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Abstract The inflammasome adapter ASC links activated

inflammasome sensors to the effector molecule pro-cas-

pase-1. Recruitment of pro-caspase-1 to ASC promotes the

autocatalytic activation of caspase-1, which leads to the

release of pro-inflammatory cytokines, such as IL-1b.
Upon triggering of inflammasome sensors, ASC assembles

into large helical fibrils that interact with each other serv-

ing as a supramolecular signaling platform termed the ASC

speck. Alternative splicing, post-translational modifications

of ASC, as well as interaction with other proteins can

perturb ASC function. In several inflammatory diseases,

ASC specks can be found in the extracellular space and its

presence correlates with poor prognosis. Here, we review

the role of ASC in inflammation, and focus on the struc-

tural mechanisms that lead to ASC speck formation, the

regulation of ASC function during inflammasome assem-

bly, and the importance of ASC specks in disease.

Keywords Speck � PYD � CARD � Fibril � Prionoid �
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Abbreviations

aa Amino acid

AIM2 Absent in melanoma 2

APAF-1 Apoptotic protease-activating factor 1

ASC Apoptosis-associated speck-like protein

containing a CARD

CAPS Cryopyrin-associated periodic syndrome

CARD Caspase-recruitment domain

COP CARD-only protein

DAMP Damage-associated molecular pattern

DD Death domain

DED Death effector domain

E1 Ubiquitin-activating enzyme

E2 Ubiquitin-conjugating enzyme

E3 Ubiquitin-ligation enzyme

EPSP Electrostatic potential surface patch

FCAS Familial cold autoinflammatory syndrome

FMF Familial Mediterranean fever

HIN200 Hematopoietic interferon-inducible nuclear

antigens with 200 amino acid repeats

HOIL-1 Heme-oxidized IRP2 ubiquitin ligase-1

HOIP HOIL-1 interacting protein

IKK IjB kinase

IL Interleukin

Jnk c-Jun N-terminal kinase

LPS Lipopolysaccharide

LUBAC Linear ubiquitin chain assembly complex

MAVS Mitochondrial antiviral-signaling
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MEFV Mediterranean fever

MV Myxoma virus

NAIP NLR family apoptosis inhibitory protein

NF-jB Nuclear factor kappa-light-chain enhancer of

activated B-cells

NLR Nucleotide-binding oligomerization domain

(NOD)-like receptor

NLRC NOD-, LRR-, CARD-containing

NLRP NOD-, leucine-rich repeat (LRR)-, PYD-

containing

NOD Nucleotide oligomerization domain

NOMID Neonatal-onset multisystem inflammatory

disorder

PAMP Pathogen-associated molecular pattern

POP Pyrin-only protein

PRR Pattern-recognition receptor

PTM Post-translational modification

PYCARD PYD and CARD domain containing

PYD Pyrin domain

Pydc Pyrin domain containing

RIPK2 Receptor-interacting serine/threonine-protein

kinase 2

SHARPIN SHANK-associated RH domain interactor

SPV Swine pox virus

STED Stimulated emission depletion

Syk Spleen tyrosine kinase

TMS1 Target of methylation-induced gene silencing

1

TNF Tumor necrosis factor

TRAF3 TNF receptor-associated factor 3

vPOP Virus-encoded POP

VSV Vesicular stomatitis virus

Introduction

The innate immune system has developed strategies to

defend the body from pathogens and other health threats

based on the recognition of pathogen-associated molecular

patterns (PAMPs) and damage-associated molecular pat-

terns (DAMPs) by germline-encoded pattern-recognition

receptors (PRRs) [1, 2]. Detection of PAMPs or DAMPs by

PRRs results in many cases in the activation of the nuclear

factor kappa-light-chain enhancer of activated B-cells (NF-

jB), a master transcription factor that leads to the upreg-

ulation of pro-inflammatory genes. NF-jB activity is

tightly regulated by ubiquitination and phosphorylation.

These mechanisms are controlled by the IjB kinase (IKK)

complex, which consists of the canonical IKKs (IKKa and

IKKb) and the NF-jB essential regulator (NEMO). The

IKK-related kinases TANK-binding kinase 1 (TBK1) and

IKK-inducible (IKKi) can also regulate the NF-jB

pathway [1, 3]. Excessive or maintained inflammation can

cause chronic or systemic diseases. Inflammasomes are

multimolecular signaling platforms that play a key role in

the promotion of inflammation. They are responsible for

the generation of the bioactive cleaved form of the pro-

inflammatory cytokines interleukin (IL)-1b and IL-18. The

transcription of pro-IL-1b, as well as other inflammasome

components, is induced by the activation of NF-jB,
whereas pro-IL-18 is constitutively expressed [4]. Inflam-

masome formation requires, in most cases, a sensor protein,

an adapter protein, and an effector protein [4, 5]. ASC

(apoptosis-associated speck-like protein containing a

CARD) functions as the central adapter for the formation

of most inflammasomes. In this review, we provide an

overview on the role of ASC as an adapter during

inflammasome assembly. We focus on the structural details

of ASC speck formation, the regulation of ASC activity,

and the role of ASC specks in disease.

ASC expression pattern

The gene PYCARD (PYD and CARD domain containing)

was first cloned by Masumoto et al. [6]. It contains three

exons that encode a 22 kDa protein composed of 195

amino acids (aa) termed ASC. ASC is highly expressed in

the spleen and lungs, but also in the digestive tract, skin,

urinary bladder, and bone marrow. Peripheral blood

leukocytes show high expression of ASC. Among them,

CD14? monocytes have the highest expression levels of

ASC, whereas polymorphonuclear cells and CD3? T

lymphocytes express lower levels of ASC [7, 8]. Further-

more, ASC is constitutively expressed in most cell lines of

the myeloid lineage (e.g., THP-1, HL-60, or U937), but it is

not expressed in the murine macrophage cell line Raw

264.7. Other cell lines, such as Jurkat T cells, Burkitt’s

lymphoma, or HeLa, also lack ASC expression [6, 9].

The subcellular localization of the inactive ASC is

controversial. Whereas most of the publications reported

that in resting cells ASC is distributed throughout the

cytosol [6, 8] (or throughout the cytosol and the nucleus

[10]), others reported that ASC is mainly present in the

nucleus [11, 12]. The reason for this discrepancy could be a

result of ASC overexpression or of different antibodies

used.

ASC function

ASC was originally described to function as a pro-apop-

totic protein [6, 8], and further studies have reported that

ASC plays a key role in cell death, which is of major

importance in cancer. On the other hand, ASC also

enhances inflammation, since its co-expression with pro-

caspase-1 induces IL-1b secretion [13, 14]. Under certain
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conditions, inflammation can promote tumorigenesis [15].

However, the relationship between the role of ASC in

cancer and its effect in eliciting inflammation remains

unknown.

In 2000, Conway et al. identified TMS1 (target of

methylation-induced silencing-1) as a tumor suppressor

gene that undergoes downregulation upon methylation of

its 50 CpG island [8, 16]. The TMS1 CpG island remains

unmethylated in normal breast tissue, but it was found

methylated (and thereby silenced) in 11 out of 27 studied

primary breast carcinomas [8]. Later on, PYCARD and

TMS1 were reported to be the same gene. ASC expression

has been shown to be upregulated during inflammation. For

example, pro-inflammatory stimuli, such as IL-1,

lipopolysaccharide (LPS), interferon-c, or tumor necrosis

factor (TNF)-a, as well as Fas receptor activation, induce
or increase ASC expression [17, 18]. Whereas methylation

of the PYCARD CpG island is linked to loss of ASC

expression in cancer cells, it has not yet been assessed

whether the PYCARD CpG island controls ASC expression

after pro-inflammatory stimuli.

