical
inflammasome associated caspase-5 and caspase-11 in human and mouse respectively. Extracellular proteases that can regulate IL-1a in trans include coagulation
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extracellular pro-IL-1p cleavage likely through caspase-1.

FIGURE 2 | associated thrombin, T cell/NK cell associated granzyme B, neutrophil associated elastase, and mast cell associated chymase. (B) Pro-IL-1p must be
processed into IL-1p to become bioactive. Several proteases have been shown to mediate this conversion to bioactivity. Intracellular proteases that can regulate IL-
1B in cis include inflammasome associated caspase-1 or diverse complexes that can contain caspase-8. Extracellular proteases that can regulate IL-1p in trans
include T cell/NK cell associated granzyme A, neutrophil associated proteases elastase, proteinase-3, and matrix metalloprotease 9, and mast cell associated
chymase. As inflammasome specks can exist in the extracellular space after pyroptotic lysis, extracellular inflammasomes may also be capable of regulating

are highly inflammatory. Indeed, several autoinflammatory
diseases, such as cryopyrin-associated periodic syndrome
(CAPS) and familial Mediterranean fevers (FMF), and
autoimmunity diseases, such as rheumatoid arthritis (RA) and
multiple sclerosis (MS), are associated with overproduction and
secretion of IL-1 (Garlanda et al.,, 2013). Recombinant IL-1Ra
(known as Anakinra) is used as a therapy in some of these
indications, and monoclonal antibodies against IL-1B (such as
Canakinumab) demonstrate similar reduction in inflammation
associated with neutralizing the bioactivity of this cytokine
(Dinarello, 2018).

IL-18 is expressed constitutively in certain cell types such as
epithelial and myeloid cells (Puren et al., 1999). Similar to IL-1p,
IL-18 is an inactive, pro-form cytokine produced in the cytosol of
cells (Okamura et al., 1995; Ghayur et al., 1997). IL-18 is cleaved
into a bioactive cytokine via inflammasome activated caspase-1
(Ghayur et al,, 1997; Gu et al., 1997). IL-18 can also be directly
cleaved by inflammatory caspase-4 (Kobayashi et al, 2013;
Knodler et al., 2014). This contrasts with the indirect role of
caspase-4 in activating the NLRP3 inflammasome for IL-1B
processing via caspase-1 (Kayagaki et al., 2015; Rithl and Broz,
2015). Notably, these molecular themes of IL-1 cleavage apply to
humans and mice, but not all mammals. A subset of carnivores
(excluding canines) can utilize a hybrid inflammatory caspase to
detect bacterial cell wall lipopolysaccharides (LPS), akin to
human caspase-4, and also mediate IL-1B cleavage directly
(Devant et al., 2021). As such, this hybrid enzyme, known as
caspase-1/4, operates as a one-protein signaling pathway that
bypasses the need for an inflammasome and directly links LPS
detection to IL-1P cleavage in an analogous manner to human
caspase-4 direct cleavage of IL-18.

The specific IL-18 receptor is known as IL-1R5 (formerly IL-
18 receptor a chain). When IL-1R5 binds cleaved IL-18, IL-1R5
recruits the signaling competent accessory protein known as IL-
1R7 (formerly known as IL-18 receptor B chain) (Dinarello,
2018). Downstream signaling occurs through recruitment of
MyDS88, as is the case for the activated IL-1 receptor complex.
IL-18 signaling can be considered pro-inflammatory as it can
mediate inflammation via immune cell recruitment to tissues and
upregulation of antigen presentation (Garlanda et al., 2013). IL-
18 also functions to impact adaptive immunity in concert with
conventionally secreted pro-inflammatory cytokines from
myeloid cells, such as IL-12 and IL-15 (Okamura et al., 1995;
Evavold and Kagan, 2018). The original name for IL-18 was IFN-
y inducing factor because IL-18 in combination with IL-12 (or IL-
15) can instruct T lymphocytes to differentiate towards the Thl
helper subset, and thus encourage IFN-y production via Thl and
NK cell lymphocytes (Okamura et al., 1995; Ghayur et al., 1997).
Consistent with this pro-inflammatory role of IL-18, several

autoinflammatory and autoimmune diseases are associated
with increased serum concentrations of IL-18 including CAPS,
FMF, and MS (Garlanda et al., 2013). Unlike IL-1, IL-18 does not
induce fevers when administered exogenously (Gatti et al., 2002).
While IL-18 has been purported to have protective roles in colitis,
subsequent work suggests that IL-18 mediates inflammation and
epithelial barrier dysfunction (Nowarski et al.,, 2015). Similar to the
buffering activity of the membrane-bound decoy receptor IL-1R2
towards the bioactivity of IL-1, the host produces a conventionally
secreted protein called IL-18 binding protein (IL-18bp) to scavenge
IL-18 and likely dampen the inflammatory activities of IL-18
(Novick et al, 1999). While more studies are needed to
delineate the magnitude and kinetics of production of receptor
antagonists, binding proteins, and decoy receptors for other IL-1
family members, IL-18bp is well characterized as a buffering
system for IL-18 driven inflammation (Novick et al., 1999; Kim
et al, 2000; Novick et al, 2001). During homeostasis, serum
concentrations of IL-18bp seem to be constitutively higher than
serum concentrations of IL-18 by at least an order of magnitude
(Novick et al., 2001). As IL-18bp can bind in a 1 to 1 M fashion to
IL-18 with tight affinity, this means that at baseline even
homeostatic production of IL-18 is buffered or chelated by IL-
18bp (Novick et al,, 1999; Kim et al., 2000; Novick et al., 2001).
During inflammation, IL-18 levels must surmount the levels of IL-
18bp to mediate bioactivity on the cognate cytokine receptor.
Interestingly, IL-18bp is wupregulated by IFN-y during
inflammation (Miihl et al., 2000; Hurgin et al., 2002). As IL-18
can induce the production of IFN-y as mentioned above (Okamura
etal., 1995; Ghayur et al., 1997), this transcriptional feedback loop
may initiate resolution of inflammation unless high levels of IL-18
continue to be produced. Other factors that affect the IL-18 to IL-
18bp setpoint require further characterization, but this example
illustrates that IL-1 family members are under additional
extracellular  regulation likely to limit inappropriate
inflammation at baseline and promote return to homeostasis
quickly following resolution of a pathogenic insult.

Similar to IL-la, IL-33 is expressed as a nuclear pro-form
cytokine that has inherent bioactivity when released from cells in
an unprocessed form (Carriere et al., 2007; Talabot-Ayer et al.,
2009; Bessa et al., 2014). Thus, as is the case in IL-1a regulation,
the presence of an NLS and pro-domain act as two barriers to IL-
33-mediated inflammation. In contrast to IL-1p and IL-18,
caspase-1 processing of IL-33 may abrogate bioactivity (Cayrol
and Girard, 2009). Similarly processing by apoptotic executioner
caspases such as caspase-3/-7 also leads to diminished bioactivity
(Lithi et al,, 2009). It is unknown whether this processing can
occur within the nucleus during cell death programs or whether it
primarily occurs as the nuclear compartment is damaged and IL-
33 egresses through the cytosol on its way to the extracellular
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space. Moreover, inflammasomes have been shown to exist in
inflamed tissues apart from the initial source pyroptotic cell
(Baroja-Mazo et al., 2014; Franklin et al., 2014). While it is
unknown how much caspase-1 activity might be retained
within these extracellular “ASC specks,” the presence of
relatively few pyroptotic events may have effects on the
bioactivity of IL-33 released from other cells in a local tissue
environment. These data suggest that IL-33 can be a contextual
signal for caspase-independent necrotic or necroptotic cell death
processes (Liithi et al., 2009; Ohno et al., 2009). IL-33 can be
processed in trans by proteases, such as mast cell-associated
chymase and neutrophil elastase, that increase bioactivity (Bae
et al,, 2012; Lefranqais et al., 2012; Waern et al., 2013; Roy et al,,
2014). IL-33 binds to the specific receptor known as IL-1R4
(formerly ST2) to mediate recruitment of the signaling competent
accessory protein IL-1R3 that is also used by the IL-1 receptor
complex and IL-18 receptor complex (Ali et al., 2007; Chackerian
et al., 2007). The activated IL-33 receptor complex can then
recruit MyD88 to activate NF-kB-dependent processes (Garlanda
etal,, 2013). IL-33 can incur pro-inflammatory functions through
activation and proliferation of the Th2 helper subset of T
lymphocytes in contexts such as multicellular parasite
infection or allergy (Ali et al, 2007; Bartemes et al., 2012;
Garlanda et al,, 2013). IL-33 can act as an anti-inflammatory
cytokine through proliferation and upregulation of the tissue
repair cytokine amphiregulin in T regulatory cells in contexts
such as muscle injury (Arpaia et al., 2015; Kuswanto et al., 2016).

The IL-36 subfamily consists of IL-36a, IL-36(3, IL-36y, IL-36Ra,
and IL-38 (Dinarello, 2018). These members all bind to the specific
IL-36 receptor chain known as IL-1R6 (formerly known as IL-1
receptor-related protein 2) (Towne et al., 2004). The production and
response to IL-36 cytokines primarily occurs at barrier sites such as
the squamous epithelium of the skin (Boutet et al, 2016).
Keratinocytes transcribe and translate IL-36y after sensation of
PAMPs such as poly (I:C) and flagellin (Lian et al,, 2012). IL-36y
is released after poly (I:C) treatment of keratinocytes in a caspase-3/-
7-dependent manner that also requires upstream caspase-1
activation (Lian et al,, 2012). While little is known regarding the
processing and secretory mechanism of IL-36 members, the
association with inflammasome related caspase-1 and apoptotic
caspase-3/-7 may suggest that the gasdermin family of pore
forming molecules may play a role in secretion of IL-36 from
keratinocytes as is the case for IL-1p and IL-18. While
recombinant full-length IL-36 cytokines can elicit bioactivity,
N-terminally truncated IL-36 increases bioactivity on the IL-36
receptor complex (Towne et al, 2011). The IL-36 cytokines do
not have obvious caspase cleavage motifs, but there may be distinct
proteases that cleave IL-36 either in a secreting cell or in trans as is
the case for other IL-1 family members. This might proceed through
either caspase-1-dependent GSDMD pore formation or caspase-3/-
7-dependent GSDME pore formation. IL-36 can signal to epithelial
cells, such as skin keratinocytes, to produce chemokines that may
mediate inflammation through recruitment of immune cells to the
site of IL-36 release (Li et al., 2014). Moreover, IL-36 is produced in
lesions associated with the autoimmune disorder psoriasis (Johnston
et al, 2011; Marrakchi et al., 2011). The inhibitory protein IL-36Ra
inhibits IL-36 receptor signaling by blocking binding of the

Control of IL-1 Secretion

activating ligands IL-36a, IL-36P, and IL-36y to IL-1R6 in an
analogous way to IL-1Ra action on the IL-1 receptor complex
(Dinarello, 2018). Deficiency in IL-36Ra is associated with
pustular psoriatic lesions in the skin, again highlighting that
beyond IL-36 processing and release that additional regulation at
the level of receptor binding is required to prevent autoinflammation
and autoimmunity for inflammatory IL-1 family members
(Blumberg et al, 2007; Marrakchi et al, 2011; Sugiura et al.,
2014). IL-38 is a partial antagonist of IL-36-dependent
inflammation as IL-38 binds the same IL-36 receptor complex as
agonist IL-36 cytokines (van de Veerdonk et al., 2012). IL-38 has an
anti-inflammatory role as it can block IL-22 and IL-17A production
in response to Candida albicans (van de Veerdonk et al., 2012; Han
et al, 2019). As IL-38 is elevated in patients with the
autoinflammation such as asthma and autoimmune diseases such
as SLE and RA, this cytokine may act similarly to IL-1Ra, IL-18bp,
and IL-36Ra in buffering the inflammatory actions of agonist IL-36
cytokines (Rudloff et al., 2015; Boutet et al,, 2016; Chu et al., 2016).
The potential role of processing and mechanisms of IL-38 release
await further characterization.

IL-37 is another IL-1 family member that is transcriptionally
regulated and sequestered to the nucleus until programmed release
into the extracellular space where it can exert anti-inflammatory
functions (Sharma et al., 2008; Nold et al., 2010). IL-37 is expressed
in epithelial cells, lymphocytes, and myeloid cells (Dinarello, 2018).
Mice do not express an orthologue of human IL-37, but ectopic
expression in mice and murine cells demonstrates anti-
inflammatory properties (Nold et al., 2010). IL-37 binds to IL-
1R5 which is the same specific ligand receptor for IL-18 signaling
(Kumar et al., 2002; Nold-Petry et al.,, 2015). In contrast to IL-18/
IL-1R5 recruitment of IL-1R7 for IL-18 signaling, IL-37 binding to
IL-1R5 recruits the chain IL-1R8 (also known as SIGIRR) (Li et al.,
2015; Nold-Petry et al., 2015). IL-37 is released in both a cleaved
and unprocessed form after inflammasome activation in human
myeloid cells, but processing is not necessary for bioactivity of IL-
37 (Kumar et al., 2002; Bulau et al., 2014; Li et al., 2015). Release of
IL-37 after inflammasome signaling may serve to mitigate or buffer
the inflammatory potential of inflammasome released IL-1 or other
sources of inflammation due to the presence of microbial ligands in
an infected tissue. One model that has been proposed for how IL-
37 could be anti-inflammatory is through sequestering MyD88 to
the TIR domain of IL-1R8, thus depriving other TLR and pro-
inflammatory IL-1 family receptors of their required signaling
adaptor (Gong et al,, 2010). This intracellular buffering of pro-
inflammatory signaling again highlights the potency of IL-1 family
members and the requirement for multiple levels of regulation to
their inflammatory actions. As several members of the IL-1 family
seem to utilize contextual processing and release via the inducible
organelles known as inflammasomes, we will provide updates on
regulation of inflammasome signaling and membrane
permeabilization in subsequent sections.

REGULATION OF INFLAMMASOMES

Inflammasomes are threat-assessing organelles that assemble in
response to cytosolic perturbations indicative of pathogen
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invasion or sterile damage (Evavold and Kagan, 2019; Chan and
Schroder, 2020). Inflammasomes have many layers of regulation
that affect the cleavage and secretion of bioactive IL-1 family
cytokines. This regulation can take the form of transcriptional
control of inflammasome components and substrates, post-
translational control of location and conformation of
inflammasome components, and control of negative regulators
of inflammasome signaling. Inflammasomes consist of a seed
protein, oligomerization unit, and enzymatic effector (Evavold
and Kagan, 2019). Many intracellular PRRs have been
determined to serve as seed proteins for inflammasome
activation, including proteins of the NLR family, the protein
Pyrin, the protein AIM2, and the recently discovered protein
CARDS.