ASC function seems to be cell type dependent. In a

tumor-induced model, ASC performs pro-inflammatory

functions in myeloid cells, whereas it acts as a tumor

suppressor in epidermal keratinocytes [19]. However, other

studies propose that keratinocytes can assemble an

inflammasome and release pro-inflammatory cytokines

upon different stimuli [20–22]. The function of ASC seems

to be tightly regulated, and it can also vary depending on

the developmental state of a cancer. In primary melanoma,

ASC expression decreases cell viability, whereas in meta-

static melanoma, ASC functions in an adverse way [23]. In

this review, we will focus on the pro-inflammatory role of

ASC as a part of the inflammasomes.

ASC as an inflammasome adapter

ASC is composed of two conserved domains: a pyrin

domain (PYD) and a caspase recruitment domain (CARD),

which are connected by an unstructured linker region. Both

domains function to promote homotypic interactions. Thus,

ASC functions as the central adapter for the formation of

inflammasomes [13].

Inflammasomes are multimolecular signaling plat-

forms that promote the cleavage of pro-caspase-1 and

the maturation of the pro-inflammatory cytokines IL-1b
and IL-18 [4]. Their formation is organized in a hier-

archy and requires, in most cases, a sensor protein, an

adapter protein, and an effector protein [4, 5]. Whereas

ASC always acts as the adapter, and caspase-1 as the

effector, different proteins can function as the sensor.

The inflammasome sensor proteins belong to either the

NLR (nucleotide-binding oligomerization domain

(NOD)-like receptor) family, or to the HIN200 (he-

matopoietic interferon-inducible nuclear antigens with

200 amino-acid repeats) family. NLRP1 (NOD-, leucine-

rich repeat (LRR)-, PYD-containing 1), NLRP3, NLRP6,

and NLRC4 (NOD-, LRR-, CARD-containing 4) con-

stitute members of the NLR family. AIM2 (absent in

melanoma 2) is a member of the HIN200 family. The

protein pyrin can also function as sensor and assemble

inflammasomes [4, 5, 24]. Inflammasome sensor proteins

recognize different PAMPs and DAMPs and act as a

seed for the recruitment of ASC, which is mediated by

the interaction between the PYDs of both proteins [4, 5].

NLRC4 exemplifies an exception from this process.

Since it contains a CARD domain, NLRC4 can either

directly recruit pro-caspase-1 or use ASC as a linker

protein via CARD–CARD interactions [4, 25]. Sensor

seed formation induces ASC to form long filaments

through oligomerization with successive ASC proteins

via homotypic interactions of the ASC PYD domain.

Pro-caspase-1 contains a CARD that functions as a pro-

domain. It allows for the recruitment of pro-caspase-1 to

the ASC filament, as well as for the oligomerization with

other pro-caspase-1 molecules. By this mechanism,

several units of pro-caspase-1 can be recruited to the

ASC speck structure and auto-catalyze their cleavage at

two positions, generating thereby one p20 and one p10

subunit per molecule of pro-caspase-1. Consecutively,

two subunits of p20 and two of p10 form an active

heterotetramer that will process pro-IL-1b [26].

Active caspase-1 cleaves pro-IL-1b and pro-IL-18 and

induces the release of their mature forms, which exert

potent pro-inflammatory effects [4, 5, 27]. Inflammasome

assembly furthermore results in an inflammatory type of

cell death termed pyroptosis, which requires gasdermin-D

cleavage [28, 29]. The structure formed by ASC aggre-

gates that leads to pyroptosis has also been termed

pyroptosome [10].

Inflammasome-related diseases

Inflammasome activation can cause a pronounced

inflammatory reaction, which may induce the develop-

ment of inflammatory diseases if inflammasome function

is not properly regulated. For instance, more than a

hundred sequence variants have been associated with

heterozygous autosomal gain-of-function mutations in the

inflammasome sensor NLRP3 [30]. Patients with these

mutations suffer from cryopyrin-associated periodic syn-

dromes (CAPS) and related disorders. They develop

episodes of both systemic and local inflammation that are

clinically different depending on the type of mutation

[5, 31]. Furthermore, uncontrolled NLRP3 inflammasome

activation is thought to play a role in multifactorial
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disorders, such as atherosclerosis, diabetes, gout, Parkin-

son’s disease, and Alzheimer’s disease [5]. Familial

Mediterranean fever (FMF) is another autoinflammatory

syndrome related to inflammasome hyperactivity. FMF

patients present homozygous mutations in the Mediter-

ranean fever (MEFV) gene, which encodes for pyrin.

They suffer from idiopathic and self-limited bouts of local

and systemic inflammation that last for 2–4 days, and

may develop secondary amyloidosis as the main compli-

cation of the disease [32]. Other inflammasome sensors,

including AIM2 or NLRC4, have also been associated

with inflammatory diseases [5].

ASC structure and polymerization

ASC is comprised of two well-defined structural domains

(the PYD and the CARD), which are connected by a 23 aa

linker region (Fig. 1a). The linker features some local

structure, but restrains flexibility and inter-domain dynam-

ics between PYD and CARD [33]. The linker positions

them in a back-to-back orientation, which keeps them

structurally independent and allows binding to multiple

partners [33, 34]. Both the PYDs at the N terminus and the

CARD at the C terminus of ASC belong to the death domain

(DD) superfamily, which is one of the largest protein

domain families. Most DD superfamily members partici-

pate in cell death and inflammation, and characteristically

form homotypic interactions. These interactions are typi-

cally not only restricted to the formation of dimers, but

rather promote the assembly of oligomeric signaling plat-

forms [35]. The death fold is characterized by six

antiparallel helices (a1–a6) that are connected by loops

(Fig. 1b). The overall three-dimensional structure of a death

fold is roughly globular [36, 37]. Although the sequence

similarities between the PYD and the other DD superfamily

members [DD, CARD, and death effector domain (DED)]

are limited, the ASC–PYD adopts a classical six helix

bundle fold [38]. The same overall structure of their

N-terminal PYDs was shown by crystallization and NMR

for the NLRP3-PYD, AIM2-PYD, and others [39–44].

ASC assembles into filaments

ASC is soluble as a monomer at low pH and in solution

with chaotropic agents, but it can form long and well-de-

fined fibrils at higher pH [45]. Similarly, at physiological

potassium concentration ASC remains soluble, whereas

reducing the potassium to half-physiological concentration

leads to ASC oligomerization at 37 �C but not at 4 �C. This
phenomenon could be verified in a cell-free system with

recombinant ASC [10].

The supramolecular structure of the ASC filament was

analyzed by a combined approach based on cryo-EM and

NMR spectroscopy by two different groups [45, 46]

(Fig. 2). The ASC fibrils appear to be highly conserved

between human and mouse [45], and both filaments rep-

resent hollow fibrils with an inner diameter of 20 Å and an

outer diameter of 90 Å [45, 46]. Both human and mouse

fibrils show a C3 point group symmetry with a roughly 53�
right-handed rotation and a rise of around 14 Å per rotation

(53� rotation, 14.2 Å rise in mouse; 52.9� rotation, 13.9 Å

rise in human) [45, 46] (Fig. 2e).

In contrast to ASC, NLRP3-PYDs form a heterogeneous

mixture of filaments and disk-like structures [46]. ASC

oligomers analyzed by atomic force microscopy have been

shown to form disk-like particles—rather than filaments—

with a diameter of 12 nm and a height of 1 nm [33]. Of

note, the pro-apoptotic protein apoptotic protease-activat-

ing factor 1 (Apaf-1) forms a structurally related ring-like

assembly, termed apoptosome, which triggers cell death

[47]. Whether the disk-like structures observed during ASC

oligomerization are intermediate forms, or whether they

represent artifacts remains uninvestigated.

Inflammasome sensors form seeds for ASC filaments

When ASC specks were first described in apoptotic cells in

1999 [6], it had not been described that they are built up by

cross-linked fibrils. The concept of inflammasome sensor-

induced speck formation was first established in 2001 in

overexpression experiments with ASC and pyrin, which

interacts via its PYD with ASC [48]. The ASC speck can

linker CARDPYD

N

C

A

α1

α4
α3

α2

α6

α5N

C

BFig. 1 NMR structure of ASC

(PDB ID: 2KN6) [33].

a Cartoon diagram of ASC,

showing the PYD, the flexible

linker and the CARD. b Cartoon

diagram of the typical DD fold

of the ASC–PYD. Indicated are

the six a-helices (a1 to a6)
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be formed by endogenous or over-expressed full-length

ASC [6].

In non-activated cells, ASC is found in its soluble form,

as a high thermodynamic energy barrier prevents sponta-

neous oligomerization [49]. However, inflammasome

sensors are capable of forming an oligomeric PYD cluster,

which acts as a seed and recruits the first ASC molecules to

form a helical filament [46] (Fig. 2d). It is thought that

activation of the inflammasome sensor molecules leads to

conformational changes (for example, in the case of

NLRs), or brings several inflammasome sensor molecules

closely together by binding to a common ligand (as with

AIM2-like inflammasome sensors binding to nucleic

acids), leading to PYD self-interaction [46]. This induced

protein seed is then thought to lower the high energy bar-

rier of ASC oligomerization, and causes unlimited ASC

polymerization by prion-like propagation [49]. Although

the conformational changes of monomeric to fibrillar ASC

are only minor [45, 46], highly sub-stoichiometric amounts

of fibrillar ASC are sufficient to induce further oligomer-

ization of monomeric ASC, a hallmark of prion-like

behavior [49].

It was shown that both the PYDs of the inflammasome

sensor AIM2 and the PYD of ASC are capable of forming

filaments on their own; however, AIM2 prefers interactions

with ASC, whereas ASC prefers self-interactions [46]. A

possible explanation for this phenomenon may be that

AIM2-PYD forms a one-start helix, whereas ASC forms a

Fig. 2 ASC speck structure at different levels of complexity.

a Confocal laser scanning microscopy image of a pyroptotic

macrophage that expresses ASC-mCherry and has assembled an

ASC speck (red). The cell was counterstained for nucleus (blue) and

membranes (green). b High-resolution stimulated emission depletion

(STED) image of an ASC speck. It shows distinct ASC fibrils

emerging from the condensed, tightly cross-linked core of the ASC

speck. c, d Schematic view of an ASC speck, containing the

inflammasome sensor NLRP3 (green), which clusters and forms a

seed for the prion-like polymerization of ASC into fibrils through

homotypic interactions of its PYD (blue). The CARDs of ASC (red)

form clusters on the surface of the PYD fibrils. These CARD clusters

can either interact with other ASC–CARDs and thereby crosslink the

ASC fibrils into a condensed speck, or they can form a seed for the

assembly of polymeric CARD fibrils of pro-caspase-1. After

polymerization of pro-caspase-1, the close proximity of several

caspases leads to self-cleavage into the mature caspase-1, which is

released from the speck. e Schematic view of the three-start ASC–

PYD helix, indicating the direction of further polymerization and the

three strands. f Detailed scheme of the three interfaces that mediate

ASC–PYD interactions within the ASC fibril. The intra-strand

interface I contributes the most to ASC PYD–PYD interactions,

followed by the smaller inter-strand interfaces II and III
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three-start helix [50] (Fig. 2e). Similar to actin and tubulin,

which also allow for different filament symmetries

[51, 52], ASC is expected to tolerate minimal changed

interfaces between subunits [50].

A different strategy to form a seed for ASC polymer-

ization is achieved by the NLR family apoptosis inhibitory

protein (NAIP)/NLRC4 inflammasome, which does not

depend on ASC, but is strongly enhanced by its recruitment

[53, 54]. Upon activation, the NAIP/NLRC4 complex can

recruit linker ASC molecules via homotypic CARD–

CARD interaction, which cluster and form a PYD seed to

initiate ASC filament formation [25, 49, 55]. In the absence

of ASC, NLRC4 recruits pro-caspase-1 via CARD–CARD

interactions, which is sufficient to induce caspase-1/gas-

dermin-D-dependent pyroptosis, but not IL-1b/IL-18
cytokine maturation [25].

Charge-based interactions define interfaces for PYD

interaction

The ASC–PYD is highly polar, containing positive charges

in the helices a2 and a3, as well as in the connecting loop

between these helices. Negative charges are found in the

helices a1 and a4 [38]. Proof of a more specific interaction

instead of non-specific hydrophobic interactions was pro-

posed by bioinformatics and mutational screenings of ASC

[56, 57]. A role for complementary charges as driving force

in filament assembly was further supported by studies of

Lu et al., who showed that, in a orthogonal cross section of

the ASC filament, one side is essentially positively

charged, while its opposite is mainly negatively charged

[46]. That charges are indeed responsible for the ASC–

PYD interaction is further supported by evolutionary con-

servation of the charged residues in the helices a1, a2, a3,
and a4 of the pyrin-only protein (POP) ASC2, which can

interact via its PYD with ASC [38, 58]. Originally, the

interactions between ASC–PYDs were thought to be

formed only by one specific interface between two PYDs

[38, 57]. However, both targeted mutagenesis and struc-

tural analysis showed that PYD self-interaction is

stabilized by several interfaces [46, 56, 59] (Fig. 2f).

Within the right-handed, three-start helix, each PYD

interacts via three asymmetric interfaces (types I to III)

with six adjacent PYDs [45]. The type I interface is formed

between PYDs within one of the three helical strands and

consists of a surface area of 880 Å2. The type I interface is

not only the largest, but also the most conserved interface.

The type II and type III interfaces are formed between

different strands of the helix and provide an interaction

surface of 540 and 360 Å2, respectively [46] (Fig. 2e, f).

Each interface is defined via the interaction of two

opposing surfaces. Residues of the a1 and a4 helices,

which are mainly negatively charged, form the surface Ia.

This surface interacts with the a2 and a3 helices on the

opposing Ib site that provide an overall positively charge

[38, 46]. Notably, the involvement of a3 is minimized in

PYDs compared to other DD family members. The inter-

strand type II interaction is determined by the corner of the

a4–a5 helices (IIa) and the corner of the a5–a6 helices

(IIb). Finally, the corner of a2–a3 (IIIa) and a1–a2 (IIIb)

forms the type III interface.

Although PYDs are part of the DD superfamily, the

ASC–PYD–PYD self-interaction interfaces are strikingly

different from the interfaces formed in other DD complex

structures. This can be particularly observed when com-

paring the ASC PYD type III interface with the type III

interface in MyD88/MyD88 self-interactions [46].

When transformed from the monomeric to the filamen-

tous state, ASC molecules retain their secondary structure

and the position of all six a-helices. However, a minimal

packaging effect takes place, resulting in conformational

changes of some residues located in the subunit interfaces

[45], especially in the region of the variable loop between

a2 and a3 [46]. The highly variable loop between a2 and

a3, which is unique to PYDs, is involved in all three

interfaces [46], which might explain the conformational

changes upon polymerization in that region.

ASC–CARD is required for speck formation

and downstream signaling

In the ASC fibril, the self-interaction of ASC is PYD dri-

ven, while the CARD recruits pro-caspase-1 [10] (Fig. 2d).

ASC–PYD and ASC full length form the same filamentous

backbone structure, while the CARD is neither essential

nor does it influence the structure of the PYD in the fila-

ment [34, 45]. Remarkably, ASC–PYD-only and ASC–

CARD-only protein fragments both form similar fibrils

when expressed separately [48]. In the early studies, it was

assumed that the ASC–PYD and ASC–CARD not only

form homotypic interaction but also heterotypic interaction

when expressed as single-domain fragments [60]. How-

ever, more recent studies found that they form mutually

exclusive filaments of only one domain fragment [56]. This

phenomenon supports the current model of speck formation

[45, 46] (Fig. 2c, d).