Some inflammasomes require a two-signal integration of
threat level for optimal activation (Evavold and Kagan, 2019;
Chan and Schroder, 2020). The two-signal requirement of certain
inflammasomes serves as a logic gate to prevent the inappropriate
release of bioactive IL-1 and inflammatory cell death. This logic
gate is best exemplified by the synergistic recognition of microbial
ligands by the TLR family and subsequent activation of the
NLRP3 inflammasome in myeloid cells, such as macrophages.
Unstimulated macrophages do not express appreciable amounts
of the inflammasome seed protein NLRP3 or pro-IL-1p. Only
upon PRR detection of PAMPs, such as TLR4 sensing bacterial
LPS, or through the action of certain pro-inflammatory cytokines,
such as TNFR sensing TNFa, can an NF-kB-dependent
transcriptional response upregulate NLRP3 and pro-IL-1p.
Thus, low-level threats of extracellular microbial ligands, stress
ligands, or pro-inflammatory cytokines can poise a sentinel cell to
survey for the presence of higher threats such as pathogen
invasion of the cytosol or manipulation of host machinery.
This  transcriptional  upregulation of inflammasome
components and inflammasome substrates has been termed
“priming” or “signal one.” Other inflammasomes such as the
AIM2 inflammasome and the caspase-11 inflammasome are
under the control of a transcriptional signal one, though these
receptors typically require the induction of an interferon (IFN)
response for their transcriptional upregulation. Beyond the
upregulation of transcriptional responses, priming can also
post-translationally modify inflammasome proteins or alter
lipid organization on membranous organelles to mediate
conformational ~ changes or  subcellular location of
inflammasome proteins.

The second signal in inflammasome activation is the trigger
for seed oligomerization. This process is intrinsically controlled
by receptor location because all known inflammasome receptors
are located within the cytosol (or nucleus) and are thus
topologically separated from low-level threats, such as
microbial ligands in the extracellular space (Evavold and
Kagan, 2019). A higher threat, such as microbial ligands in the
sterile cytosol or dysfunction of a cellular process, are thus used as
indications of pathogen invasion and result in a commensurate
inflammatory response of release of bioactive IL-1 and in some
cases lytic cell death.

Inflammasomes consist of several distinct seed proteins that
can sense diverse inputs, but triggering of these receptors
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converge on oligomerization of adaptor ASC (and in some
cases NLRC4) to promote the activation of inflammatory
caspase-1. ASC is recruited to most inflammasome seeds, such
as NLRP3, NLRP6, AIM2, and Pyrin, through PYRIN-PYRIN
domain interactions. The NAIP proteins sense proteins
structurally related to components of bacterial secretion or
motility machinery to recruit the adaptor NLRC4. The
oligomerization of the adaptors ASC and NLRC4 in the above
inflammasomes serves to recruit pro-caspase-1 and induce
activation of caspase-1 through enforced proximity. Oligomers
of NLRC4 or ASC recruit pro-caspase-1 through CARD-CARD
domain interactions. Increasing the local concentration of
caspase-1 within the inflammasome filament allows for pro-
caspase-1 and various caspase-1 heterodimers to process other
caspase-1 molecules in trans at two linker locations (Thornberry
etal., 1992; Boucher et al., 2018). These cleavage events cause the
formation of distinct species of active caspase-1 heterodimers
including an inflammasome localized, highly active species
consisting of a p33 and p10 fragment and a solubilized species
consisting of a p20 and p10 fragment (Boucher et al., 2018). This
sequential cleavage illustrates tight regulation on the duration and
magnitude of caspase-1 activity within cells that may be
intrinsically related to the size or available oligomerization
surfaces of inflammasome assemblies (Boucher et al., 2018;
Evavold and Kagan, 2019).

ROLE OF IL-1 CLEAVAGE IN BIOACTIVITY,
MEMBRANE LOCALIZATION, AND
SECRETION

Caspase-1 activity is intimately related to the cleavage of
intracellular substrates such as the select IL-1 family members
IL-1B, IL-18, IL-33, and IL-37 (Chan and Schroder, 2020). As
stated above, inflammasome associated caspase-1 can cleave IL-
1P, IL-18, and IL-37 to increase their binding and bioactivity to
their respective cytokine receptors (Thornberry et al, 1992;
Ghayur et al,, 1997; Gu et al, 1997; Kumar et al, 2002). In
the case of IL-33, caspase-1 may process the cytokine into a
moiety that is no longer bioactive (Cayrol and Girard, 2009). In
the context of IL-1P and IL-18, cleavage of pro-form cytokine can
change the overall isoelectric point of the protein (Monteleone
et al, 2018). The pro-domain of IL-1P is negatively charged,
whereas the polypeptide corresponding to the mature pl7
fragment is positively charged. Thus, cleavage of pro-IL-1p
into IL-1B releases an overall positively charged mature
cytokine that becomes enriched in the inner leaflet of the
plasma membrane through charge-charge interactions with
negatively charged phospholipid headgroups, such as PI(4,5)P2
(Monteleone et al., 2018). Accumulation of IL-1f at the plasma
membrane can facilitate fast release through GSDMD pores or
slow release by underdetermined mechanisms. Caspase-1 also
facilitates the secretion of bioactive IL-1 family cytokines through
regulation of the pore forming protein GSDMD (Kayagaki et al.,
2015; Shi et al., 2015; Evavold et al., 2018; Heilig et al., 2018).
GSDMD pores are recognized to be size and charge-dependent
conduits for the secretion of IL-1 from hyperactivating and
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sublytic inflammasome stimulations (Evavold et al., 2018; Heilig
et al., 2018; Xia et al., 2021). The structure of the human GSDMD
pore was recently determined through cryo-EM of lipid nanodisk
containing oligomerized N-terminal fragments of GSDMD (Xia
et al., 2021). Through charge reversal point mutations in the
context of GSDMD and the cargo mature IL-1B, it was
determined using liposome release assays and sublytic
inflammasome  stimulations in  reconstituted  murine
macrophages that GSDMD allows the enriched release of
mature IL-1p through electrostatic filtering (Xia et al., 2021).
This appears to primarily operate through repulsion of negatively
charged pro-IL-1p from the pore channel as opposed to selective
preference for mature IL-1p.

REGULATION OF GSDMD PORES

All gasdermin family members, except Pejvakin, contain an
N-terminal domain that can form a plasma membrane pore
(Ding et al,, 2016). As such, the gasdermin family has been
the subject of recent investigation of unconventional protein
secretion, membrane permeability, and cell death. GSDMD
exists as a latent protein within the cytosol of resting cells
(Kayagaki et al., 2015; Shi et al, 2015). Upon inflammasome
activation, GSDMD is cleaved in a flexible linker region that
contains a caspase cleavage site (Liu et al., 2020; Wang et al,
2020). Inflammatory caspases (e.g., caspase-1/-4/-5/-11)
recognize GSDMD via an exosite in the C terminal fragment
(Liu et al., 2020; Wang et al., 2020). Caspase-8 can also cleave
GSDMD—possibly during death receptor signaling, alternative
inflammasome activation, TAK1 inhibition, or during Yersinia
infection (Gaidt et al., 2016; Orning et al., 2018; Sarhan et al,,
2018; Donado et al., 2020). While caspase-8 can also be recruited
and activated on ASC assemblies of canonical inflammasomes
(Sagulenko et al., 2013; Vajjhala et al., 2015), this may primarily
occur in contexts where pyroptosis is delayed or defective, such as
genetic deficiencies in caspase-1 and GSDMD (Schneider et al.,
2017; Tsuchiya et al., 2019).

The primary role of inflammatory caspases and caspase-8 in
activating GSDMD s releasing the pore forming N terminal
fragment from the auto-inhibitory C terminal domain (Ding
et al, 2016; Liu et al, 2019). However, in certain contexts
such as gut inflammation, full length GSDMD may mediate
the unconventional secretion of IL-1p (Bulek et al., 2020). This
study did not see robust cleavage of GSDMD by immunoblot
assay but noted a genetic requirement of GSDMD for IL-1f
release. Other studies have found that sublytic stimulations, such
as infections with mutant S. aureus, may cleave GSDMD for IL-13
secretion below the limit of detection by immunoblot (Evavold
et al., 2018; Bjanes et al., 2021). Thus, determining whether full
length gasdermins might truly form membrane pores awaits
further characterization—though there is evidence that point
mutations in GSDMD at the binding interface between the N
and C terminus can relieve autoinhibition and cause membrane
binding and pore formation by the full-length protein (Liu et al.,
2019). Either the removal of an inhibitory post-translational
modification or addition of an activating modification may
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alter GSDMD pore formation through the function of the
C-terminal autoinhibitory domain, the accessibility of the
caspase cleavage site, or membrane Dbinding and
oligomerization potential of the N-terminal domain. Indeed,
GSDMD was recently described to be modified by host
metabolites at cysteine residues in the N-terminus (Humphries
et al, 2020; Bambouskova et al., 2021). These modifications
appear to block the cleavage of full length GSDMD by
inflammatory caspases thus limiting GSDMD oligomerization
and pore formation (Humphries et al., 2020; Bambouskova et al.,
2021). Of note, one of these cysteine residues has also been
implicated in oligomerization of a GSDMD pore after cleavage
(Liu et al., 2016a; Rathkey et al., 2018; Hu et al., 2020; Humphries
et al,, 2020). Use of non-specific cysteine modifying agents, such
as necrosulfanamide and disulfiram, can covalently modify
cysteine 192 that may sterically hinder the ability of GSDMD
N-terminal fragments to oligomerize (Rathkey et al., 2018; Hu
et al,, 2020). Moreover, the change of the corresponding cysteine
to alanine or more conservatively to serine can impact
oligomerization and cell death in 293T cells (Liu et al., 2016a;
Hu et al,, 2020; Humphries et al., 2020). Recent work from our
group has determined that reactive oxygen species (ROS)
metabolites can enhance GSDMD pore formation that requires
cysteine 192 (Devant et al., 2022). More work is required to
delineate the role of post-translational modifications (PTMs) in
regulating gasdermin function.

The N-terminal fragment of GSDMD has affinity for
negatively charged phospholipids such as phosphatidylserine
and PI(4,5)P2 found in the inner leaflet of the plasma
membrane (Liu et al.,, 2016a; Ding et al.,, 2016). Furthermore,
GSDMD can bind to other negatively charged lipids, such as
cardiolipin, that is present in bacterial or mitochondrial
membranes (Aglietti et al., 2016; Liu et al.,, 2016a; Ding et al.,
2016; Sborgi et al., 2016). GSDMD mediates lysis of bacteria after
intracellular expression or treatment of liquid cultures and has
recently been shown to target mitochondria in the context of
pyroptosis (Liu et al., 2016a; Ding et al.,, 2016). How GSDMD
accesses cardiolipin, which is normally found on the inner
membranes of intact mitochondria and is topologically hidden
by the bacterial cell wall, has not been determined. Cardiolipin
becomes externalized after stress (Iyer et al., 2013; Elliott et al,,
2018), so GSDMD may target damaged or stressed mitochondria
and bacteria.

At the plasma membrane, GSDMD pores can mediate calcium
flux from the hypercalcemic extracellular space into the
hypocalcemic cytosol (Martin-Sanchez et al, 2016; Russo
et al, 2016; Riihl et al, 2018). As IL-1p and GSDMD both
localize to PI(4,5)P2-containing regions of the plasma
membrane (Liu et al., 2016a; Monteleone et al., 2018), the
formation of a GSDMD pore may allow a transient release of
calcium that promotes removal of membrane enriched IL-1p
through the action of PLC-y cleavage of PI(4,5)P2 into DAG.
During this transient removal of IL-1p from the membrane,
PI(4,5)P2 metabolism by PLC may also mediate
conformational changes of the pore to limit the amount of IL-
1P that is released (Santa Cruz Garcia et al., 2022). Sustained
calcium flux is a trigger for membrane repair processes, such as
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lysosomal exocytosis or ESCRTIII-dependent membrane
blebbing, to remove compromised sections of the plasma
membrane (Cooper and McNeil, 2015; Rithl et al., 2018).
Moreover, this calcium flux mediates the rapid conformational
opening or closing of GSDMD through a mechanism that may
involve metabolism of phospholipids [e.g., PI3K formation of
PI(4,5)P2 and PI(3,4,5)P3 or degradation of these species to DAG
by calcium-dependent phospholipases such as PLC-y] (Santa
Cruz Garcia et al, 2022). Therefore, ion flux and lipid
metabolism may regulate GSDMD pore formation and the
rate of secretion of mature IL-1p.

Downstream of GSDMD cleavage, the Ragulator-Rag protein
complex, which controls mTOR signaling, is required for
GSDMD oligomerization and pore formation (Evavold et al.,
2021). The role of Ragulator-Rag in GSDMD regulation was
linked to the production of ROS metabolites, which are necessary
to promote GSDMD oligomer formation and pyroptosis
(Evavold et al., 2021). How ROS metabolites affect GSDMD
pore formation is still unknown, but they could directly affect
GSDMD cysteine residues either through addition of activating
PTM:s or removal of inactivating PTMs. In support of this model,
our recent work has determined that oxidation state of cysteines
in the N terminus of GSDMD are drastically different in RagA-
deficient cells that do not form pores compared to wild type
macrophages (Devant et al., 2022). Moreover, defects in GSDMD
pore formation in RagA-deficient cells could be rescued through
diverse ROS inducers (Devant et al, 2022). Beyond these
indications that ROS may directly regulate GSDMD
oligomerization within living cells, ROS may mediate
additional indirect effects on related cellular processes such as
autophagy or oxidation of host membranes. Additional studies
are required to determine the mechanisms by which ROS can
affect GSDMD pores.

GSDMD-INDEPENDENT IL-1 SECRETION

GSDMD mediates membrane permeability and IL-1 secretion
during acute inflammasome signaling (Evavold et al., 2018; Heilig
et al, 2018). Permeabilization of the plasma membrane by
alternate means is often sufficient to encourage secretion of
IL-1 that is independent or secondary to GSDMD. Physical
disruption of the membrane is sufficient to mediate IL-1
release secondary to cell lysis after treatment with uric acid
crystals (Rashidi et al, 2019). In GSDMD- or caspase-1-
deficient cells, long term inflammasome stimulation can lead
to IL-1 secretion that is dependent on GSDME or subsequent
membrane rupture and likely involves a slow induction of
apoptotic signaling (Schneider et al., 2017; Heilig et al., 2020;
Zhou and Abbott, 2021). GSDME, like GSDMD, can form
membrane pores in both stressed mitochondria and the
plasma membrane to facilitate either direct release of IL-1 or
the initiation of membrane lysis (Rogers et al., 2017; Wang et al.,
2017; Rogers et al., 2019). GSDME requires the activation of
apoptotic executioner caspases such as caspase-3/-7 for
processing into an N-terminal pore forming fragment (Rogers
et al,, 2017; Wang et al.,, 2017). Like GSDMD, GSDME may also
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promote IL-1a maturation via calcium flux and calpain activation
(Aizawa et al,, 2020). Thus, the primary channels in myeloid cells
that mediate IL-1 secretion after inflammasome signaling or
caspase-8 activation are GSDMD and GSDME.

GSDME can be activated in trans by delivery of granules from
CTL and NK cells that contain granzyme B protease (Zhang et al.,
2020a). It is conceivable that granzyme-mediated GSDME
activation could lead to NLRP3 inflammasome activation
through potassium efflux and membrane damage. Other
gasdermin family members exist that may show cell type or
stimulation specific cleavage and pore forming abilities.
Granzyme A may mediate cleavage and activation of GSDMB
(Zhou et al,, 2020). As this pore could also mediate potassium
efflux, granzymes may encourage NLRP3 inflammasome
processing and release of IL-1 downstream of GSDMB
activation. Therefore, different cell types and stimulations may
result in the activation of specific gasdermins allowing for release
of IL-1 family members in conjunction with or independent of
inflammasomes.

In the context of necroptotic signaling, RIPK3
phosphorylation of the pore forming protein MLKL causes
membrane damage that can result in cell lysis. This membrane
damage can allow for potassium efflux from the cell leading to
activation of the NLRP3 inflammasome (Conos et al., 2017;
Gutierrez et al, 2017). NLRP3 activation in this context is
required for secretion of bioactive IL-1 primarily through
control of IL-1p cleavage, whereas MLKL permeabilization and
subsequent lysis is sufficient to allow for passive release
independent of GSDMD (Gutierrez et al., 2017). As has been
shown for GSDMD, MLKL membrane damage is negatively
regulated by ESCRTIII-dependent membrane repair processes
(Gong et al,, 2017).

Buffering cell culture stimulations or organ explants with
the amino acid glycine has been shown to inhibit lysis in
response to inflammasome activation and ischemia
reperfusion injury (Weinberg et al., 1987; Frank et al., 2000;
Fink and Cookson, 2006). While originally thought to
discourage osmotic pressure on cell membranes, the
discovery of GSDMD and the characterization of the

permissive transport of ions and water across the
membrane suggest that glycine must inhibit lysis
independently  of  osmotic  pressure.  Glycine is

experimentally used to separate GSDMD pore formation
from pyroptotic lysis during inflammasome stimulations
(Evavold et al.,, 2018; Heilig et al., 2018). These experiments
illustrated that IL-1PB was able to directly traverse GSDMD
pores on the membrane and did not require membrane rupture
for release. A recent study has discovered that the protein
NINJ1 mediates membrane rupture downstream of diverse
triggers such as GSDMD pore formation, bacterial toxin pore
formation, and late apoptotic signaling that might permit
GSDME pore formation (Kayagaki et al., 2021). Notably,
MLKL activation during necroptotic signaling appears
sufficient to mediate membrane lysis independent of NINJ1.
NINJ1-deficient cells provide additional evidence that
GSDMD can directly convey IL-1p across the plasma
membrane of inflammasome-activated macrophages. Recent
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work suggests that glycine may impinge upon NINJ1
oligomerization and membrane rupture, though evidence of
whether this is a direct effect on NINJ1 or operates on an
unknown activation signal of NINJ1 has not been determined
(Borges et al.,, 2021). Thus, glycine buffering and NINJ1
deficiency can be used to chemically and genetically
separate IL-1 secretion from lysis in many contexts
(Evavold et al., 2018; Heilig et al., 2018; Bjanes et al., 2021;
Borges et al.,, 2021; Kayagaki et al., 2021).

TRANSIENT MEMBRANE PERMEABILITY
AND HYPERACTIVATION

Transient membrane permeability may represent a mechanism of
IL-1 secretion (Evavold et al., 2018; Riihl et al., 2018). Recent
work has established that cell death and lysis are not necessary
consequences of inflammasome activation (Chen et al., 2014;
Conos et al., 2016; Gaidt et al., 2016; Wolf et al., 2016; Zanoni
et al., 2016). Cells that secrete IL-1 while maintaining energetic

viability and resisting membrane rupture are considered
hyperactive (Zanoni et al., 2016; Evavold et al., 2018). Certain
cell types such as a neutrophils and dendritic cells demonstrate
intrinsic resistance to pyroptotic lysis that may represent different
membrane reparative capacities, caspase activation dynamics,
and expression levels of pore forming proteins such as
GSDMD (Chen et al., 2014; Zanoni et al., 2016; Boucher et al.,
2018). Some cell types, such as human and porcine blood
monocytes, can release IL-1p without cell death as occurs
during exogenous treatment of cells with PAMPs such as LPS
(Gaidt et al,, 2016). However, stimulation of monocytes with
combinations of PAMPs can convert a non-lytic release of IL-1p
to lytic release in a GSDMD- and ROS-dependent manner
(Semino et al., 2018).

An increasing set of stimuli has been reported to induce
inflammasome activities and IL-1 release from living
(hyperactive) cells (Shimada et al, 2010; Wolf et al, 2016;
Zanoni et al., 2016; Evavold et al.,, 2018). It has been noted
that a single inflammasome stimulus can elicit pyroptosis or
hyperactivation within the same cell type that presumably
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depends on the strength of inflammasome signaling (Xia et al.,
2021). Cell types may also display varied expression of NINJ1 that
result in different thresholds or propensity for cell lysis. This may
explain why some cell types such as skin keratinocytes display
membrane ballooning after GSDMD and GSDME activation
without appreciable cell lysis (Orzalli et al., 2021).

While more mechanistic studies are necessary to define the
molecular events that determine inflammasome-dependent
activities in dead (pyroptotic) or live (hyperactive) cells,
physiological consequences of these activities have proven
notable. In particular, the cell fate of hyperactivation has
gained attention for its superior ability to activate adaptive
immune responses (Zanoni et al, 2016). By adding the IL-1
family to the repertoire of cytokines secreted by activated DCs,
modulating hyperactivation has implications for next generation
vaccines. Inflammasomes, specifically within hyperactive DCs are
able to speed up the differentiation of antigen specific CD8"
T cells and the production of long-lived memory T resident
memory cells, which are associated with protective immunity in
cancer (Zhivaki et al., 2020). In the context of S. aureus infection,
similar links between cell hyperactivation and protective
immunity have been observed (Sanchez et al, 2017). The
metabolic profile of hyperactive cells is distinct from naive or
traditionally activated cells, as these cells maintain mitochondrial
oxidative phosphorylation while simultaneously utilizing
glycolytic activities (Wolf et al., 2016; Zanoni et al.,, 2016; Di
Gioia et al, 2020). In contrast, traditionally activated cells
undergo a shift from oxidative phosphorylation to glycolysis.
These different metabolic activities and maintenance of
mitochondrial polarization may regulate IL-1 secretion,
membrane reparative capacity, and cell death (Di Gioia et al,
2020). As the host dynamically regulates metabolism under stress
conditions or infection (Pernas, 2021), cells may have evolved
alternative methods to secrete IL-1 beyond direct membrane
pores in order to retain the threat contextualization of secreted
pro-inflammatory IL-1 family members.

METABOLIC CONTROL OF IL-1
SECRETION

As stated in the prior sections, under nutrient replete conditions a
major mechanism of IL-1 secretion is direct conveyance across
the plasma membrane through GSDMD pores and other
membrane permeabilization strategies (Figure 3). During
metabolic dysfunction or starvation, alternative mechanisms
may mediate IL-1 secretion (Figure 3). IL-1p can be detected
in vesicle intermediates during ER stress and starvation (Dupont
et al,, 2011; Zhang et al., 2015; Kimura et al., 2017; Zhang et al,,
2020b). IL-1Pp can be ubiquitinated, which may encourage
degradation through autophagy and the proteasome or
impinge upon cleavage by inflammatory caspases (Harris
et al, 2011; Ainscough et al., 2014; Eldridge et al, 2017;
Vijayaraj et al., 2021). Autophagy is also known to impinge
upon inflammasome signaling (Saitoh et al., 2008; Shi et al,
2012; Liu et al., 2016b). Thus, paradoxically autophagic capture of
inflammasomes and cleaved substrates such as of IL-1 may serve
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as a possible mechanism for increased cellular survival by limiting
inflammasome signaling but also promote secretion of low
quantities of IL-1B. As such, mature IL-1p may also be
secreted via autophagic means, but the precise trafficking to
prevent degradation has not been determined (Dupont et al.,
2011; Kimura et al., 2017). During inflammasome activation,
GSDMD may still play a role in autophagic release of IL-1
(Karmakar et al., 2020). In neutrophils, GSDMD is genetically
required for IL-1P release (Heilig et al., 2018; Monteleone et al.,
2018), but this appears to be independent of plasma membrane
localization and pore formation (Karmakar et al., 2020). Instead,
GSDMD targets intracellular granules that may allow for IL-1f
incorporation into secretory granules (Karmakar et al., 2020).
This targeting of secretory granules may allow for a feed forward
amplification loop whereby release of granule proteases into the
cytosol processes additional IL-1p and GSDMD and calcium flux
elicited from the hypercalcemic granules or lysosomes lead to
lysosomal exocytosis (Karmakar et al, 2020). Furthermore,
deficiency of the autophagy component ATG7 diminished IL-
1B in neutrophils suggesting that autophagosomes may also
contribute to secretion in addition to perforated secretory
granules. Disruption of lysosomes by GSDMD may also
explain why autophagosomes may not become degradatory in
certain contexts of IL-1p capture.

Ragulator-Rag is purported to control GSDMD pore
formation via control of GSDMD cleavage during caspase-8
activation in the context of TAKI inhibition and regulate
GSDMD oligomerization through metabolic control of ROS
production (Evavold et al, 2021; Zheng et al, 2021).
Ragulator-Rag can also mediate repair of endo-membrane
damage as evident after treatment with lysosomal damaging
agents (Jia et al., 2018; Jia et al., 2020). This may invoke direct
activation of macroautophagy as well as indirect upregulation of
lysosome biogenesis and autophagy genes downstream of mTOR
inactivation and subsequent nuclear translocation of de-
phosphorylated TFEB (Sardiello et al., 2009; Settembre et al.,
2011; Efeyan et al., 2013; Jia et al., 2018; Jia et al., 2020). Recent
work has also suggested that mitochondrial dysfunction is sensed
by the Ragulator-Rag complex presumably for autophagic
capture of damaged or stressed mitochondria (Condon et al,
2021). Ragulator-Rag may be a general regulator of membrane
homeostasis by surveying damaged membranous organelles.
Thus, Ragulator-Rag may act to prevent GSDMD-mediated
membrane damage in many distinct ways ranging from
control of cleavage, oligomerization, and removal of damaged
organelles (Jia et al., 2018; Condon et al., 2021; Evavold et al,
2021; Zheng et al., 2021).

Autophagic capture and release of mature IL-1 may operate
under diverse metabolic perturbations that could occur in
response to stress or microbial invasion (Tattoli et al., 2012;
Ravindran et al., 2016). Investigation of whether Ragulator-Rag
deficiency, starvation, or other mechanisms of mTOR inhibition
decrease GSDMD-mediated IL-1 release while encouraging
autophagic means of release are needed. Metabolic
perturbations have long been known to affect initiation of cell
death signaling through apoptotic, pyroptotic, and necroptotic
pathways (Zhang et al.,, 2009; Andersen and Kornbluth, 2013;
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Prochnicki and Latz, 2017; Pajuelo et al., 2018). These metabolic
perturbations may serve as evolutionary hallmarks of threats to the
host such as sterile stressors or pathogenic invasion. Recent studies
have identified nuanced metabolic control of terminal stages of
death pathways as is evident with control of GSDMD at the stage of
cleavage by tricarboxylic acid cycle (TCA) metabolites,
oligomerization by ROS metabolites, and pore conformation by
phospholipid catabolism (Humphries et al., 2020; Bambouskova
et al., 2021; Evavold et al., 2021; Santa Cruz Garcia et al.,, 2022). As
microbes may also have evolved mechanisms to manipulate these
endogenous metabolic checkpoints, alternative mechanisms of IL-
1 release are crucial to convey threat levels to other cells. IL-1 family
cytokines can poise or prime cells for cell-intrinsic immunity or
detection of higher-level threats (Garlanda et al., 2013; Evavold and
Kagan, 2019). IL-1 family cytokines can also encourage local
inflammation and recruitment of additional innate and adaptive
leukocytes (Garlanda et al, 2013). In addition, IL-1 family
cytokines can reprogram organismal metabolism through fever
(Garlanda et al., 2013). The intersection between host defense and
metabolism is a burgeoning area of investigation. Studies on IL-1
family cytokines as both initiators and responders to host
metabolic state are sure to follow.

CONCLUDING REMARKS AND
OUTSTANDING QUESTIONS

Of the IL-1 family members, IL-1a and IL-1f have been the most
characterized in terms of bioactivity, activation, and secretion.
Based on current evidence for the multi-step regulation of these
prototypical nuclear and cytosolic IL-1 family members, we
speculate that similar mechanisms may exist for the activation
and secretion of other leaderless IL-1 family members.
Specifically, we predict that the crossing of topological
barriers, such as the nuclear and/or plasma membranes,
represents a point of regulation for other IL-1 family
members. Whereas nuclear IL-1 family members may be
constitutively expressed yet confined by an added physical
barrier, cytosolic IL-1 family members may be primarily
regulated by context-dependent transcription and refined
proteolytic cleavage by the secreting cell or other cell types.
Further studies are required to determine the signals that
instruct the nuclear release of IL-1a, IL-33, and IL-37, and in
the case of newly synthesized membrane-bound IL-1a, more
work is required to delineate the mechanisms that instruct the
trafficking to and crossing of the plasma membrane. Perhaps due
to inflammatory nature of secreted IL-1 family cytokines,

REFERENCES

Aarreberg, L. D., Esser-Nobis, K., Driscoll, C., Shuvarikov, A., Roby, J. A,, and Gale, M.,
Jr. (2019). Interleukin-1p Induces mtDNA Release to Activate Innate Immune
Signaling via cGAS-STING. Mol. Cell 74, 801-815. doi:10.1016/j.molcel.2019.02.038

Afonina, I. S., Tynan, G. A., Logue, S. E., Cullen, S. P., Bots, M., Liithi, A. U,, et al.
(2011). Granzyme B-dependent Proteolysis Acts as a Switch to Enhance the

Control of IL-1 Secretion

compensatory mechanisms regulate IL-1 proteins post-
secretion. For example, decoy receptors, binding proteins, and
inactive IL-1 family structural analogues (termed receptor
antagonists) further buffer the bioactivity of the IL-1 family in
the extracellular space. These buffering systems likely exist to
limit inflammation in the context of homeostatic death processes
and may be upregulated during the resolution phase of
inflammation. Moreover, metabolic control of IL-1 family
cytokines likely constitutes another pathway of regulation.
While intact metabolism may primarily affect IL-1B secretion
via encouraging membrane permeability, alternate routes of
secretion may occur in nutrient deplete contexts or
proteotoxic stress. For instance, translocation or capture of IL-
1P into vesicle intermediates may rely on the metabolic status of
the cell. Analogous metabolic mechanisms may also exist in the
regulation of other IL-1 family members. In terms of membrane
permeabilization strategies employed by the host to secrete IL-1,
GSDMD and GSDME are the best characterized. Recent studies
have begun to discover host or pathogen driven activation
programs for other gasdermin family members. Additional
studies have implicated distinct mechanisms of membrane
permeabilization or rupture mediated through MLKL, NINJ1,
and bacterial pore forming toxins as well as physical disruption as
being sufficient for mediating release of IL-1. Cell type specific or
pathogen specific programs may therefore exist that mediate the
secretion of particular IL-1 family cytokines in response to unique
membrane permeabilization strategies.

AUTHOR CONTRIBUTIONS

CE and JK wrote and edited this manuscript. CE drafted figures.

FUNDING

This study was supported by NIH grants AI133524, AI093589,
AT116550 and P30DK34854 to JK. CE is supported by the Ragon
Early Independence Fellowship.

ACKNOWLEDGMENTS

We thank Isabella Fraschilla for thoughtful reading and revision
of the manuscript. We apologize to members of the community
whose studies were not cited herein due to space constraints.
Figures were generated using Biorender.