The ASC speck is composed of multiple filamentous

structures which cluster together and build up a high

molecular globular complex that resembles a bird’s nest

with filaments in the periphery [48] (Fig. 2b, c). More

detailed studies in inflammasome-competent THP-1 cells

found single filaments next to condensed globular specks

[46]. These findings led to the assumption that the ASC

speck consists of cross-linked ASC filaments, which could

be achieved via inter-strand ASC–CARD–CARD interac-

tions [45, 46, 55]. This explains why ASC full-length
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filaments branch more often and form a three-dimensional

globular speck, in contrast to the one-dimensional ASC–

PYD-only filaments [45]. Filaments of full-length ASC have

much rougher surface compared to the smooth surfaces of

the PYD-only filament [45], indicating that the CARDs are

located on the outside of the filaments and that the two

domains of ASC are not only independent of each other in

the monomeric state [33], but, due to the flexible linker, as

well in filaments [34, 45]. Thereby, inter- and intra-strand

CARD–CARD interactions would be possible, explaining

why the flexible linker between PYD and CARD is neces-

sary for the formation of globular specks [56] (Fig. 2c).

Indeed, the CARDs of ASC are responsible for the

condensed speck formation instead of filaments [25, 55].

Schmidt et al. analyzed for the first time ASC speck for-

mation on a molecular level in cells that express

endogenous ASC. Instead of genetic tools to perturb the

system, these investigators used an intracellular heavy

chain-only alpaca antibody that binds specifically to the

interface II of ASC–CARD. This interface is required for

CARD–CARD interactions between two adjacent ASC

molecules, but also between ASC and pro-caspase-1. The

authors could show that the formation of the ASC filaments

is not inhibited in cells expressing the antibody, but these

filaments are no longer branched and do not form specks

[55]. Dick et al. used a mutagenesis-based approach to

show that the CARD domain is crucial to link individual

ASC filaments [25]. Although it had already been shown

that the ASC–CARD is needed to form condensed speck

foci [61], previous studies had only analyzed ASC speck

formation in vitro in overexpression systems, with protein

fragments of ASC, or with ASC fused to large protein tags.

Since most inflammasome components tend to become

activated and oligomerize upon overexpression

[14, 18, 46, 48, 62, 63], the use of small intracellular

antibodies in cells that endogenously express the protein of

interest opens a new range of possibilities for studying

inflammasomes. Nevertheless, the use of intracellular

antibodies raises other issues, as antibody binding might

interfere with other interaction partners of ASC. For

example, Schmidt et al. cannot exclude the possibility that

the CARD of ASC is needed to bring together the ASC

filaments mediated by an active transport mechanism.

Homotypic ASC–CARD interactions can form seeds to

facilitate the formation of filaments by the CARD of pro-

caspase-1, which emanate from the ASC filaments

[49, 55, 64] (Fig. 2d). The conformation of the CARD of

pro-caspase-1 was shown to be thermodynamically unsta-

ble [65], and the CARD of ASC was discovered to be as

well at least partially unfolded [45]. Most likely, this could

prevent the ASC filaments from being too densely cross-

linked via CARD–CARD interactions, leaving enough free

CARDs to interact with pro-caspase-1. In a full ternary

inflammasome complex, pro-caspase-1 is overstoichio-

metric to ASC, and the ASC filaments are not as large as in

binary complexes of ASC and NLRP3/AIM2 [46]. The

structure of a full ternary endogenous inflammasome

complex has not yet been determined. However, endoge-

nous specks were shown to contain a multitude of caspase-

1 compared to ASC, and in vitro assays show that caspase-

1 filaments branch from the ASC fibers [46]. Taken toge-

ther, this suggests a model in which every single ASC

filament forms the center of a star-shaped complex (when

seen from above), nucleating the formation of long CARD-

mediated pro-caspase-1 filaments to every side [46]. The

local concentration of pro-caspase-1 is considerably

increased by this polymerization process and allows for

caspase-1 auto-proteolysis and activation [10, 66–68]. A

similar polymerization mechanism for pro-caspase-1 was

shown for the ASC-independent NAIP/NLRC4 inflamma-

some by direct recruitment via the CARDs of NLRC4

[64, 69].

ASC speck formation is a prion-like event

On a cellular level, the process of ASC speck assembly was

described to take no longer than 100 s in HeLa and THP-1

cells expressing fluorescently labeled ASC [10, 70]. To

form the ASC speck, ASC is homogenously depleted from

the whole cytoplasm independently of the distance to the

speck. Only ASC from the nucleus is recruited tenfold

slower, although speck formation takes place close to the

nucleus [70] (Fig. 2a). It is worth mentioning that ASC

location in the cell is a controversial issue. In contrast to

the before stated, a primarily nuclear localization was

described for ASC in homeostatic macrophages and

monocytes, followed by a redistribution to the cytoplasmic,

perinuclear region upon inflammasome activation and

speck formation [12]. However, Bryan et al. do not dif-

ferentiate between a priming and an inflammasome

activation effect. However, it might be possible that

priming does not only affect the expression level of ASC

but as well its localization. In a more recent publication, it

was reported that ASC relocates in complex with IKKa
from the nucleus to the perinuclear region after priming,

and it is released from IKKa after NLRP3 activation [11].

As soon as the PYDs of inflammasome sensors are

clustered and form a seed for filamentous polymerization

of ASC, the reaction is irreversible, no longer dependent on

the original initiating signal, and follows an energetic

gradient until all the ASC molecules of an activated cell are

recruited [49]. Consequently, cells are either activated and

contain a speck, or they are inactive and do not contain any

speck. A gradual response is not likely, as the aggregation

proceeds in a rapid prionoid process. In contrast, other

filament forming proteins, such as actin or tubulin, display
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a non-prionoid filament formation [71]. For both of them,

every monomer is regulated by itself via nucleotide

hydrolysis, and therefore, the soluble and filamentous

forms are in an equilibrium in every cell [49].

Over the last years, the idea of higher order signaling

platforms within the innate immune system became

increasingly popular [72]. Prionoid filament formation

results in a potent signal amplification cascade, which

guarantees extreme sensitivity of the system [49]. Indeed,

prion-like amplification cascades are evolutionary con-

served systems of signal transduction in innate immunity

[73–75]. Similar to ASC, the adaptor protein mitochondrial

antiviral-signaling (MAVS) can form prion-like filament

downstream of viral RNA-sensing pathways. Although

ASC and MAVS fulfill many criteria of prions, they differ

from bona fide prions in that they are neither enriched in

glutamine and asparagine nor intrinsically disordered [49].

In contrast to the before mentioned, the recently sug-

gested alternative inflammasome in monocytes, which

senses LPS and subsequently produces mature IL-1b, does
not induce ASC speck formation. However, its activation is

still dependent on NLRP3, ASC, and caspase-1 [76].

Whether the signal transduction from NLRP3 via ASC to

caspase-1 occurs based on single-molecule interactions

without a polymerization step or a whole new theory is

necessary to explain this mechanism remains elusive.

Regulation of speck formation

Inflammasome activation followed by caspase-1 activation,

pyroptosis, and IL-1b release represents a very potent pro-

inflammatory signal of the innate immune system

[5, 77, 78]. To prevent undesirable tissue damage due to

inflammasome overactivation, its function needs to be

tightly controlled. The activation and assembly of inflam-

masomes are regulated by a multitude of different

mechanisms at the level of every involved component. The

plurality of all signals orchestrates the complex fine-tuning

which is necessary to keep the inflammasome under control

[5, 79]. Here, we focus on the regulatory mechanisms that

directly affect ASC.

ASC splicing

Splicing represents one of the mechanisms that regulate

ASC speck formation. Indeed, PYCARD consists of three

exons: exon 1 encodes the PYD, exon 2 encodes the flex-

ible linker region, and exon 3 encodes the CARD of ASC

(Fig. 3). Hence, the genomic organization of PYCARD is

ideally suited to produce splice forms that could have

regulatory functions similar to the POPs and CARD-only

proteins (COPs) (see below).