Proinflammatory Activity of IL-1a. Mol. Cell 44, 265-278. doi:10.1016/j.molcel.
2011.07.037

Aglietti, R. A, Estevez, A., Gupta, A., Ramirez, M. G,, Liu, P. S., Kayagaki, N, et al.
(2016). GsdmD P30 Elicited by Caspase-11 during Pyroptosis Forms Pores in
Membranes. Proc. Natl. Acad. Sci. U.S.A. 113, 7858-7863. doi:10.1073/pnas.
1607769113

Ainscough, J. S., Frank Gerberick, G., Zahedi-Nejad, M., Lopez-Castejon, G.,
Brough, D., Kimber, L, et al. (2014). Dendritic Cell IL-la and IL-1p Are

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2022 | Volume 10 | Article 910983


https://doi.org/10.1016/j.molcel.2019.02.038
https://doi.org/10.1016/j.molcel.2011.07.037
https://doi.org/10.1016/j.molcel.2011.07.037
https://doi.org/10.1073/pnas.1607769113
https://doi.org/10.1073/pnas.1607769113
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Evavold and Kagan

Polyubiquitinated and Degraded by the Proteasome. J. Biol. Chem. 289,
35582-35592. doi:10.1074/jbc.m114.595686

Aizawa, E., Karasawa, T., Watanabe, S., Komada, T., Kimura, H., Kamata, R, et al.
(2020). GSDME-dependent Incomplete Pyroptosis Permits Selective IL-la
Release under Caspase-1 Inhibition. iScience 23, 101070. doi:10.1016/j.isci.
2020.101070

Ali, S., Huber, M., Kollewe, C., Bischoff, S. C., Falk, W., and Martin, M. U. (2007).
IL-1 Receptor Accessory Protein Is Essential for IL-33-induced Activation of T
Lymphocytes and Mast Cells. Proc. Natl. Acad. Sci. U.S.A. 104, 18660-18665.
doi:10.1073/pnas.0705939104

Andersen, J. L., and Kornbluth, S. (2013). The Tangled Circuitry of Metabolism
and Apoptosis. Mol. Cell 49, 399-410. doi:10.1016/j.molcel.2012.12.026

Arend, W. P,, Joslin, F. G., Thompson, R. C., and Hannum, C. H. (1989). An IL-1
Inhibitor from Human Monocytes. Production and Characterization of
Biologic Properties. J. Immunol. 143, 1851-1858.

Arend, W. P, Malyak, M., Smith, M. F., Jr., Whisenand, T. D., Slack, J. L., Sims, J. E.,
etal. (1994). Binding of IL-1 Alpha, IL-1 Beta, and IL-1 Receptor Antagonist by
Soluble IL-1 Receptors and Levels of Soluble IL-1 Receptors in Synovial Fluids.
J. Immunol. 153, 4766-4774.

Arpaia, N, Green, J. A., Moltedo, B., Arvey, A., Hemmers, S., Yuan, S., et al. (2015).
A Distinct Function of Regulatory T Cells in Tissue Protection. Cell 162,
1078-1089. doi:10.1016/j.cell.2015.08.021

Auron, P. E,, Webb, A. C,, Rosenwasser, L. ]., Mucci, S. F.,, Rich, A., Wolff, S. M., et al.
(1984). Nucleotide Sequence of Human Monocyte Interleukin 1 Precursor cDNA.
Proc. Natl. Acad. Sci. US.A. 81, 7907-7911. doi:10.1073/pnas.81.24.7907

Bae, S., Kang, T., Hong, J., Lee, S., Choi, J., Jhun, H,, et al. (2012). Contradictory
Functions (Activation/termination) of Neutrophil Proteinase 3 Enzyme (PR3)
in Interleukin-33 Biological Activity. J. Biol. Chem. 287, 8205-8213. doi:10.
1074/jbc.m111.295055

Bambouskova, M., Potuckova, L., Paulenda, T., Kerndl, M., Mogilenko, D. A,,
Lizotte, K., et al. (2021). Itaconate Confers Tolerance to Late NLRP3
Inflammasome Activation. Cell Rep. 34, 108756. doi:10.1016/j.celrep.2021.
108756

Baroja-Mazo, A., Martin-Sanchez, F., Gomez, A. I, Martinez, C. M., Amores-
Iniesta, J., Compan, V., et al. (2014). The NLRP3 Inflammasome Is Released as a
Particulate Danger Signal that Amplifies the Inflammatory Response. Nat.
Immunol. 15, 738-748. doi:10.1038/ni.2919

Bartemes, K. R, lijima, K., Kobayashi, T., Kephart, G. M., McKenzie, A. N., and
Kita, H. (2012). IL-33-Responsive Lineage—~CD25+CD44hi Lymphoid Cells
Mediate Innate Type 2 Immunity and Allergic Inflammation in the Lungs. J. I.
188, 1503-1513. doi:10.4049/jimmunol.1102832

Bessa, ., Meyer, C. A., de Vera Mudry, M. C,, Schlicht, S., Smith, S. H., Iglesias, A.,
et al. (2014). Altered Subcellular Localization of IL-33 Leads to Non-resolving
Lethal Inflammation. J. Autoimmun. 55, 33-41. doi:10.1016/j.jaut.2014.02.012

Bjanes, E,, Sillas, R. G., Matsuda, R., Demarco, B., Fettrelet, T., DeLaney, A. A., et al.
(2021). Genetic Targeting of Card19 Is Linked to Disrupted NINJ1 Expression,
Impaired Cell Lysis, and Increased Susceptibility to Yersinia Infection. PLoS
Pathog. 17, €1009967. doi:10.1371/journal.ppat.1009967

Black, R. A, Kronheim, S. R,, Cantrell, M., Deeley, M. C., March, C. J., Prickett, K.
S., et al. (1988). Generation of Biologically Active Interleukin-1 Beta by
Proteolytic Cleavage of the Inactive Precursor. J. Biol. Chem. 263,
9437-9442. doi:10.1016/s0021-9258(19)76559-4

Blumberg, H., Dinh, H,, Trueblood, E. S., Pretorius, J., Kugler, D., Weng, N,, et al. (2007).
Opposing Activities of Two Novel Members of the IL-1 Ligand Family Regulate Skin
Inflammation. J. Exp. Med. 204, 2603-2614. doi:10.1084/jem.20070157

Borges, J. P., Seetra, R. S. R., Volchuk, A., Bugge, M., Kilburn, B., Goldenberg, N. M.,
et al. (2021). Glycine Targets NINJ1-Mediated Plasma Membrane Rupture to
Provide Cytoprotection. Laurel Hollow, New York: Cold Spring Harbor
Laboratory.

Boucher, D., Monteleone, M., Coll, R. C., Chen, K. W, Ross, C. M., Teo, J. L., et al.
(2018). Caspase-1 Self-Cleavage Is an Intrinsic Mechanism to Terminate
Inflammasome Activity. J. Exp. Med. 215, 827-840. doi:10.1084/jem.20172222

Boutet, M.-A., Bart, G., Penhoat, M., Amiaud, J., Brulin, B., Charrier, C,, et al.
(2016). Distinct Expression of Interleukin (IL)-36a, f and y, Their Antagonist
IL-36Ra and IL-38 in Psoriasis, Rheumatoid Arthritis and Crohn’s Disease.
Clin. Exp. Immunol. 184, 159-173. doi:10.1111/cei.12761

Bulau, A.-M., Nold, M. F,, Li, S., Nold-Petry, C. A., Fink, M., Mansell, A., et al.
(2014). Role of Caspase-1 in Nuclear Translocation of IL-37, Release of the

Control of IL-1 Secretion

Cytokine, and IL-37 Inhibition of Innate Immune Responses. Proc. Natl. Acad.
Sci. U.S.A. 111, 2650-2655. doi:10.1073/pnas.1324140111

Bulek, K., Zhao, J., Liao, Y., Rana, N., Corridoni, D., Antanaviciute, A., et al. (2020).
Epithelial-derived Gasdermin D Mediates Nonlytic IL-1p Release during
Experimental Colitis. J. Clin. Invest. 130, 4218-4234. doi:10.1172/JCI138103

Burzynski, L. C., Humphry, M., Pyrillou, K., Wiggins, K. A., Chan, J. N. E,, Figg, N.,
et al. (2019). The Coagulation and Immune Systems Are Directly Linked
through the Activation of Interleukin-la by Thrombin. Immunity 50,
1033-1042. doi:10.1016/j.immuni.2019.03.003

Caramalho, I, Lopes-Carvalho, T., Ostler, D., Zelenay, S., Haury, M., and
Demengeot, J. (2003). Regulatory T Cells Selectively Express Toll-like
Receptors and Are Activated by Lipopolysaccharide. J. Exp. Med. 197,
403-411. doi:10.1084/jem.20021633

Carriere, V., Roussel, L., Ortega, N., Lacorre, D.-A., Americh, L., Aguilar, L., et al.
(2007). IL-33, the IL-1-like Cytokine Ligand for ST2 Receptor, Is a Chromatin-
Associated Nuclear Factor In Vivo. Proc. Natl. Acad. Sci. U.S.A. 104, 282-287.
doi:10.1073/pnas.0606854104

Cayrol, C,, and Girard, J.-P. (2009). The IL-1-like Cytokine IL-33 Is Inactivated
after Maturation by Caspase-1. Proc. Natl. Acad. Sci. U.S.A. 106, 9021-9026.
doi:10.1073/pnas.0812690106

Chackerian, A. A., Oldham, E. R,, Murphy, E. E,, Schmitz, J., Pflanz, S., and
Kastelein, R. A. (2007). IL-1 Receptor Accessory Protein and ST2 Comprise the
IL-33 Receptor Complex. J. Immunol. 179, 2551-2555. doi:10.4049/jimmunol.
179.4.2551

Chan, A. H., and Schroder, K. (2020). Inflammasome Signaling and Regulation of
Interleukin-1 Family Cytokines. J. Exp. Med. 217, 20190314. jem. doi:10.1084/
jem.20190314

Chen, K. W,, Gross, C. J., Sotomayor, F. V., Stacey, K. J., Tschopp, J., Sweet, M. .,
etal. (2014). The Neutrophil NLRC4 Inflammasome Selectively Promotes IL-1§
Maturation without Pyroptosis during Acute Salmonella Challenge. Cell Rep. 8,
570-582. doi:10.1016/j.celrep.2014.06.028

Chu, M,, Chu, L, Yung, E,, Lam, C,, Leung, T., Wong, G., et al. (2016). Aberrant
Expression of Novel Cytokine IL-38 and Regulatory T Lymphocytes in
Childhood Asthma. Molecules 21, 933. doi:10.3390/molecules21070933

Clancy, D. M,, Sullivan, G. P., Moran, H. B. T., Henry, C. M., Reeves, E. P,,
McElvaney, N. G., et al. (2018). Extracellular Neutrophil Proteases Are Efficient
Regulators of IL-1, IL-33, and IL-36 Cytokine Activity but Poor Effectors of
Microbial Killing. Cell Rep. 22, 2937-2950. doi:10.1016/j.celrep.2018.02.062

Coeshott, C., Ohnemus, C., Pilyavskaya, A., Ross, S., Wieczorek, M., Kroona, H.,
et al. (1999). Converting Enzyme-independent Release of Tumor Necrosis
Factor o and IL-1P from a Stimulated Human Monocytic Cell Line in the
Presence of Activated Neutrophils or Purified Proteinase 3. Proc. Natl. Acad.
Sci. U.S.A. 96, 6261-6266. doi:10.1073/pnas.96.11.6261

Colotta, F., Re, F., Muzio, M., Bertini, R., Polentarutti, N., Sironi, M., et al. (1993).
Interleukin-1 Type II Receptor: a Decoy Target for IL-1 that Is Regulated by IL-
4. Science 261, 472-475. doi:10.1126/science.8332913

Condon, K. J., Orozco, J. M., Adelmann, C. H., Spinelli, J. B., van der Helm, P. W.,
Roberts, J. M,, et al. (2021). Genome-wide CRISPR Screens Reveal Multitiered
Mechanisms through Which mTORC1 Senses Mitochondrial Dysfunction.
Proc. Natl. Acad. Sci. U. S. A. 118, €2022120118. doi:10.1073/pnas.2022120118

Conos, S. A., Chen, K. W, De Nardo, D., Hara, H., Whitehead, L., Nunez, G., et al.
(2017). Active MLKL Triggers the NLRP3 Inflammasome in a Cell-Intrinsic
Manner. Proc. Natl. Acad. Sci. U. S. A. 114, E961-E969. doi:10.1073/pnas.
1613305114

Conos, S. A., Lawlor, K. E., Vaux, D. L., Vince, J. E,, and Lindqvist, L. M. (2016).
Cell Death Is Not Essential for Caspase-1-Mediated Interleukin-1p Activation
and Secretion. Cell Death Differ. 23, 1827-1838. doi:10.1038/cdd.2016.69

Cooper, S. T., and McNeil, P. L. (2015). Membrane Repair: Mechanisms and
Pathophysiology. Physiol. Rev. 95, 1205-1240. doi:10.1152/physrev.00037.2014

Crellin, N. K, Garcia, R. V., Hadisfar, O., Allan, S. E., Steiner, T. S., and Levings, M.
K. (2005). Human CD4+T Cells Express TLR5 and its Ligand Flagellin
Enhances the Suppressive Capacity and Expression of FOXP3 in
CD4+CD25+T Regulatory Cells. J. Immunol. 175, 8051-8059. doi:10.4049/
jimmunol.175.12.8051

Devant, P., Bor$i¢, E., Ngwa, E. M., Thiagarajah, J. R, Hafner-Bratkovi¢, L,
Evavold, C. L., et al. (2022). The Pore-Forming Protein Gasdermin D Is a
Cellular Redox Sensor. Laurel Hollow, New York: Cold Spring Harbor
Laboratory.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

13

June 2022 | Volume 10 | Article 910983


https://doi.org/10.1074/jbc.m114.595686
https://doi.org/10.1016/j.isci.2020.101070
https://doi.org/10.1016/j.isci.2020.101070
https://doi.org/10.1073/pnas.0705939104
https://doi.org/10.1016/j.molcel.2012.12.026
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.1073/pnas.81.24.7907
https://doi.org/10.1074/jbc.m111.295055
https://doi.org/10.1074/jbc.m111.295055
https://doi.org/10.1016/j.celrep.2021.108756
https://doi.org/10.1016/j.celrep.2021.108756
https://doi.org/10.1038/ni.2919
https://doi.org/10.4049/jimmunol.1102832
https://doi.org/10.1016/j.jaut.2014.02.012
https://doi.org/10.1371/journal.ppat.1009967
https://doi.org/10.1016/s0021-9258(19)76559-4
https://doi.org/10.1084/jem.20070157
https://doi.org/10.1084/jem.20172222
https://doi.org/10.1111/cei.12761
https://doi.org/10.1073/pnas.1324140111
https://doi.org/10.1172/JCI138103
https://doi.org/10.1016/j.immuni.2019.03.003
https://doi.org/10.1084/jem.20021633
https://doi.org/10.1073/pnas.0606854104
https://doi.org/10.1073/pnas.0812690106
https://doi.org/10.4049/jimmunol.179.4.2551
https://doi.org/10.4049/jimmunol.179.4.2551
https://doi.org/10.1084/jem.20190314
https://doi.org/10.1084/jem.20190314
https://doi.org/10.1016/j.celrep.2014.06.028
https://doi.org/10.3390/molecules21070933
https://doi.org/10.1016/j.celrep.2018.02.062
https://doi.org/10.1073/pnas.96.11.6261
https://doi.org/10.1126/science.8332913
https://doi.org/10.1073/pnas.2022120118
https://doi.org/10.1073/pnas.1613305114
https://doi.org/10.1073/pnas.1613305114
https://doi.org/10.1038/cdd.2016.69
https://doi.org/10.1152/physrev.00037.2014
https://doi.org/10.4049/jimmunol.175.12.8051
https://doi.org/10.4049/jimmunol.175.12.8051
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Evavold and Kagan

Devant, P., Cao, A., and Kagan, J. C. (2021). Evolution-inspired Redesign of the
LPS Receptor Caspase-4 into an Interleukin-1beta Converting Enzyme. Sci.
Immunol. 6. doi:10.1126/sciimmunol.abh3567

Di Gioia, M., Spreafico, R., Springstead, J. R., Mendelson, M. M., Joehanes, R., Levy,
D., et al. (2020). Endogenous Oxidized Phospholipids Reprogram Cellular
Metabolism and Boost Hyperinflammation. Nat. Immunol. 21, 42-53. doi:10.
1038/s41590-019-0539-2

Dinarello, C. A. (2018). Overview of the IL-1 Family in Innate Inflammation and
Acquired Immunity. Immunol. Rev. 281, 8-27. doi:10.1111/imr.12621

Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., et al. (2016). Pore-forming
Activity and Structural Autoinhibition of the Gasdermin Family. Nature 535,
111-116. doi:10.1038/nature18590

Donado, C. A., Cao, A. B., Simmons, D. P., Croker, B. A., Brennan, P. J., and
Brenner, M. B. (2020). A Two-Cell Model for IL-1p Release Mediated by Death-
Receptor Signaling. Cell Rep. 31, 107466. doi:10.1016/j.celrep.2020.03.030

Dupont, N,, Jiang, S., Pilli, M., Ornatowski, W., Bhattacharya, D., and Deretic, V.
(2011). Autophagy-based Unconventional Secretory Pathway for Extracellular
Delivery of IL-1B. EMBO J. 30, 4701-4711. doi:10.1038/embo0j.2011.398

Efeyan, A., Zoncu, R., Chang, S., Gumper, I, Snitkin, H., Wolfson, R. L., et al.
(2013). Regulation of mTORC1 by the Rag GTPases Is Necessary for Neonatal
Autophagy and Survival. Nature 493, 679-683. doi:10.1038/nature11745

Eldridge, M. J. G., Sanchez-Garrido, J., Hoben, G. F., Goddard, P. J., and Shenoy, A.
R. (2017). The Atypical Ubiquitin E2 Conjugase UBE2L3 Is an Indirect
Caspase-1 Target and Controls IL-1B Secretion by Inflammasomes. Cell Rep.
18, 1285-1297. doi:10.1016/j.celrep.2017.01.015

Elliott, E. I, Miller, A. N., Banoth, B,, Iyer, S. S., Stotland, A., Weiss, J. P., et al.
(2018). Cutting Edge: Mitochondrial Assembly of the NLRP3 Inflammasome
Complex Is Initiated at Priming. J. I 200, 3047-3052. doi:10.4049/jimmunol.
1701723

England, H., Summersgill, H. R., Edye, M. E., Rothwell, N. J., and Brough, D.
(2014). Release of Interleukin-la or Interleukin-1p Depends on
Mechanism of Cell Death. J. Biol. Chem. 289, 15942-15950. do0i:10.1074/
jbc.m114.557561

Evavold, C. L., Hafner-Bratkovi¢, I, Devant, P., D’Andrea, J. M., Ngwa, E. M,,
Borsi¢, E., et al. (2021). Control of Gasdermin D Oligomerization and
Pyroptosis by the Ragulator-Rag-mTORCI Pathway. Cell 184, 4495-4511.
doi:10.1016/j.cell.2021.06.028

Evavold, C. L., and Kagan, J. C. (2018). How Inflammasomes Inform Adaptive
Immunity. J. Mol. Biol. 430, 217-237. do0i:10.1016/j.jmb.2017.09.019

Evavold, C. L., and Kagan, J. C. (2019). Inflammasomes: Threat-Assessment
Organelles of the Innate Immune System. Immunity 51, 609-624. doi:10.
1016/j.immuni.2019.08.005

Evavold, C. L., Ruan, J., Tan, Y., Xia, S., Wu, H., and Kagan, J. C. (2018). The Pore-
Forming Protein Gasdermin D Regulates Interleukin-1 Secretion from Living
Macrophages. Immunity 48, 35-44. doi:10.1016/j.immuni.2017.11.013

Fink, S. L., and Cookson, B. T. (2006). Caspase-1-dependent Pore Formation
during Pyroptosis Leads to Osmotic Lysis of Infected Host Macrophages. Cell
Microbiol. 8, 1812-1825. doi:10.1111/.1462-5822.2006.00751.x

Frank, A., Rauen, U, and Groot, H. d. (2000). Protection by glycine against
Hypoxic Injury of Rat Hepatocytes: Inhibition of Ion Fluxes through
Nonspecific Leaks. J. Hepatology 32, 58-66. doi:10.1016/s0168-8278(00)
80190-7

Franklin, B. S., Bossaller, L., De Nardo, D., Ratter, J. M., Stutz, A., Engels, G.,
et al. (2014). The Adaptor ASC Has Extracellular and *prionoid’ Activities
that Propagate Inflammation. Nat. Immunol. 15, 727-737. d0i:10.1038/ni.
2913

Gaidt, M. M, Ebert, T. S., Chauhan, D., Schmidt, T., Schmid-Burgk, J. L., Rapino,
F., et al. (2016). Human Monocytes Engage an Alternative Inflammasome
Pathway. Immunity 44, 833-846. doi:10.1016/j.immuni.2016.01.012

Gardner, S. E., Humphry, M., Bennett, M. R,, and Clarke, M. C. H. (2015).
Senescent Vascular Smooth Muscle Cells Drive Inflammation through an
Interleukin-la-dependent Senescence-Associated Secretory Phenotype. Atvb
35, 1963-1974. doi:10.1161/atvbaha.115.305896

Garlanda, C., Dinarello, C. A., and Mantovani, A. (2013). The Interleukin-1
Family: Back to the Future. Immunity 39, 1003-1018. doi:10.1016/j.immuni.
2013.11.010

Gatti, S., Beck, J., Fantuzzi, G., Bartfai, T., and Dinarello, C. A. (2002). Effect of
Interleukin-18 on Mouse Core Body Temperature. Am. J. Physiology-

Control of IL-1 Secretion

Regulatory, Integr. Comp. Physiology 282, R702-R709. doi:10.1152/ajpregu.
00393.2001

Ghayur, T., Banerjee, S., Hugunin, M., Butler, D., Herzog, L., Carter, A., et al.
(1997). Caspase-1 Processes IFN-y-Inducing Factor and Regulates LPS-
Induced IFN- y Production. Nature 386, 619-623. doi:10.1038/386619a0

Gong, J., Wei, T., Stark, R. W., Jamitzky, F., Heckl, W. M., Anders, H. J., et al.
(2010). Inhibition of Toll-like Receptors TLR4 and 7 Signaling Pathways by
SIGIRR: a Computational Approach. J. Struct. Biol. 169, 323-330. doi:10.1016/j.
j$b.2009.12.007

Gong, Y.-N., Guy, C., Olauson, H., Becker, J. U., Yang, M., Fitzgerald, P., et al.
(2017). ESCRT-III Acts Downstream of MLKL to Regulate Necroptotic Cell
Death and its Consequences. Cell 169, 286-300. el6. doi:10.1016/j.cell.2017.
03.020

Greenfeder, S. A., Nunes, P., Kwee, L., Labow, M., Chizzonite, R. A., and Ju, G.
(1995). Molecular Cloning and Characterization of a Second Subunit of the
Interleukin 1 Receptor Complex. J. Biol. Chem. 270, 13757-13765. doi:10.1074/
jbc.270.23.13757

Gross, O., Yazdi, A. S., Thomas, C. J., Masin, M., Heinz, L. X., Guarda, G., et al.
(2012). Inflammasome Activators Induce Interleukin-1a Secretion via Distinct
Pathways with Differential Requirement for the Protease Function of Caspase-
1. Immunity 36, 388-400. doi:10.1016/j.immuni.2012.01.018

Gu, Y., Kuida, K., Tsutsui, H., Ku, G., Hsiao, K., Fleming, M. A., et al. (1997).
Activation of Interferon-y Inducing Factor Mediated by Interleukin-1p
Converting Enzyme. Science 275, 206-209. doi:10.1126/science.275.
5297.206

Gutierrez, K. D., Davis, M. A., Daniels, B. P., Olsen, T. M., Ralli-Jain, P., Tait, S. W.
G., et al. (2017). MLKL Activation Triggers NLRP3-Mediated Processing and
Release of IL-1p Independently of Gasdermin-D. J. I. 198, 2156-2164. doi:10.
4049/jimmunol.1601757

Han, Y., Mora, J., Huard, A., da Silva, P., Wiechmann, S., Putyrski, M., et al. (2019).
IL-38 Ameliorates Skin Inflammation and Limits IL-17 Production from yd
T Cells. Cell Rep. 27, 835-846. doi:10.1016/j.celrep.2019.03.082

Harris, J., Hartman, M., Roche, C., Zeng, S. G., O’Shea, A., Sharp, F. A,, et al. (2011).
Autophagy Controls IL-1f Secretion by Targeting Pro-IL-1f for Degradation.
J. Biol. Chem. 286, 9587-9597. doi:10.1074/jbc.m110.202911

Hazuda, D. J., Strickler, J., Kueppers, F., Simon, P. L., and Young, P. R. (1990).
Processing of Precursor Interleukin 1 Beta and Inflammatory Disease. J. Biol.
Chem. 265, 6318-6322. doi:10.1016/s0021-9258(19)39328-7

He, W.-t., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., et al. (2015). Gasdermin
D Is an Executor of Pyroptosis and Required for Interleukin-1p Secretion. Cell
Res. 25, 1285-1298. doi:10.1038/cr.2015.139

Heilig, R., Dick, M. S., Sborgi, L., Meunier, E., Hiller, S., and Broz, P. (2018). The
Gasdermin-D Pore Acts as a Conduit for IL-1B Secretion in Mice. Eur.
J. Immunol. 48, 584-592. doi:10.1002/eji.201747404

Heilig, R., Dilucca, M., Boucher, D., Chen, K. W., Hancz, D., Demarco, B., et al.
(2020). Caspase-1 Cleaves Bid to Release Mitochondrial SMAC and Drive
Secondary Necrosis in the Absence of GSDMD. Life Sci. Alliance 3, €202000735.
doi:10.26508/15a.202000735

Howard, A. D., Kostura, M. J., Thornberry, N., Ding, G. J., Limjuco, G., Weidner, J.,
et al. (1991). IL-1-converting Enzyme Requires Aspartic Acid Residues for
Processing of the IL-1 Beta Precursor at Two Distinct Sites and Does Not Cleave
31-kDa IL-1 Alpha. J. Immunol. 147, 2964-2969.

Hu, J.J, Liu, X,, Xia, S., Zhang, Z., Zhang, Y., Zhao, ]., et al. (2020). FDA-approved
Disulfiram Inhibits Pyroptosis by Blocking Gasdermin D Pore Formation. Nat.
Immunol. 21, 736-745. doi:10.1038/s41590-020-0669-6

Humpbhries, F., Shmuel-Galia, L., Ketelut-Carneiro, N., Li, S., Wang, B., Nemmara,
V.V, etal. (2020). Succination Inactivates Gasdermin D and Blocks Pyroptosis.
Science 369, 1633-1637. doi:10.1126/science.abb9818

Hurgin, V., Novick, D., and Rubinstein, M. (2002). The Promoter of IL-18 Binding
Protein: Activation by an IFN-y-Induced Complex of IFN Regulatory Factor 1
and CCAAT/enhancer Binding Protein B. Proc. Natl. Acad. Sci. US.A. 99,
16957-16962. doi:10.1073/pnas.262663399

Iyer, S. S., He, Q., Janczy, J. R, Elliott, E. I, Zhong, Z., Olivier, A. K., et al. (2013).
Mitochondrial Cardiolipin Is Required for Nlrp3 Inflammasome Activation.
Immunity 39, 311-323. doi:10.1016/j.immuni.2013.08.001

Jia, J., Abudu, Y. P., Claude-Taupin, A., Gu, Y., Kumar, S., Choi, S. W,, et al. (2018).
Galectins Control mTOR in Response to Endomembrane Damage. Mol. Cell 70,
120-135. doi:10.1016/j.molcel.2018.03.009

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

June 2022 | Volume 10 | Article 910983


https://doi.org/10.1126/sciimmunol.abh3567
https://doi.org/10.1038/s41590-019-0539-2
https://doi.org/10.1038/s41590-019-0539-2
https://doi.org/10.1111/imr.12621
https://doi.org/10.1038/nature18590
https://doi.org/10.1016/j.celrep.2020.03.030
https://doi.org/10.1038/emboj.2011.398
https://doi.org/10.1038/nature11745
https://doi.org/10.1016/j.celrep.2017.01.015
https://doi.org/10.4049/jimmunol.1701723
https://doi.org/10.4049/jimmunol.1701723
https://doi.org/10.1074/jbc.m114.557561
https://doi.org/10.1074/jbc.m114.557561
https://doi.org/10.1016/j.cell.2021.06.028
https://doi.org/10.1016/j.jmb.2017.09.019
https://doi.org/10.1016/j.immuni.2019.08.005
https://doi.org/10.1016/j.immuni.2019.08.005
https://doi.org/10.1016/j.immuni.2017.11.013
https://doi.org/10.1111/j.1462-5822.2006.00751.x
https://doi.org/10.1016/s0168-8278(00)80190-7
https://doi.org/10.1016/s0168-8278(00)80190-7
https://doi.org/10.1038/ni.2913
https://doi.org/10.1038/ni.2913
https://doi.org/10.1016/j.immuni.2016.01.012
https://doi.org/10.1161/atvbaha.115.305896
https://doi.org/10.1016/j.immuni.2013.11.010
https://doi.org/10.1016/j.immuni.2013.11.010
https://doi.org/10.1152/ajpregu.00393.2001
https://doi.org/10.1152/ajpregu.00393.2001
https://doi.org/10.1038/386619a0
https://doi.org/10.1016/j.jsb.2009.12.007
https://doi.org/10.1016/j.jsb.2009.12.007
https://doi.org/10.1016/j.cell.2017.03.020
https://doi.org/10.1016/j.cell.2017.03.020
https://doi.org/10.1074/jbc.270.23.13757
https://doi.org/10.1074/jbc.270.23.13757
https://doi.org/10.1016/j.immuni.2012.01.018
https://doi.org/10.1126/science.275.5297.206
https://doi.org/10.1126/science.275.5297.206
https://doi.org/10.4049/jimmunol.1601757
https://doi.org/10.4049/jimmunol.1601757
https://doi.org/10.1016/j.celrep.2019.03.082
https://doi.org/10.1074/jbc.m110.202911
https://doi.org/10.1016/s0021-9258(19)39328-7
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1002/eji.201747404
https://doi.org/10.26508/lsa.202000735
https://doi.org/10.1038/s41590-020-0669-6
https://doi.org/10.1126/science.abb9818
https://doi.org/10.1073/pnas.262663399
https://doi.org/10.1016/j.immuni.2013.08.001
https://doi.org/10.1016/j.molcel.2018.03.009
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Evavold and Kagan