An alternative splice variant missing exon 2 was already

mentioned in 2000 shortly after the initial description of

ASC [6, 8]. Several years later, the protein product of the

alternative spliced ASC mRNA was identified in pyropto-

some purifications as a protein species of 19 kDa size,

slightly smaller than full-length ASC [10]. This shorter

ASC protein form was analyzed by mass spectrometry and

was confirmed as being ASC missing the flexible linker

between PYD and CARD, encoded by exon 2 [80]. At the

same time, this and two additional splice variants of ASC

were discovered by Bryan et al., who combined antibody

mapping and in silico analysis of expressed sequence tags.

Thus, a nomenclature for ASC splice variants was estab-

lished. The full-length isoform was called ASC-a (named

ASC in the rest of the manuscript), and represents the

canonical sequence. The names ASC-b, ASC-c, and ASC-d

were given to the shorter isoforms [81]. ASC-b lacks the

flexible linker encoded by exon 2 and is derived by

canonical alternative splicing [81] (Fig. 3). Taniguchi et al.

showed that co-expression of either ASC-a or ASC-b

together with pro-caspase-1 and pro-IL-1b in COS-7 cells

led to caspase-1 and IL-1b maturation. Of note, the

secreted amount of IL-1b was significantly higher in cells

expressing ASC-b [80]. In view of this finding, it was

speculated that the flexible linker would act as a hinge that

changes the structure of ASC to an inactive conformation.

Thereby, ASC-b, which lacks that hinge, would be con-

stitutively active. However, in light of the recent structural

findings on inflammasome assembly [45, 46] (see above),

one would expect the flexible linker to be necessary for

speck formation. The data published by Bryan et al. show

the expected opposite of the older, before mentioned results

of Taniguchi et al. They showed that over-expressed ASC-

b cannot form aggregates on its own. Co-expressed with

PYD CARD

ASC-a

ASC-d

ASC-c

ASC-b

3noxe1noxe exon
2

frame shifted
      exon 2’

Fig. 3 ASC mRNA is alternatively spliced into four different

isoforms. PYCARD consists of three exons. Exon 1 encodes the

PYD, exon 2 encodes the flexible linker, and exon 3 encodes the

CARD. ASC-a represents the canonical sequence, and contains all

three exons, ASC-b lacks exon 2, ASC-c lacks 60 aa within the PYD

and is the product of cryptic splice sides within exon 1, ASC-d is

derived by a frame shift after the first 35 aa of the PYD, which results

in a completely new exon 2 (exon 20)
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NLRP3, ASC-b formed specks, yet these were not as

compact and the IL-1b maturation was less efficient. When

co-expressed with ASC-a, ASC-b interfered with the for-

mation of normal condensed specks, but rather induced

larger irregular-shaped specks (Fig. 4a) [81].

ASC-c lacks 60 aa within exon 1, responsible for the

assembly of the a-helices 3–6 of the PYD, and is produced

by activation of cryptic splice sites within exon 1 [81]

(Fig. 3). In overexpression models, ASC-c shows an

exclusive cytoplasmic localization and self-polymerizes

into long filaments. It co-localizes with caspase-1 and

reduces the efficiency of ASC-a speck formation (Fig. 4a).

IL-1b secretion upon inflammasome activation decreases

in a dose-dependent manner with the overexpression of

ASC-c, which suggests a regulatory role similar to COPs

[81]. Endogenous-expressed ASC-c is hardly detectable at

the protein level in human THP-1 cells and not at all in

human peripheral blood macrophages, while it is highly

expressed in mouse J774A.1 cells. This led to the conclu-

sion that ASC-c might compensate for the lack of COPs in

mice [81].

ASC-d contains the first 35 aa of ASC (helices 1 and 2

of the PYD) fused to a completely unrelated 69 aa peptide,

and results from a frame shift which might be caused by

RNA editing (Fig. 3). The potential role of ASC-d remains

elusive, and seems not to be inflammasome related [81].

Endogenous expression at the protein level could only

be demonstrated for ASC-a, ASC-b, and ASC-c. ASC-b

and ASC-c are LPS inducible and detectable in human

macrophages [81]. These studies suggest that splicing of

PYCARD can result in various forms of the protein, which

may modulate the effectiveness of ASC speck formation. It

should be kept in mind that the stoichiometry of the

alternative spliced forms to the full-length protein form

might be critical for the regulation of ASC function. Hence,

experiments using overexpression of splice variants could
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Fig. 4 Regulation of ASC

speck assembly and function.

a Pyrin only proteins (POPs) act

as decoy-binding partners for

PYD domains. They can either

block ASC–PYD–PYD

interactions or interactions

between ASC and specific

inflammasome sensors. The

splice variants ASC-b and ASC-

c as well as the CARD-only

proteins (COPs) block different

CARD–CARD interactions.

b Post-translational

modifications that regulate ASC

function. Phosphorylation

(P) and ubiquitination (Ub) that

activate or inhibit ASC function

are depicted. The respective

kinase or the E3 ubiquitin ligase

is indicated for every

modification, as well as the

inflammasome sensors involved

in the process
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lead to misleading results, especially if further post-trans-

lational mechanisms are also involved in regulating ASC

function.

PYD-only proteins

The process of ASC speck assembly represents another

target of regulation. In humans, POPs and COPs can

behave as decoy interaction partners for the PYD of ASC

and other inflammasome proteins, or for the CARD domain

of caspase-1, respectively.

Four different POPs have been described in humans

(POP1–4), with no murine orthologs. However, two murine

POPs have been predicted [Pyrin domain containing (Pydc)

3 and 4], which share less than 15 % sequence similarity to

any human POP [82, 83]. A possible regulatory role for the

murine POPs has not yet been described.

POP1

POP1, originally named ASC2, was first discovered (but

not characterized) by an in silico approach in 2001 [84]. It

consists of 89 aa and shares 88 % sequence similarity

(64 % identity) with the PYD of ASC, from which it was

probably derived by gene duplication [58]. Two similar but

not identical NMR structures of POP1 were published at

the same time by Espejo et al. and Natarajan et al. [85, 86].

The structure proposed by Espejo et al. features a slightly

different orientation and an unstructured region between

the helices a2 and a4 compared to the classical DD fold

[86]. According to Natarajan et al., POP1 structurally

resembles the ASC–PYD and folds into a classical DD

bundle of six antiparallel a-helices, including the addi-

tional loop between a2 and a3 that is present in the ASC–

PYD [85].

Endogenous expression of POP1 is found in monocytes,

macrophages, dendritic cells, and granulocytes. It shows a

diffuse distribution mostly throughout the cytosol, but it

has been detected in the nucleus as well [58].

When ASC and POP1 are co-expressed, they interact

and co-localize within a speck, while solitary overexpres-

sion of POP1 does not lead to POP1 aggregation [58].

POP1 uses its positive electrostatic potential surface patch

(EPSP), which is formed by its helices a2 and a3, to bind

to a negative EPSP formed by the helices a1 and a4 of

ASC–PYD [87]. Despite its high similarity to ASC–PYD,

POP1 does not interact with NLRP3-PYD, suggesting that

POP1 disturbs efficient ASC fibrillar assembly rather than

ASC binding to NLRP3 [87] (Fig. 4a).

The role of POP1 in inflammasome regulation is highly

controversial. Counter-intuitively, POP1 enhanced IL-1b
processing in a dose-dependent manner in overexpression

experiments [58]. Another report confirmed that POP1

does not impair ASC and NLRP3-dependent IL-1b pro-

cessing [88]. However, recent studies showed that POP1

inhibits inflammasome activation and cytokine release by

impairing the inflammasome nucleation [89]. The observed

differences might be explained by a more complex regu-

lation of inflammasomes by POP1, or by additional

regulatory steps that act in a context or cell specific man-

ner. TNF-a stimulation, for example, does not only lead to

phosphorylation of ASC–PYD but also of POP1 [58].

Moreover, POP1 influences the NF-jB signaling pathway

by interacting with the IKK complex and suppressing the

kinase activity of IKKa and IKKb [58], which promote

NF-jB translocation to the nucleus upon pro-inflammatory

stimuli [90]. Since NF-jB signaling is also required for the

expression of NLRP3 and pro-IL-1b, it is difficult to define

whether POP1–ASC or POP1–IKK interactions are

responsible for the observed effect on inflammasomes. The

fact that stable expression of POP1 in THP-1 cells does not

alter IjBa phosphorylation makes it more intricate to

decipher the role of POP1 in inflammasome regulation

[89].