Jia, J., Claude-Taupin, A., Gu, Y., Choi, S. W., Peters, R., Bissa, B., et al. (2020).
Galectin-3 Coordinates a Cellular System for Lysosomal Repair and Removal.
Dev. Cell 52, 69-87. doi:10.1016/j.devcel.2019.10.025

Johnston, A., Xing, X., Guzman, A. M., Riblett, M., Loyd, C. M., Ward, N. L,, et al.
(2011). IL-1F5, -F6, -F8, and -F9: a Novel IL-1 Family Signaling System that Is
Active in Psoriasis and Promotes Keratinocyte Antimicrobial Peptide
Expression. J. I. 186, 2613-2622. doi:10.4049/jimmunol.1003162

Karmakar, M., Minns, M., Greenberg, E. N., Diaz-Aponte, J., Pestonjamasp,
K., Johnson, J. L., et al. (2020). N-GSDMD Trafficking to Neutrophil
Organelles Facilitates IL-1B Release Independently of Plasma Membrane
Pores and Pyroptosis. Nat. Commun. 11, 2212. doi:10.1038/s41467-020-
16043-9

Kayagaki, N., Kornfeld, O. S., Lee, B. L., Stowe, I. B., O’Rourke, K., Li, Q., et al.
(2021). NINJ1 Mediates Plasma Membrane Rupture during Lytic Cell Death.
Nature 591, 131-136. doi:10.1038/s41586-021-03218-7

Kayagaki, N., Stowe, L. B., Lee, B. L., O’Rourke, K., Anderson, K., Warming, S., et al.
(2015). Caspase-11 Cleaves Gasdermin D for Non-canonical Inflammasome
Signalling. Nature 526, 666-671. doi:10.1038/nature15541

Keller, M., Riiegg, A., Werner, S., and Beer, H.-D. (2008). Active Caspase-1 Is a
Regulator of Unconventional Protein Secretion. Cell 132, 818-831. doi:10.1016/
j.cell.2007.12.040

Kim, B., Lee, Y., Kim, E., Kwak, A., Ryoo, S., Bae, S. H., et al. (2013). The
Interleukin-1a Precursor Is Biologically Active and Is Likely a Key Alarmin in
the IL-1 Family of Cytokines. Front. Immunol. 4, 391. doi:10.3389/fimmu.2013.
00391

Kim, S.-H., Eisenstein, M., Reznikov, L., Fantuzzi, G., Novick, D., Rubinstein, M.,
et al. (2000). Structural Requirements of Six Naturally Occurring Isoforms of
the IL-18 Binding Protein to Inhibit IL-18. Proc. Natl. Acad. Sci. U.S.A. 97,
1190-1195. doi:10.1073/pnas.97.3.1190

Kimura, T., Jia, J., Kumar, S., Choi, S. W., Gu, Y., Mudd, M., et al. (2017). Dedicated
SNARE S and Specialized TRIM Cargo Receptors Mediate Secretory
Autophagy. EMBO ]. 36, 42-60. doi:10.15252/embj.201695081

Knodler, L. A., Crowley, S. M., Sham, H. P., Yang, H., Wrande, M., Ma, C,, et al.
(2014). Noncanonical Inflammasome Activation of Caspase-4/caspase-11
Mediates Epithelial Defenses against Enteric Bacterial Pathogens. Cell Host
Microbe 16, 249-256. doi:10.1016/j.chom.2014.07.002

Kobayashi, T., Ogawa, M., Sanada, T., Mimuro, H., Kim, M., Ashida, H., et al.
(2013). The Shigella OspC3 Effector Inhibits Caspase-4, Antagonizes
Inflammatory Cell Death, and Promotes Epithelial Infection. Cell Host
Microbe 13, 570-583. doi:10.1016/j.chom.2013.04.012

Kobayashi, Y., Yamamoto, K., Saido, T., Kawasaki, H., Oppenheim, J. J., and
Matsushima, K. (1990). Identification of Calcium-Activated Neutral Protease as
a Processing Enzyme of Human Interleukin 1 Alpha. Proc. Natl. Acad. Sci.
U.S.A. 87, 5548-5552. doi:10.1073/pnas.87.14.5548

Kostura, M. J., Tocci, M. J., Limjuco, G., Chin, J., Cameron, P., Hillman, A. G,, et al.
(1989). Identification of a Monocyte Specific Pre-interleukin 1 Beta Convertase
Activity. Proc. Natl. Acad. Sci. U.S.A. 86, 5227-5231. doi:10.1073/pnas.86.14.
5227

Kuhn, P.-H., Marjaux, E., Imhof, A., De Strooper, B., Haass, C., and Lichtenthaler,
S. F. (2007). Regulated Intramembrane Proteolysis of the Interleukin-1
Receptor II by a-, B-, and y-Secretase. J. Biol. Chem. 282, 11982-11995.
doi:10.1074/jbc.m700356200

Kumar, S., Hanning, C. R, Brigham-Burke, M. R, Rieman, D. ], Lehr, R,
Khandekar, S., et al. (2002). INTERLEUKIN-1F7B (IL-1H4/IL-1F7) IS
PROCESSED BY CASPASE-1 AND MATURE IL-1F7B BINDS TO THE
IL-18 RECEPTOR BUT DOES Not INDUCE IEN-y PRODUCTION.
Cytokine 18, 61-71. doi:10.1006/cyt0.2002.0873

Kuswanto, W., Burzyn, D., Panduro, M., Wang, K. K, Jang, Y. C., Wagers, A. ],
et al. (2016). Poor Repair of Skeletal Muscle in Aging Mice Reflects a Defect in
Local, Interleukin-33-dependent Accumulation of Regulatory T Cells.
Immunity 44, 355-367. doi:10.1016/j.immuni.2016.01.009

Lamacchia, C., Rodriguez, E., Palmer, G., and Gabay, C. (2013). Endogenous IL-1a
Is a Chromatin-Associated Protein in Mouse Macrophages. Cytokine 63,
135-144. doi:10.1016/j.cyt0.2013.04.010

Lefrangais, E., Roga, S., Gautier, V., Gonzalez-de-Peredo, A., Monsarrat, B., Girard,
J.-P., et al. (2012). IL-33 Is Processed into Mature Bioactive Forms by
Neutrophil Elastase and Cathepsin G. Proc. Natl. Acad. Sci. US.A. 109,
1673-1678. doi:10.1073/pnas.1115884109

Control of IL-1 Secretion

Li, N., Yamasaki, K., Saito, R., Fukushi-Takahashi, S., Shimada-Omori, R., Asano,
M, et al. (2014). Alarmin Function of Cathelicidin Antimicrobial Peptide LL37
through IL-36y Induction in Human Epidermal Keratinocytes. J. I. 193,
5140-5148. doi:10.4049/jimmunol.1302574

Li, P., Allen, H., Banerjee, S., Franklin, S., Herzog, L., Johnston, C,, et al. (1995).
Mice Deficient in IL-1B-converting Enzyme Are Defective in Production of
Mature IL-1p and Resistant to Endotoxic Shock. Cell 80, 401-411. doi:10.1016/
0092-8674(95)90490-5

Li, S., Neff, C. P., Barber, K., Hong, J., Luo, Y., Azam, T., et al. (2015). Extracellular
Forms of IL-37 Inhibit Innate Inflammation In Vitro and In Vivo but Require
the IL-1 Family Decoy Receptor IL-1R8. Proc. Natl. Acad. Sci. US.A. 112,
2497-2502. doi:10.1073/pnas.1424626112

Lian, L.-H., Milora, K. A., Manupipatpong, K. K., and Jensen, L. E. (2012). The
Double-Stranded RNA Analogue Polyinosinic-Polycytidylic Acid Induces
Keratinocyte Pyroptosis and Release of IL-36y. J. Investigative Dermatology
132, 1346-1353. doi:10.1038/jid.2011.482

Liu, T., Tang, Q., Liu, K., Xie, W,, Liu, X., Wang, H., et al. (2016). TRIM11
Suppresses AIM2 Inflammasome by Degrading AIM2 via P62-dependent
Selective Autophagy. Cell Rep. 16, 1988-2002. doi:10.1016/j.celrep.2016.
07.019

Liu, X,, Zhang, Z., Ruan, J.,, Pan, Y., Magupalli, V. G., Wu, H,, et al. (2016).
Inflammasome-activated Gasdermin D Causes Pyroptosis by Forming
Membrane Pores. Nature 535, 153-158. doi:10.1038/nature18629

Liu, Z., Wang, C,, Yang, J., Chen, Y., Zhou, B., Abbott, D. W., et al. (2020). Caspase-
1 Engages Full-Length Gasdermin D through Two Distinct Interfaces that
Mediate Caspase Recruitment and Substrate Cleavage. Immunity 53, 106-114.
5. doi:10.1016/j.immuni.2020.06.007

Liu, Z., Wang, C, Yang, J., Zhou, B., Yang, R., Ramachandran, R., et al. (2019).
Crystal Structures of the Full-Length Murine and Human Gasdermin D Reveal
Mechanisms of Autoinhibition, Lipid Binding, and Oligomerization. Immunity
51, 43-49. doi:10.1016/j.immuni.2019.04.017

Lorenzen, 1., Lokau, J., Diisterhéft, S., Trad, A., Garbers, C., Scheller, J., et al. (2012).
The Membrane-Proximal Domain of A Disintegrin and Metalloprotease 17
(ADAM17) Is Responsible for Recognition of the Interleukin-6 Receptor and
Interleukin-1 Receptor II. FEBS Lett. 586, 1093-1100. doi:10.1016/j.febslet.
2012.03.012

Liithi, A. U,, Cullen, S. P., McNeela, E. A., Duriez, P. ]., Afonina, L. S., Sheridan, C.,
et al. (2009). Suppression of Interleukin-33 Bioactivity through Proteolysis by
Apoptotic Caspases. Immunity 31, 84-98. doi:10.1016/j.immuni.2009.05.007

Marrakchi, S., Guigue, P., Renshaw, B. R,, Puel, A,, Pei, X.-Y., Fraitag, S., et al.
(2011). Interleukin-36-receptor Antagonist Deficiency and Generalized
Pustular Psoriasis. N. Engl. J. Med. 365, 620-628. doi:10.1056/nejmoal013068

Martin-Sénchez, F., Diamond, C., Zeitler, M., Gomez, A. I, Baroja-Mazo, A.,
Bagnall, J., et al. (2016). Inflammasome-dependent IL-1f Release Depends
upon Membrane Permeabilisation. Cell Death Differ. 23, 1219-1231. doi:10.
1038/cdd.2015.176

Mizutani, H., Black, R., and Kupper, T. S. (1991). Human Keratinocytes Produce
but Do Not Process Pro-interleukin-1 (IL-1) Beta. Different Strategies of IL-1
Production and Processing in Monocytes and Keratinocytes. J. Clin. Invest. 87,
1066-1071. doi:10.1172/jci115067

Mizutani, H., Schechter, N., Lazarus, G., Black, R. A., and Kupper, T. S. (1991).
Rapid and Specific Conversion of Precursor Interleukin 1 Beta (IL-1 Beta) to an
Active IL-1 Species by Human Mast Cell Chymase. J. Exp. Med. 174, 821-825.
doi:10.1084/jem.174.4.821

Monteleone, M., Stanley, A. C., Chen, K. W.,, Brown, D. L., Bezbradica, . S., von
Pein, J. B,, et al. (2018). Interleukin-1f Maturation Triggers its Relocation to the
Plasma Membrane for Gasdermin-D-dependent and -Independent Secretion.
Cell Rep. 24, 1425-1433. doi:10.1016/j.celrep.2018.07.027

Mosley, B., Dower, S. K., Gillis, S., and Cosman, D. (1987). Determination of the
Minimum Polypeptide Lengths of the Functionally Active Sites of Human
Interleukins 1 Alpha and 1 Beta. Proc. Natl. Acad. Sci. U.S.A. 84, 4572-4576.
doi:10.1073/pnas.84.13.4572

Mosley, B., Urdal, D. L., Prickett, K. S., Larsen, A., Cosman, D., Conlon, P. J., et al.
(1987). The Interleukin-1 Receptor Binds the Human Interleukin-1 Alpha
Precursor but Not the Interleukin-1 Beta Precursor. J. Biol. Chem. 262,
2941-2944. doi:10.1016/s0021-9258(18)61450-4

Muendlein, H. L, Jetton, D., Connolly, W. M., Eidell, K. P., Magri, Z., Smirnova, L,
et al. (2020). cFLIP L Protects Macrophages from LPS-Induced Pyroptosis via

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

June 2022 | Volume 10 | Article 910983


https://doi.org/10.1016/j.devcel.2019.10.025
https://doi.org/10.4049/jimmunol.1003162
https://doi.org/10.1038/s41467-020-16043-9
https://doi.org/10.1038/s41467-020-16043-9
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1038/nature15541
https://doi.org/10.1016/j.cell.2007.12.040
https://doi.org/10.1016/j.cell.2007.12.040
https://doi.org/10.3389/fimmu.2013.00391
https://doi.org/10.3389/fimmu.2013.00391
https://doi.org/10.1073/pnas.97.3.1190
https://doi.org/10.15252/embj.201695081
https://doi.org/10.1016/j.chom.2014.07.002
https://doi.org/10.1016/j.chom.2013.04.012
https://doi.org/10.1073/pnas.87.14.5548
https://doi.org/10.1073/pnas.86.14.5227
https://doi.org/10.1073/pnas.86.14.5227
https://doi.org/10.1074/jbc.m700356200
https://doi.org/10.1006/cyto.2002.0873
https://doi.org/10.1016/j.immuni.2016.01.009
https://doi.org/10.1016/j.cyto.2013.04.010
https://doi.org/10.1073/pnas.1115884109
https://doi.org/10.4049/jimmunol.1302574
https://doi.org/10.1016/0092-8674(95)90490-5
https://doi.org/10.1016/0092-8674(95)90490-5
https://doi.org/10.1073/pnas.1424626112
https://doi.org/10.1038/jid.2011.482
https://doi.org/10.1016/j.celrep.2016.07.019
https://doi.org/10.1016/j.celrep.2016.07.019
https://doi.org/10.1038/nature18629
https://doi.org/10.1016/j.immuni.2020.06.007
https://doi.org/10.1016/j.immuni.2019.04.017
https://doi.org/10.1016/j.febslet.2012.03.012
https://doi.org/10.1016/j.febslet.2012.03.012
https://doi.org/10.1016/j.immuni.2009.05.007
https://doi.org/10.1056/nejmoa1013068
https://doi.org/10.1038/cdd.2015.176
https://doi.org/10.1038/cdd.2015.176
https://doi.org/10.1172/jci115067
https://doi.org/10.1084/jem.174.4.821
https://doi.org/10.1016/j.celrep.2018.07.027
https://doi.org/10.1073/pnas.84.13.4572
https://doi.org/10.1016/s0021-9258(18)61450-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Evavold and Kagan

Inhibition of Complex II Formation. Science 367, 1379-1384. doi:10.1126/
science.aay3878

Miihl, H., Kampfer, H., Bosmann, M., Frank, S., Radeke, H., and Pfeilschifter, J.
(2000). Interferon-y Mediates Gene Expression of IL-18 Binding Protein in
Nonleukocytic Cells. Biochem. Biophysical Res. Commun. 267, 960-963. doi:10.
1006/bbrc.1999.2064