POP2

POP2 was discovered by two groups in parallel [91, 92].

POP2 is a 97 aa protein encoded by a gene located on the

human chromosome 3. It is not obviously derived from a

gene duplication event, as no similar PYD-containing

protein is encoded nearby in the genome. The NLRP2-

PYD displays the closest similarity to POP2 (69 %), while

the ASC- and NLRP3–PYD show similarities of only

around 40 % [91, 92]. POP2 is an evolutionarily young

gene only present in humans and closely related primates

[93]. It is expressed in a wide range of hematopoietic cell

lines, where it can be found in the cytoplasm and the

nucleus [92]. Its expression is upregulated by diverse

inflammatory stimuli, including LPS, TNF-a, and phorbol

myristate acetate [88].

POP2 interacts with NLRP2 and ASC, and co-localizes

with ASC specks [91, 92] (Fig. 4a). POP2 is accepted as a

negative regulator of the inflammasome, inhibiting speck

formation, caspase-1 activation, and IL-1b maturation

[91, 92]. Yet, its mechanism of action is controversial.

Some reports point towards a binding to the ASC–PYD,

whereas others indicate interaction with the PYD of the

inflammasome sensor [83, 91, 92]. Although POP2

induces speck formation when co-transfected with ASC, it

blocks speck assembly when expressed with ASC and

NLRP3-PYD, suggesting an interaction between POP2

and NLRP3-PYD. Similar effects were observed for

NLRP1 and NLRP12 (Fig. 4a) [92]. The helix a1 of POP2

is essential for inflammasome inhibition. Especially, the

acidic residues 6, 8, and 16 in a1 are necessary for PYD–
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PYD interaction and inflammasome inhibition [88]. The

necessity of the negative charges in a1 together with the

corresponding negative charges in a4 suggests an inter-

action with the positive EPSP of the helices a2 and a3 of

the ASC–PYD, the same interface which was suggested

for the interaction with NLRP3. All together, this led to

the proposal of POP2 being a competitive inhibitor of

NLRP3 [83, 87]. Besides these direct activities, similar to

POP1, POP2 is also an inhibitor of NF-jB [88, 92].

However, in contrast to POP1, it does not act at the level

of IKKa, but rather inhibits p65 transactivation via its

helix a1 [88].

POP3 and 4

POP3 is located within an interferon-inducible gene cluster

on chromosome 1 that contains AIM2 and several other

genes associated with host defense [94]. POP3 is a protein

of 113 aa built up by only five instead of six a-helices, as
the region of the fifth a-helix seems to be unstructured [94].

The same non-canonical DD fold is found in NLRP1 [43].

Most likely, POP3 is derived from a partial gene duplica-

tion of AIM2, with which it shares a highly similar

sequence (61 % identical), whereas it bears faint homology

with the PYDs of ASC or NLRP3 [94]. POP3 does not

interact with ASC, but inhibits AIM2-induced ASC speck

formation and inflammasome assembly by competing with

ASC for AIM2-PYD binding (Fig. 4a). It does not interfere

with NLRP3-induced ASC speck formation and subsequent

cytokine maturation [94].

The most recently described POP4 is the protein product

of the pseudogene NLRP2P on the X chromosome. It

shares 80 % identity with POP2, is LPS inducible, and has

a regulatory effect on the NF-jB signaling pathway.

However, it does not seem to interfere with ASC-depen-

dent inflammasome formation (Fig. 4a) [95].

vPOPs

Besides the human POPs, a number of viruses contain

homologous open reading frames for virus-encoded POPs

(vPOPs): the vPOPs encoded by the rabbit myxoma virus

(M013L), the Shope fibroma virus (gp013L), the swine

poxvirus (SPV14L), the Yaba-like disease virus (18L), and

the mule deer poxvirus (DPV83gp024) display significant

similarities to POP1 and ASC–PYD [96, 97].

Both the vPOPs M013L and gp013L interact with ASC,

co-localize with ASC specks (Fig. 4a), and inhibit caspase-

1 activation and subsequent IL-1b/IL-18 cytokine matura-

tion upon diverse stimuli [96, 97]. M013L was shown to be

crucial for the viral immune evasion. M013L deficient

myxoma viruses are not able to infect lymphocytes and

monocytes and are sensed by NLRP3 and TLRs, which

activate the inflammasome and trigger NF-jB signaling

pathways in human myeloid cells [97, 98].

CARD-only proteins

Upon inflammasome sensor activation and ASC polymer-

ization, several units of pro-caspase-1 are recruited to the

ASC speck structure. Since caspase-1 represents the ulti-

mate effector that catalyzes the production of mature IL-

1b, it seems reasonable that its activity is regulated. This is

believed to happen, at least in humans, by the COPs. COPs

were predicted to function analogously to POPs and reg-

ulate inflammasome activation by modulating CARD–

CARD interactions (Fig. 4a).

CARD16 (also known as pseudo-ICE), CARD17

(INCA), and CARD18 (ICEBERG) constitute the most

studied COPs. All three consist of only a CARD domain

and share a highly conserved amino acidic sequence with

the CARD of pro-caspase-1. Due to this, and the fact that

all three genes are located in close proximity to CASP1 on

chromosome 11q22.3, it is believed that CARD16, 17, and

18 originated from gene duplication of CASP1. Of note,

COPs are restricted to the genome of primates [83].

CARD17

CARD17 represents the best-characterized inflammasome

inhibitor within the COP family. Expression of CARD17 at

low nanomolar levels inhibits IL-1b secretion upon NLRP3

inflammasome activation [99, 100]. CARD17 has been

shown to bind to pro-caspase-1 and prevents the poly-

merization of caspase-1-CARD filaments [99, 100].

Electron microscopy analysis localized CARD17 exclu-

sively at the tip of caspase-1-CARD filaments, suggesting

that CARD17 binds to the caspase-1-CARD oligomer and

blocks the elongation of these filaments [99]. CARD17 is

81 % identical to the CARD of pro-caspase-1, and 83 %

identical to CARD16 [100]. A structural model of

CARD17, based on the molecular structure of CARD16,

suggests that CARD17 possesses defective type Ib and type

IIb interfaces. This would explain the mechanism used by

CARD17 to impede pro-caspase-1 filament elongation

[99]. Whether CARD17 binds to the CARD of ASC

remains unanswered. However, CARD17 overexpression

does not disrupt the formation of fibers made of CARD-

only fragments of ASC [99, 101].

CARD18

CARD18, which is 52 % identical to the CARD of pro-

caspase-1 [102], does not interact with ASC, but can

nucleate the formation of caspase-1 filaments and is also

incorporated into them [99]. However, and in contrast to
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CARD17, CARD18 overexpression in a THP-1 system

does not affect the IL-1b release elicited by LPS and

nigericin (a well-known activator of the classical pathway

of NLRP3 inflammasome) [99]. Whether CARD18 plays a

role in dampening IL-1b release elicited by an inflamma-

some-independent pathway remains controversial. On that

note, CARD18 has been shown to inhibit caspase-1 acti-

vation and IL-1b secretion induced upon 6 h of LPS

treatment at a nanomolar range. In this scenario, CARD18

could interfere with other proteins that interact with cas-

pase-1 and enhance its autocatalysis, such as the receptor-

interacting serine/threonine-protein kinase 2 (RIPK2)

[102].

CARD16

CARD16 shares 97 % identity with the CARD domain of

pro-caspase-1 and can interact with it [103, 104]. CARD16

overexpression experiments have shown that CARD16

blocks the secretion of IL-1b upon a long-term treatment

with micromolar concentrations of LPS [103, 104]. In

contrast to these data, transient expression of CARD16 in

HeLa cells that also over-expressed caspase-1 and IL-1b
showed an increase in IL-1b secretion [101]. Under these

conditions, over-expressed CARD16 co-localized with

caspase-1-CARD filaments and with ASC specks [101].

Both the IL-1b release and the co-localization with cas-

pase-1 CARD filaments were reduced in CARD16 mutants

that presented defective type I and type III interfaces

[101, 105]. Further research is needed to understand the

contradictory results obtained for CARD16 function, as

well as to elicit the potential role of CARD16 under con-

ditions of inflammasome activation.

Post-translational modifications

Post-translational modifications (PTMs) of proteins are

involved in signal transduction and play an essential role in

the control of the innate immune response [106–108]. The

components of inflammasomes are also subjected to a

variety of PTMs that regulate their function [4, 79]. In this

section, we will focus on how PTMs of ASC regulate

inflammasome signaling. The role of PTMs on other

components of the inflammasome is reviewed elsewhere

[4, 79].

Ubiquitination

Ubiquitination refers to the post-translational modification

process in which one or several ubiquitin proteins are

attached to a target protein [109]. It represents a three-step

divergent process executed by three different enzymes:

ubiquitin-activating enzymes (E1s), ubiquitin-conjugating

enzymes (E2s), and ubiquitin-ligating enzymes (E3s). E1

activates ubiquitin in an ATP-dependent manner by cat-

alyzing the formation of a thioester bond between the thiol

group of the E1’s cysteine itself and the carboxyl group of

the C-terminal glycine of ubiquitin. Activated ubiquitin is

next transferred to E2, and subsequently, E3 catalyzes its

ligation to the e-amino group of a lysine of the target

protein [110].

Ubiquitination can occur once (monoubiquitination) or

repeatedly at the same site (polyubiquitination) [109]. In

the latter case, the ubiquitin chains can be either linked to

the e-amino group of any of the seven lysines of the pre-

vious ubiquitin (K6, K11, K27, K29, K33, K48, or K63), or

to the amino group of the N-terminal Met of the previous

ubiquitin (linear ubiquitination) [111, 112]. Different

ubiquitination patterns result in diverse outcomes. Whereas

K48 polyubiquitination targets proteins for proteasomal

degradation, other linkage types, such as K63 or linear

ubiquitination, can regulate, for example, protein–protein

interactions [109]. ASC has been proposed as a target for

both K63 and linear ubiquitination, suggesting that ASC

ubiquitination regulates signaling rather than proteasomal

degradation of the protein.

Rodgers et al. demonstrated that ASC linear ubiquiti-

nation is required for NLRP3 and AIM2 inflammasome

assembly [113] (Fig. 4b). This process is dependent on the

expression of the linear ubiquitin chain assembly complex

(LUBAC), which consists of heme-oxidized IRP2 ubiquitin

ligase-1 (HOIL-1L), HOIL-1-interacting protein (HOIP),

and SHANK-associated RH domain interactor (SHARPIN)

[112, 113]. The E3 ligase activity of both HOIL-1L and

HOIP is required for the efficient linear ubiquitination of

ASC, cleavage of pro-caspase-1, and secretion of IL-1b
upon NLRP3 activation [113].

Shi et al. reported increased K63-linked ubiquitin on

ASC after AIM2 inflammasome activation in THP-1 cells

[114]. The authors suggest an inhibitory role for ASC

ubiquitination and propose that K63 polyubiquitination of

ASC would promote p62-dependent inflammasome

degradation by targeting the complex to autophagosomes

(Fig. 4b). However, no direct proof is provided that ASC

K63 polyubiquitination is required for degradation; and the

exact site of ubiquitination on ASC has not yet been

identified. Since Shi et al. could not identify the E3 ubiq-

uitin ligase responsible for the K63 polyubiquitination

[114], it has been debated that this could be a misinter-

preted linear ubiquitination, due to cross reactivity of K63-

ubiquitination antibodies against linear ubiquitination sites

[115]. However, this fact would fail to explain why the

alleged K63 polyubiquitination upon AIM2 stimulation

results in decreased inflammasome activity by targeting it

into autophagosomes, whereas linear ubiquitination of

ASC boosts AIM2 inflammasome activity. Shi et al.

1222 F. Hoss et al.

123



showed that ASC becomes ubiquitinated after AIM2

inflammasome activation [114], but ASC ubiquitination

patterns may vary depending on which inflammasome is

activated. Although NLRP3 stimuli also induce autophagy

[114], it has not been assessed whether ASC is polyubiq-

uitinated after NLRP3 challenge, and whether this leads to

autophagosomal degradation of the inflammasome.

In contrast to the inhibitory role of K63 polyubiquiti-

nation described above, another study showed a

stimulatory effect of ASC K63 polyubiquitination in the

context of a virus infection. Infection of cells with the

vesicular stomatitis virus (VSV), an RNA virus that acti-

vates NLRP3, promoted K63 polyubiquitination on Lys174

of ASC [116] (Fig. 4b). The authors proposed that K63

polyubiquitination of ASC is conducted by the E3 ubiquitin

ligase TRAF3 (TNF receptor-associated factor 3), and this

process facilitates ASC speck formation and IL-1b secre-

tion. The adaptor protein MAVS, which is known to

interact with TRAF3 during antiviral response [117], was

suggested to recruit TRAF3 to promote ASC K63 polyu-

biquitination [116]. However, the axis MAVS-TRAF3-

ASC seems to be required only for RNA-dependent acti-

vation of NLRP3, since MAVS deficiency does not affect

stimulation with either crystalline NLRP3 activators, the

NLRC4 activator flagellin, or the AIM2 activator poly(-

dA:dT) [116].

Phosphorylation

Phosphorylation plays a key role in controlling the

inflammatory response [118–120], and several studies have

demonstrated that phosphorylation of ASC influences

inflammasome function.

The c-Jun N-terminal kinase (Jnk) and the spleen tyr-

osine kinase (Syk) signaling pathways have been reported

to regulate ASC function. Both Syk and Jnk become

phosphorylated and activated after treatment with NLRP3

or AIM2 stimuli and interact as well with the inflamma-

some complex [121, 122]. The absence or inhibition of

either Syk or Jnk leads to defects in ASC oligomerization,

but does not affect NLRP3–ASC interaction [122]. Syk

directly phosphorylates human ASC at the residue Tyr146

(Tyr144 in murine ASC) [121, 122] and Tyr187 [121]

(Fig. 4b). Expression of ASC mutants that cannot be

phosphorylated at one or both of these residues leads to

reduced ASC oligomerization and IL-1b secretion in a

reconstituted inflammasome system in HEK cells [121]. In

contrast to NLRP3 and AIM2 inflammasomes, Jnk and Syk

do not play any role in NLRC4 inflammasome activation

[122]. This could be explained by the fact that NLRC4 can

directly interact with pro-caspase-1 via CARD–CARD

interactions and can form an inflammasome independently

of ASC [4]. Syk activity is also not required for NLRP3

inflammasome function in dendritic cells [122, 123]. This

cell-type specific pattern in the control of ASC function

represents a challenge when trying to elucidate the

molecular mechanisms that orchestrate inflammasome

function. Of note, most of the experiments on mutants are

carried out in artificial inflammasome-assembly systems,

such as HEK cells, or in monocytic cell lines, instead of in

primary cells.

As opposed to the proposed activating role of Syk in

ASC aggregation, Lin et al. reported that LPS-primed Syk

KO macrophages yield higher levels of mature IL-1b than

WT macrophages when treated in vitro with NLRP3 acti-

vators. The authors found that LPS-primed Syk KO

macrophages express higher levels of pro-IL-1b and

NLRP3 [121]. Of note, Hara et al. measured mostly levels

of IL-18—but not IL-1b—during the studies that demon-

strate that Syk and Jnk are required for inflammasome

function. This fact could have contributed to overlook any

disorder in the IL-1b levels in the absence of Syk. Further

investigations are necessary to understand and integrate the

apparently contradictory negative role of Syk in LPS-in-

duced NF-jB signaling and its activating role in inducing

ASC aggregation.