Nold, M. E,, Nold-Petry, C. A., Zepp, J. A., Palmer, B. E,, Bufler, P., and Dinarello,
C. A. (2010). IL-37 Is a Fundamental Inhibitor of Innate Immunity. Nat.
Immunol. 11, 1014-1022. doi:10.1038/ni.1944

Nold-Petry, C. A., Lo, C. Y., Rudloff, L, Elgass, K. D., Li, S., Gantier, M. P.,
et al. (2015). IL-37 Requires the Receptors IL-18Ra and IL-1R8
(SIGIRR) to Carry Out its Multifaceted Anti-inflammatory Program
upon Innate Signal Transduction. Nat. Immunol. 16, 354-365. doi:10.
1038/ni.3103

Novick, D., Kim, S.-H., Fantuzzi, G., Reznikov, L. L., Dinarello, C. A., and
Rubinstein, M. (1999). Interleukin-18 Binding Protein. Immunity 10,
127-136. doi:10.1016/s1074-7613(00)80013-8

Novick, D., Schwartsburd, B., Pinkus, R., Suissa, D., Belzer, I, Sthoeger, Z., et al.
(2001). A Novel IL-18BP ELISA Shows Elevated Serum IL-18BP in Sepsis and
Extensive Decrease of Free IL-18. Cytokine 14, 334-342. doi:10.1006/cyto.2001.
0914

Nowarski, R., Jackson, R., Gagliani, N., de Zoete, M. R., Palm, N. W., Bailis, W,
et al. (2015). Epithelial IL-18 Equilibrium Controls Barrier Function in Colitis.
Cell 163, 1444-1456. doi:10.1016/j.cell.2015.10.072

O’Neill, L. A.J. (2008). The Interleukin-1 receptor/Toll-like Receptor Superfamily:
10 Years of Progress. Immunol. Rev. 226, 10-18. doi:10.1111/j.1600-065x.2008.
00701.x

Ohno, T., Oboki, K., Kajiwara, N., Morii, E., Aozasa, K., Flavell, R. A,, et al.
(2009). Caspase-1, Caspase-8, and Calpain Are Dispensable for IL-33
Release by Macrophages. J. Immunol. 183, 7890-7897. doi:10.4049/
jimmunol.0802449

Okamura, H., Tsutsui, H., Komatsu, T., Yutsudo, M., Hakura, A., Tanimoto, T,
et al. (1995). Cloning of a New Cytokine that Induces IFN-y Production by
T Cells. Nature 378, 88-91. doi:10.1038/378088a0

Orning, P., Weng, D., Starheim, K., Ratner, D., Best, Z., Lee, B., et al. (2018).
Pathogen Blockade of TAKI Triggers Caspase-8-dependent Cleavage of
Gasdermin D and Cell Death. Science 362, 1064-1069. doi:10.1126/science.
aau2818

Orzalli, M. H., Prochera, A., Payne, L., Smith, A., Garlick, J. A., and Kagan, J. C.
(2021). Virus-mediated Inactivation of Anti-apoptotic Bcl-2 Family Members
Promotes Gasdermin-E-dependent Pyroptosis in Barrier Epithelial Cells.
Immunity 54, 1447-1462. e5. doi:10.1016/j.immuni.2021.04.012

Orzalli, M. H., Smith, A., Jurado, K. A, Iwasaki, A., Garlick, J. A., and Kagan, J. C.
(2018). An Antiviral Branch of the IL-1 Signaling Pathway Restricts Immune-
Evasive Virus Replication. Mol. Cell 71, 825-840. doi:10.1016/j.molcel.2018.
07.009

Pajuelo, D., Gonzalez-Juarbe, N., Tak, U., Sun, J., Orihuela, C. J., and Niederweis,
M. (2018). NAD+ Depletion Triggers Macrophage Necroptosis, a Cell Death
Pathway Exploited by Mycobacterium tuberculosis. Cell Rep. 24, 429-440.
doi:10.1016/j.celrep.2018.06.042

Pernas, L. (2021). Cellular Metabolism in the Defense against Microbes. J. Cell Sci.
134, jcs252023. doi:10.1242/jcs.252023

Prochnicki, T., and Latz, E. (2017). Inflammasomes on the Crossroads of Innate
Immune Recognition and Metabolic Control. Cell Metab. 26, 71-93. doi:10.
1016/j.cmet.2017.06.018

Puren, A. ], Fantuzzi, G., and Dinarello, C. A. (1999). Gene Expression, Synthesis,
and Secretion of Interleukin 18 and Interleukin 1{ Are Differentially Regulated
in Human Blood Mononuclear Cells and Mouse Spleen Cells. Proc. Natl. Acad.
Sci. U.S.A. 96, 2256-2261. doi:10.1073/pnas.96.5.2256

Rashidi, M., Simpson, D. S., Hempel, A., Frank, D., Petrie, E., Vince, A., et al.
(2019). The Pyroptotic Cell Death Effector Gasdermin D Is Activated by Gout-
Associated Uric Acid Crystals but Is Dispensable for Cell Death and IL-1p
Release. J. I. 203, 736-748. doi:10.4049/jimmunol.1900228

Rathkey, J. K., Zhao, J., Liu, Z., Chen, Y., Yang, J., Kondolf, H. C,, et al. (2018).
Chemical Disruption of the Pyroptotic Pore-Forming Protein Gasdermin D
Inhibits Inflammatory Cell Death and Sepsis. Sci. Immunol. 3. doi:10.1126/
sciimmunol.aat2738

Control of IL-1 Secretion

Ravindran, R., Loebbermann, J., Nakaya, H. I, Khan, N., Ma, H., Gama, L., et al.
(2016). The Amino Acid Sensor GCN2 Controls Gut Inflammation by
Inhibiting Inflammasome Activation. Nature 531, 523-527. do0i:10.1038/
naturel7186

Re, F., Sironi, M., Muzio, M., Matteucci, C., Introna, M., Orlando, S., et al. (1996).
Inhibition of Interleukin-1 Responsiveness by Type II Receptor Gene Transfer:
a Surface "receptor’ with Anti-interleukin-1 Function. J. Exp. Med. 183,
1841-1850. doi:10.1084/jem.183.4.1841

Rogers, C., Erkes, D. A, Nardone, A., Aplin, A. E., Fernandes-Alnemri, T.,
and Alnemri, E. S. (2019). Gasdermin Pores Permeabilize
Mitochondria to Augment Caspase-3 Activation during Apoptosis
and Inflammasome Activation. Nat. Commun. 10, 1689. doi:10.1038/
$41467-019-09397-2

Rogers, C., Fernandes-Alnemri, T., Mayes, L., Alnemri, D., Cingolani, G., and
Alnemri, E. S. (2017). Cleavage of DFNAS5 by Caspase-3 during Apoptosis
Mediates Progression to Secondary Necrotic/pyroptotic Cell Death. Nat.
Commun. 8, 14128. doi:10.1038/ncomms14128

Roy, A., Ganesh, G., Sippola, H., Bolin, S., Sawesi, O., Dagilv, A,, et al. (2014).
Mast Cell Chymase Degrades the Alarmins Heat Shock Protein 70,
Biglycan, HMGBI1, and Interleukin-33 (IL-33) and Limits Danger-
Induced Inflammation. J. Biol. Chem. 289, 237-250. doi:10.1074/jbc.
m112.435156

Rubartelli, A., Cozzolino, F., Talio, M., and Sitia, R. (1990). A Novel Secretory
Pathway for Interleukin-1 Beta, a Protein Lacking a Signal Sequence. EMBOJ. 9,
1503-1510. doi:10.1002/j.1460-2075.1990.tb08268.x

Rudloff, I, Godsell, ]., Nold-Petry, C. A., Harris, J., Hoi, A., Morand, E. F,, et al.
(2015). Brief Report: Interleukin-38 Exerts Antiinflammatory Functions and Is
Associated with Disease Activity in Systemic Lupus Erythematosus. Arthritis &
Rheumatology 67, 3219-3225. doi:10.1002/art.39328

Rihl, S, and Broz, P. (2015). Caspase-11 Activates a Canonical NLRP3
Inflammasome by Promoting K+efflux. Eur. J. Immunol. 45, 2927-2936.
doi:10.1002/€ji.201545772

Riihl, S., Shkarina, K., Demarco, B., Heilig, R., Santos, ]. C., and Broz, P. (2018).
ESCRT-dependent Membrane Repair Negatively Regulates Pyroptosis
Downstream of GSDMD Activation. Science 362, 956-960. doi:10.1126/
science.aar7607

Russo, H. M., Rathkey, ., Boyd-Tressler, A., Katsnelson, M. A., Abbott, D. W., and
Dubyak, G. R. (2016). Active Caspase-1 Induces Plasma Membrane Pores that
Precede Pyroptotic Lysis and Are Blocked by Lanthanides. J. I. 197, 1353-1367.
doi:10.4049/jimmunol. 1600699

Sagulenko, V., Thygesen, S. J., Sester, D. P., Idris, A., Cridland, J. A., Vajjhala, P.R,,
et al. (2013). AIM2 and NLRP3 Inflammasomes Activate Both Apoptotic and
Pyroptotic Death Pathways via ASC. Cell Death Differ. 20, 1149-1160. doi:10.
1038/cdd.2013.37

Saitoh, T., Fujita, N., Jang, M. H., Uematsu, S., Yang, B.-G., Satoh, T., et al. (2008).
Loss of the Autophagy Protein Atgl6L1 Enhances Endotoxin-Induced IL-1B
Production. Nature 456, 264-268. doi:10.1038/nature07383

Sanchez, M., Kolar, S. L., Miiller, S., Reyes, C. N., Wolf, A. J., Ogawa, C,, et al.
(2017). O-acetylation of Peptidoglycan Limits Helper T Cell Priming and
Permits Staphylococcus aureus Reinfection. Cell Host Microbe 22, 543-551.
doi:10.1016/j.chom.2017.08.008

Santa Cruz Garcia, A. B., Schnur, K. P., Malik, A. B., and Mo, G. C. H. (2022).
Gasdermin D Pores Are Dynamically Regulated by Local
Phosphoinositide Circuitry. Nat. Commun. 13, 52. doi:10.1038/s41467-
021-27692-9

Sardiello, M., Palmieri, M., di Ronza, A., Medina, D. L., Valenza, M.,
Gennarino, V. A,, et al. (2009). A Gene Network Regulating Lysosomal
Biogenesis and Function. Science 325, 473-477. doi:10.1126/science.
1174447

Sarhan, J., Liu, B. C., Muendlein, H. I, Li, P., Nilson, R., Tang, A. Y., et al. (2018).
Caspase-8 Induces Cleavage of Gasdermin D to Elicit Pyroptosis during
Yersinia Infection. Proc. Natl. Acad. Sci. U. S. A. 115, E10888-E10897.
doi:10.1073/pnas.1809548115

Sborgi, L., Riihl, S., Mulvihill, E., Pipercevic, J., Heilig, R., Stahlberg, H., et al.
(2016). GSDMD Membrane Pore Formation Constitutes the Mechanism of
Pyroptotic Cell Death. EMBO . 35, 1766-1778. doi:10.15252/embj.
201694696

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2022 | Volume 10 | Article 910983


https://doi.org/10.1126/science.aay3878
https://doi.org/10.1126/science.aay3878
https://doi.org/10.1006/bbrc.1999.2064
https://doi.org/10.1006/bbrc.1999.2064
https://doi.org/10.1038/ni.1944
https://doi.org/10.1038/ni.3103
https://doi.org/10.1038/ni.3103
https://doi.org/10.1016/s1074-7613(00)80013-8
https://doi.org/10.1006/cyto.2001.0914
https://doi.org/10.1006/cyto.2001.0914
https://doi.org/10.1016/j.cell.2015.10.072
https://doi.org/10.1111/j.1600-065x.2008.00701.x
https://doi.org/10.1111/j.1600-065x.2008.00701.x
https://doi.org/10.4049/jimmunol.0802449
https://doi.org/10.4049/jimmunol.0802449
https://doi.org/10.1038/378088a0
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1016/j.immuni.2021.04.012
https://doi.org/10.1016/j.molcel.2018.07.009
https://doi.org/10.1016/j.molcel.2018.07.009
https://doi.org/10.1016/j.celrep.2018.06.042
https://doi.org/10.1242/jcs.252023
https://doi.org/10.1016/j.cmet.2017.06.018
https://doi.org/10.1016/j.cmet.2017.06.018
https://doi.org/10.1073/pnas.96.5.2256
https://doi.org/10.4049/jimmunol.1900228
https://doi.org/10.1126/sciimmunol.aat2738
https://doi.org/10.1126/sciimmunol.aat2738
https://doi.org/10.1038/nature17186
https://doi.org/10.1038/nature17186
https://doi.org/10.1084/jem.183.4.1841
https://doi.org/10.1038/s41467-019-09397-2
https://doi.org/10.1038/s41467-019-09397-2
https://doi.org/10.1038/ncomms14128
https://doi.org/10.1074/jbc.m112.435156
https://doi.org/10.1074/jbc.m112.435156
https://doi.org/10.1002/j.1460-2075.1990.tb08268.x
https://doi.org/10.1002/art.39328
https://doi.org/10.1002/eji.201545772
https://doi.org/10.1126/science.aar7607
https://doi.org/10.1126/science.aar7607
https://doi.org/10.4049/jimmunol.1600699
https://doi.org/10.1038/cdd.2013.37
https://doi.org/10.1038/cdd.2013.37
https://doi.org/10.1038/nature07383
https://doi.org/10.1016/j.chom.2017.08.008
https://doi.org/10.1038/s41467-021-27692-9
https://doi.org/10.1038/s41467-021-27692-9
https://doi.org/10.1126/science.1174447
https://doi.org/10.1126/science.1174447
https://doi.org/10.1073/pnas.1809548115
https://doi.org/10.15252/embj.201694696
https://doi.org/10.15252/embj.201694696
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Evavold and Kagan

Schneider, K. S., Gross, C. J., Dreier, R. F., Saller, B. S., Mishra, R., Gorka, O., et al.
(2017). The Inflammasome Drives GSDMD-independent Secondary
Pyroptosis and IL-1 Release in the Absence of Caspase-1 Protease Activity.
Cell Rep. 21, 3846-3859. doi:10.1016/j.celrep.2017.12.018

Semino, C., Carta, S., Gattorno, M,, Sitia, R, and Rubartelli, A. (2018). Progressive
Waves of IL-1B Release by Primary Human Monocytes via Sequential
Activation of Vesicular and Gasdermin D-Mediated Secretory Pathways.
Cell Death Dis. 9, 1088. doi:10.1038/s41419-018-1121-9

Settembre, C., Di Malta, C,, Polito, V. A., Arencibia, M. G., Vetrini, F., Erdin, S.,
et al. (2011). TFEB Links Autophagy to Lysosomal Biogenesis. Science 332,
1429-1433. doi:10.1126/science.1204592

Sharma, S., Kulk, N., Nold, M. F., Grif, R., Kim, S.-H., Reinhardt, D, et al. (2008).
The IL-1 Family Member 7b Translocates to the Nucleus and Down-Regulates
Proinflammatory Cytokines. J. Immunol. 180, 5477-5482. do0i:10.4049/
jimmunol.180.8.5477

Shi, C.-S., Shenderov, K., Huang, N.-N., Kabat, J., Abu-Asab, M., Fitzgerald, K. A.,
et al. (2012). Activation of Autophagy by Inflammatory Signals Limits IL-1p
Production by Targeting Ubiquitinated Inflammasomes for Destruction. Nat.
Immunol. 13, 255-263. doi:10.1038/ni.2215

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H,, et al. (2015). Cleavage of
GSDMD by Inflammatory Caspases Determines Pyroptotic Cell Death. Nature
526, 660-665. doi:10.1038/naturel5514

Shimada, T., Park, B. G., Wolf, A. ], Brikos, C., Goodridge, H. S., Becker, C.
A., et al. (2010). Staphylococcus aureus Evades Lysozyme-Based
Peptidoglycan Digestion that Links Phagocytosis, Inflammasome
Activation, and IL-1B Secretion. Cell Host Microbe 7, 38-49. doi:10.
1016/j.chom.2009.12.008

Sims, J. E., March, C.J., Cosman, D., Widmer, M. B., MacDonald, H. R., McMahan,
C.J., etal. (1988). cDNA Expression Cloning of the IL-1 Receptor, a Member of
the Immunoglobulin Superfamily. Science 241, 585-589. doi:10.1126/science.
2969618

Sugiura, K., Shoda, Y., and Akiyama, M. (2014). Generalized pustular
psoriasis triggered by in monozygotic with
compound heterozygous IL36RN mutations: comment on the article by
Navarini et al. J. Investigative Dermatology 134, 578-579. doi:10.1038/jid.
2013.354

Talabot-Ayer, D., Lamacchia, C., Gabay, C., and Palmer, G. (2009). Interleukin-33
Is Biologically Active Independently of Caspase-1 Cleavage. J. Biol. Chem. 284,
19420-19426. doi:10.1074/jbc.m901744200

Tapia, V. S., Daniels, M. J. D., Palazén-Riquelme, P., Dewhurst, M., Luheshi, N. M.,
Rivers-Auty, J., etal. (2019). The Three Cytokines IL-1p, IL-18, and IL-1a Share
Related but Distinct Secretory Routes. J. Biol. Chem. 294, 8325-8335. doi:10.
1074/jbc.ra119.008009

Tattoli, I, Sorbara, M. T., Vuckovic, D., Ling, A., Soares, F., Carneiro, L. A. M., et al.
(2012). Amino Acid Starvation Induced by Invasive Bacterial Pathogens
Triggers an Innate Host Defense Program. Cell Host Microbe 11, 563-575.
doi:10.1016/j.chom.2012.04.012

Thornberry, N. A,, Bull, H. G, Calaycay, J. R., Chapman, K. T., Howard, A. D,,
Kostura, M. J., et al. (1992). A Novel Heterodimeric Cysteine Protease Is
Required for Interleukin-1Bprocessing in Monocytes. Nature 356, 768-774.
doi:10.1038/356768a0

Towne, J. E., Garka, K. E., Renshaw, B. R., Virca, G. D., and Sims, J. E. (2004).
Interleukin (IL)-1F6, IL-1F8, and IL-1F9 Signal through IL-1Rrp2 and IL-
1RACP to Activate the Pathway Leading to NF-Kb and MAPKSs. /. Biol. Chem.
279, 13677-13688. doi:10.1074/jbc.m400117200

Towne, J. E., Renshaw, B. R., Douangpanya, J., Lipsky, B. P., Shen, M., Gabel, C. A.,
etal. (2011). Interleukin-36 (IL-36) Ligands Require Processing for Full Agonist
(IL-36q, IL-36pB, and IL-36y) or Antagonist (IL-36Ra) Activity. J. Biol. Chem.
286, 42594-42602. doi:10.1074/jbc.m111.267922

Tsuchiya, K., Hosojima, S., Hara, H., Kushiyama, H., Mahib, M. R., Kinoshita, T.,
et al. (2021). Gasdermin D Mediates the Maturation and Release of IL-1a
Downstream of Inflammasomes. Cell Rep. 34, 108887. doi:10.1016/j.celrep.
2021.108887

Tsuchiya, K., Nakajima, S., Hosojima, S., Thi Nguyen, D., Hattori, T., Manh Le, T,
etal. (2019). Caspase-1 Initiates Apoptosis in the Absence of Gasdermin D. Nat.
Commun. 10, 2091. doi:10.1038/s41467-019-09753-2

Vajjhala, P. R,, Lu, A, Brown, D. L., Pang, S. W., Sagulenko, V., Sester, D. P, et al.
(2015). The Inflammasome Adaptor ASC Induces Procaspase-8 Death Effector

amoxicillin twins

Control of IL-1 Secretion

Domain Filaments. J. Biol. Chem. 290, 29217-29230. doi:10.1074/jbc.m115.
687731

van de Veerdonk, F. L., Stoeckman, A. K., Wu, G., Boeckermann, A. N., Azam,
T., Netea, M. G., et al. (2012). IL-38 Binds to the IL-36 Receptor and Has
Biological Effects on Immune Cells Similar to IL-36 Receptor Antagonist.
Proc. Natl. Acad. Sci. U.S.A. 109, 3001-3005. doi:10.1073/pnas.
1121534109

Vijayaraj, S. L., Feltham, R., Rashidi, M., Frank, D., Liu, Z., Simpson, D. S., et al.
(2021). The Ubiquitylation of IL-1p Limits its Cleavage by Caspase-1 and
Targets it for Proteasomal Degradation. Nat. Commun. 12, 2713. doi:10.1038/
541467-021-22979-3

Waern, I, Lundequist, A., Pejler, G., and Wernersson, S. (2013). Mast Cell
Chymase Modulates IL-33 Levels and Controls Allergic Sensitization in
Dust-Mite Induced Airway Inflammation. Mucosal Immunol. 6, 911-920.
doi:10.1038/mi.2012.129

Wang, K., Sun, Q., Zhong, X., Zeng, M., Zeng, H., Shi, X,, et al. (2020). Structural
Mechanism for GSDMD Targeting by Autoprocessed Caspases in Pyroptosis.
Cell 180, 941-955. doi:10.1016/j.cell.2020.02.002

Wang, Y., Gao, W,, Shi, X, Ding, J., Liu, W., He, H,, et al. (2017). Chemotherapy
Drugs Induce Pyroptosis through Caspase-3 Cleavage of a Gasdermin. Nature
547, 99-103. doi:10.1038/nature22393

Weinberg, J. M., Davis, J. A., Abarzua, M., and Rajan, T. (1987). Cytoprotective
Effects of glycine and Glutathione against Hypoxic Injury to Renal Tubules.
J. Clin. Invest. 80, 1446-1454. doi:10.1172/jci113224

Werman, A., Werman-Venkert, R., White, R., Lee, J.-K., Werman, B., Krelin, Y.,
et al. (2004). The Precursor Form of IL-1a Is an Intracrine Proinflammatory
Activator of Transcription. Proc. Natl. Acad. Sci. U.S.A. 101, 2434-2439. doi:10.
1073/pnas.0308705101

Wesche, H., Henzel, W. J., Shillinglaw, W, Li, S., and Cao, Z. (1997). MyD88: An
Adapter that Recruits IRAK to the IL-1 Receptor Complex. Immunity 7,
837-847. doi:10.1016/s1074-7613(00)80402-1

Wessendorf, J. H., Garfinkel, S., Zhan, X., Brown, S., and Maciag, T. (1993).
Identification of a Nuclear Localization Sequence within the Structure of the
Human Interleukin-1 Alpha Precursor. J. Biol. Chem. 268, 22100-22104. doi:10.
1016/50021-9258(20)80653-x

Wiggins, K. A,, Parry, A. J., Cassidy, L. D., Humphry, M., Webster, S. J., Goodall,
J. C, et al. (2019). IL-la Cleavage by Inflammatory Caspases of the
Noncanonical Inflammasome Controls the Senescence-associated Secretory
Phenotype. Aging Cell 18, e12946. doi:10.1111/acel.12946

Wolf, A. J., Reyes, C. N., Liang, W., Becker, C., Shimada, K., Wheeler, M. L.,
et al. (2016). Hexokinase Is an Innate Immune Receptor for the Detection
of Bacterial Peptidoglycan. Cell 166, 624-636. doi:10.1016/j.cell.2016.
05.076

Xia, S., Zhang, Z., Magupalli, V. G., Pablo, J. L., Dong, Y., Vora, S. M,, et al.
(2021). Gasdermin D Pore Structure Reveals Preferential Release of
Mature Interleukin-1. Nature 593, 607-611. doi:10.1038/s41586-021-
03478-3

Yousif, A. S., Ronsard, L., Shah, P., Omatsu, T., Sangesland, M., Bracamonte
Moreno, T., et al. (2021). The Persistence of Interleukin-6 Is Regulated by a
Blood Buffer System Derived from Dendritic Cells. Immunity 54, 235-246. 5.
doi:10.1016/j.immuni.2020.12.001

Zanoni, I, Tan, Y., Di Gioia, M., Broggi, A., Ruan, J., Shi, J., et al. (2016). An
Endogenous Caspase-11 Ligand Elicits Interleukin-1 Release from
Living Dendritic Cells. Science 352, 1232-1236. doi:10.1126/science.
aaf3036

Zhang, D.-W., Shao, J.,, Lin, J., Zhang, N., Lu, B.-J, Lin, S.-C,, et al. (2009).
RIP3, an Energy Metabolism Regulator that Switches TNF-Induced Cell
Death from Apoptosis to Necrosis. Science 325, 332-336. doi:10.1126/
science.1172308

Zhang, M., Kenny, S. J., Ge, L., Xu, K., and Schekman, R. (2015). Translocation of
Interleukin-1p into a Vesicle Intermediate in Autophagy-Mediated Secretion.
Elife 4. doi:10.7554/eLife.11205

Zhang, M., Liu, L,, Lin, X., Wang, Y., Li, Y., Guo, Q,, et al. (2020). A Translocation
Pathway for Vesicle-Mediated Unconventional Protein Secretion. Cell 181,
637-652. doi:10.1016/j.cell.2020.03.031

Zhang, Z., Zhang, Y., Xia, S., Kong, Q., Li, S, Liu, X,, et al. (2020). Gasdermin E
Suppresses Tumour Growth by Activating Anti-tumour Immunity. Nature 579,
415-420. doi:10.1038/s41586-020-2071-9

Frontiers in Cell and Developmental Biology | www.frontiersin.org

17

June 2022 | Volume 10 | Article 910983


https://doi.org/10.1016/j.celrep.2017.12.018
https://doi.org/10.1038/s41419-018-1121-9
https://doi.org/10.1126/science.1204592
https://doi.org/10.4049/jimmunol.180.8.5477
https://doi.org/10.4049/jimmunol.180.8.5477
https://doi.org/10.1038/ni.2215
https://doi.org/10.1038/nature15514
https://doi.org/10.1016/j.chom.2009.12.008
https://doi.org/10.1016/j.chom.2009.12.008
https://doi.org/10.1126/science.2969618
https://doi.org/10.1126/science.2969618
https://doi.org/10.1038/jid.2013.354
https://doi.org/10.1038/jid.2013.354
https://doi.org/10.1074/jbc.m901744200
https://doi.org/10.1074/jbc.ra119.008009
https://doi.org/10.1074/jbc.ra119.008009
https://doi.org/10.1016/j.chom.2012.04.012
https://doi.org/10.1038/356768a0
https://doi.org/10.1074/jbc.m400117200
https://doi.org/10.1074/jbc.m111.267922
https://doi.org/10.1016/j.celrep.2021.108887
https://doi.org/10.1016/j.celrep.2021.108887
https://doi.org/10.1038/s41467-019-09753-2
https://doi.org/10.1074/jbc.m115.687731
https://doi.org/10.1074/jbc.m115.687731
https://doi.org/10.1073/pnas.1121534109
https://doi.org/10.1073/pnas.1121534109
https://doi.org/10.1038/s41467-021-22979-3
https://doi.org/10.1038/s41467-021-22979-3
https://doi.org/10.1038/mi.2012.129
https://doi.org/10.1016/j.cell.2020.02.002
https://doi.org/10.1038/nature22393
https://doi.org/10.1172/jci113224
https://doi.org/10.1073/pnas.0308705101
https://doi.org/10.1073/pnas.0308705101
https://doi.org/10.1016/s1074-7613(00)80402-1
https://doi.org/10.1016/s0021-9258(20)80653-x
https://doi.org/10.1016/s0021-9258(20)80653-x
https://doi.org/10.1111/acel.12946
https://doi.org/10.1016/j.cell.2016.05.076
https://doi.org/10.1016/j.cell.2016.05.076
https://doi.org/10.1038/s41586-021-03478-3
https://doi.org/10.1038/s41586-021-03478-3
https://doi.org/10.1016/j.immuni.2020.12.001
https://doi.org/10.1126/science.aaf3036
https://doi.org/10.1126/science.aaf3036
https://doi.org/10.1126/science.1172308
https://doi.org/10.1126/science.1172308
https://doi.org/10.7554/eLife.11205
https://doi.org/10.1016/j.cell.2020.03.031
https://doi.org/10.1038/s41586-020-2071-9
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Evavold and Kagan

Zheng, Z., Deng, W., Bai, Y., Miao, R., Mei, S., Zhang, Z., et al. (2021). The
Lysosomal Rag-Ragulator Complex Licenses RIPK1 and Caspase-8-Mediated
Pyroptosis by Yersinia. Science 372. doi:10.1126/science.abg0269

Zhivaki, D., Borriello, F., Chow, O. A., Doran, B., Fleming, I., Theisen, D. J., et al.
(2020). Inflammasomes within Hyperactive Murine Dendritic Cells Stimulate
Long-Lived T Cell-Mediated Anti-tumor Immunity. Cell Rep. 33, 108381.
doi:10.1016/j.celrep.2020.108381

Zhou, B., and Abbott, D. W. (2021). Gasdermin E Permits Interleukin-1 Beta
Release in Distinct Sublytic and Pyroptotic Phases. Cell Rep. 35, 108998. doi:10.
1016/j.celrep.2021.108998

Zhou, Z., He, H., Wang, K., Shi, X., Wang, Y., Su, Y., et al. (2020). Granzyme A
from Cytotoxic Lymphocytes Cleaves GSDMB to Trigger Pyroptosis in Target
Cells. Science 368. doi:10.1126/science.aaz7548

Conflict of Interest: JK consults for IFM Therapeutics and consults and holds
equity in Corner Therapeutics, Larkspur Biosciences and Neumora Therapeutics.
None of these relationships influenced the manuscript.

Control of IL-1 Secretion

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Evavold and Kagan. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

18

June 2022 | Volume 10 | Article 910983


https://doi.org/10.1126/science.abg0269
https://doi.org/10.1016/j.celrep.2020.108381
https://doi.org/10.1016/j.celrep.2021.108998
https://doi.org/10.1016/j.celrep.2021.108998
https://doi.org/10.1126/science.aaz7548
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Diverse Control Mechanisms of the Interleukin-1 Cytokine Family
	Introduction
	Overview of IL-1 Family Cytokines
	Regulation of Inflammasomes
	Role of IL-1 Cleavage in Bioactivity, Membrane Localization, and Secretion
	Regulation of GSDMD Pores
	GSDMD-Independent IL-1 Secretion
	Transient Membrane Permeability and Hyperactivation
	Metabolic Control of IL-1 Secretion
	Concluding Remarks and Outstanding Questions
	Author Contributions
	Funding
	Acknowledgments
	References