Proteins that belong to the to the IKK family have also

been described to play a role in ASC phosphorylation.

Mice expressing non-functional mutants of IKKa manifest

an aberrantly increased inflammatory response [124, 125]

and present an enhanced inflammatory response upon

challenge with NLRP3, AIM2, or NLRC4 activators [11]

(Fig. 4b). Martin et al. additionally demonstrated that

IKKa interacts with ASC in a phosphorylation-dependent

manner and suggested that both IKKa’s kinase activity

and phosphorylation of ASC at Ser193 and Ser16 are

essential for this interaction [11] (Fig. 4b). In the same

study, the IKK-related kinase IKKi, which usually pro-

motes the activation of NF-jB and interferon regulatory

factors [90], was identified as a critical regulator of

inflammasome function [11]. The authors demonstrated

that IKKi interacts with ASC after LPS treatment and that

IKKi phosphorylates ASC at Ser58 (Fig. 4b). The non-

phosphorylatable mutant S58A, which had previously

been reported to lead to reduced inflammasome activation

[122], did not shift from the nucleus to the perinuclear

space after LPS challenge, and stayed bound to IKKa
after LPS and ATP treatment [11]. Taken together, the

study realized by Martin et al. suggests a model in which

ASC is found phosphorylated and bound to IKKa in the

nucleus during homeostasis. However, LPS priming

induces Ser58 ASC phosphorylation by IKKi and release

of the ASC–IKKa complex into the perinuclear area.

Activation of NLRP3 or AIM2 leads to IKKa dephos-

phorylation, which further triggers ASC

dephosphorylation and releases from IKKa, enabling
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inflammasome assembly. In the case of NLRP3, but not

of AIM2, the protein phosphatase 2A is a promising

candidate for IKKa dephosphorylation [11].

Extracellular specks

Balci-Peynircioglu et al. first observed that ASC specks

could be released to the extracellular space and remain

stable for long periods in a system of COS-7 cells that over-

expressed ASC [126]. Six years later, release of ASC

specks, including other components of the NLRP3 inflam-

masome, was confirmed in vivo, and its pro-inflammatory

function was described [127, 128]. Both studies showed that

ASC specks are released from the cell after the activation of

NLRP3, NLRP1, or AIM2, but not of NLRC4.

The authors propose two different mechanisms by which

extracellular ASC specks promote inflammation. On the

one hand, extracellular ASC specks can directly activate

pro-caspase-1, which is also released into the extracellular

space. On the other hand, extracellular ASC specks can be

engulfed by macrophages and induce phagolysosomal

damage leading to NLRP3 inflammasome activation

[129–131]. After phagolysosomal damage, the engulfed

ASC specks are released into the cytoplasm, where they

promote the oligomerization of soluble ASC. Both mech-

anisms lead to pro-IL-1b maturation and secretion of its

active pro-inflammatory version [127, 128].

The nature of ASC specks as oligomers, their ability to

induce oligomerization of soluble ASC molecules in other

cells, and the potential to remain resistant to proteases

fulfill all the characteristics of prionoids [132, 133].

Moreover, ASC specks are composed of fibrilar structures

similar to the fibrils observed in amyloid structures

[134, 135], even though no amyloid-fold was found in the

ASC molecule [127, 128].

Both the reports of Baroja-Mazo et al. and our group

proved that ASC specks are not only active in the cell that

senses the threat, but also represent a way to spread the

information throughout the organism, since ASC specks

are found in biological fluids of challenged animals [127].

In humans, ASC particles appear in higher numbers in the

serum of patients with clinically active CAPS [128]. ASC

also concentrates in the cerebrospinal fluid of patients with

traumatic brain injury [136]. In an animal model for this

disease, the administration of anti-ASC neutralizing anti-

bodies efficiently reduced inflammation [137]. Of note, our

group reported the existence of anti-ASC autoantibodies in

the serum of patients with autoimmune diseases, as well as

in mice with induced experimental lupus. Moreover, pre-

treatment with anti-ASC antibodies exacerbates the pro-

inflammatory response by opsonizing and increasing

engulfment of the extracellular ASC particles after crystal

challenge [127]. Taking these two facts into account, tar-

geting extracellular ASC specks to block their function—

e.g., with anti-ASC antibodies that lack the Fc region—

could potentially improve the outcome of not only CAPS

patients, but also those ones suffering from autoimmune

syndromes.

Another study reported that ASC expression in glo-

meruli of FMF patients positively correlates with the

presence of amyloid deposits in the kidney, the main

complication for FMF patients [126]. In these patient-

derived samples, ASC expression was higher in the region

immediately surrounding the amyloid deposits, which

suggests that ASC may interact with the observed amyloid

deposits in FMF patients [126].

ASC specks could also have a function in bridging

innate and adaptive immunity. Since intracellular ASC

specks co-aggregate with cytosolic ubiquitinated proteins

by non-specific hydrophobic interactions, Sahilioglu et al.

suggest that ASC speck formation could be implicated in

antigen presentation [138]. They propose a similar mech-

anism to the one used by dendritic cells to aggregate

ubiquitinated proteins in dendritic cell aggresome-like-in-

duced structures [139]. Moreover, the fact that

inflammasomes can be targeted to autophagosomes

[114, 138] suggests another pathway by which proteins that

co-aggregate with ASC specks can be cross-presented.

Further work in this area is required to prove the veracity of

these hypotheses.

Conclusion

Excessive inflammation is present in a multitude of dis-

eases and results detrimental for the organism [5, 27].

Thus, it is not surprising that the function of every one of

the inflammasome components remains tightly controlled.

ASC represents no exception for this, as its function is

regulated transcriptionally, post-transcriptionally, and

through the binding of protein interaction partners. Alter-

native splicing of ASC transcripts can result in the

expression of up to four ASC isoforms that show distinct

properties. Changes in the expression levels of such iso-

forms could indeed affect inflammasome assembly and

modulate the inflammatory response. Interaction of ASC,

or other inflammasome components, with proteins, such as

POPs and COPs, represents another level in the regulation

of inflammasome function. Taking advantage of the effects

of these interactions could be useful to develop novel

therapeutic concepts based on the inhibition of ASC

function. Both phosphorylation and ubiquitination have

likewise been involved in regulating inflammasome func-

tion at the level of ASC. However, the sequential steps of

PTMs that occur on ASC to promote its activation remain
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still elusive. Whether phosphorylation and ubiquitination,

as well as the other mechanisms that regulate ASC func-

tion, can interact with each other and constitute a common

pathway for ASC regulation has not yet been addressed.

Further efforts are needed to integrate all the potential

regulatory changes that can occur at every inflammasome

component and to decode how these diverse mechanisms

are synchronized to orchestrate inflammasome assembly.

The release of ASC specks by activated cells opens a

new avenue in cell-to-cell communication and spreading

of inflammation. The presence of ASC aggregates in

samples of patients suffering from inflammatory diseases

underlines the importance of blocking the potential pro-

inflammatory functions that ASC can exert extracellu-

larly. Targeting of ASC by antibodies that cannot elicit

further immune responses might abolish the extracellular

functions of ASC. In line with the characterization of

extracellular ASC specks as prion-like aggregates

[127, 128], the recently published mechanisms of ASC

polymerization provided further evidence that ASC fib-

rillar assembly occurs in a prionoid manner [49].

Misfolded prion-like proteins and amyloid aggregates

have been associated with an increasing number of human

disorders [140]. In this respect, ASC has been found in the

proximity of amyloid deposits in patients with autoin-

flammatory disease [126]. Taking into account that some

misfolded proteins can induce heterologous seeding (also

known as cross-seeding) of other proteins [141], it is

tempting to speculate that extracellular ASC aggregation

might play a role in favoring accumulation of other pro-

tein aggregates and promotion of disease. Thus, targeting

ASC speck formation could ameliorate not only the

inflammatory response after continuous inflammasome

activation, but also other secondary effects caused by

extracellular ASC specks accumulation.
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