
Immune recognition of infection, injured or stressed

tissues induces acute inflammatory response that is aim-

ing to restore host homeostasis. If the acute inflammato-

ry response however fails to eliminate the pathogen,

infection disease can progress and result in lethal out-

come. To another hand, chronic inflammation itself can

cause many diseases such as allergies, autoimmunity, and

many others. Bacteria have evolved a set of intriguing
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Abbreviations and definitions: Alarmins (or DAMPs) are endogenous molecules that are released upon tissue damage and activate

innate immunity. The best-characterized alarmins are heat shock proteins (HSP), HMGB1, purine metabolites, adenosine diphos-

phate, uric acid crystals, etc. Inflammation is an immune response towards PAMPs and DAMPs that is mediated by proinflamma-

tory cytokines IL-1β, IL-18, TNF, and IL-8, which is aiming to restrict dissemination and eventually eliminate pathogens. Immune

evasion is a strategy used by pathogenic organisms to evade a host’s immune response to maximize their probability of being trans-

mitted to a fresh host or to continue growing. Inflammasomes are large cytosolic complexes assembled by cytosolic receptors (NLR,

AIM, PYRIN) in response to PAMPs and DAMPs that activate caspase-1 and -11 resulting in the production of pro-inflammato-

ry cytokines IL-1β and IL-18 as well as in pyroptotic cell death. Damage-associated molecular patterns (DAMPs) are endogenous

molecules released by stressed, damaged, or dying cells, which activate PRR and initiate a noninfectious inflammatory response.

Pathogen-associated molecular patterns (PAMPs) are conservative molecular features of pathogens recognized by the innate immune
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Abstract—Inflammatory response is initiated and sustained by the action of quintessential pro-inflammatory cytokines of

immune system namely IL-1β and IL-18. The maturation process of those cytokines is ensured by caspase-1 enzymatic

activity, that is in turn is tightly controlled by multiprotein complexes called inflammasomes. Inflammasomes are activated

in cells of innate immune system in response to recognition of conservative parts of microbes (pathogen-associated molec-

ular patterns) or by sensing molecular signs of tissue damage (damage-associated molecular patterns). Inflammasome acti-

vation apart of cytokines secretion leads to pro-inflammatory cell death, so-called pyroptosis. That culminates in release of

cytoplasmatic content of cells including cytokines and alarmins that boost immune response against pathogens, as well as

pyroptosis destroys replicative niches of intracellular pathogens. During co-evolution with the host, bacterial and viral

pathogens developed a range of molecular inhibitors targeting each step of inflammasome activation. In current review, we

will discuss the latest knowledge of inflammasomes’ signaling pathways and tricks that pathogens use to avoid immune

recognition and clearance. Our better understanding of inflammasome inhibition by pathogens can lead to better therapeu-

tic approaches for the treatment of infectious diseases.
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mechanisms to counter immune responses, and inhibi-

tion of cytokines production appears as dominating

strategy used by pathogenic bacteria for their survival [1,

2].

The innate immune system recognizes infections

through a limited number of germ line encoded pattern

recognition receptors (PRRs) located on the cell surface,

in endosomes, and in cytosol. In total, there are more

than 40 germ-line encoded PRRs [3, 4]. PRRs recognize

conserved microbial components called pathogen-associ-

ated molecular patterns (PAMPs) [5]. PAMPs have con-

servative structure that makes them an attractive target for

recognition by immune system. In addition, PRRs also

recognize host-derived danger-associated molecular pat-

terns (DAMPs), which are released in response to tissue

stress and sterile inflammation [6-8].

PRRs are expressed by various immune cells origi-

nating from myeloid and lymphoid lineages and by non-

immune epithelial cells. PAMP recognition by PRRs of

innate immune system triggers a number of transcription-

al and posttranslational programs, resulting in production

of inflammatory mediators [9]. Toll-like receptors

(TLRs) and C-type lectin receptors (CLRs) recognize

microbial moieties including bacterial wall components

and microbial nucleic acids at the cell surface and in

endosomes [10]. Intracellular PRRs ensures that

microbes evading extracellular surveillance encounter

another line of recognition in the host cytosol. Such

cytosolic PRRs include RIG-I-like receptors (RLRs)

[12], the AIM2-like receptor (ALR) [13-15], nucleotide-

binding domain and leucine-rich repeat containing

(NLR) proteins [11], as well as an increasing range of

intracellular sensors of nucleic acids, including OAS pro-

teins and cGAS, safeguarding the intracellular environ-

ment. The ability of the innate immune system to detect

pathogens in the cytosol allows for recognition of

pathogens regardless of their life-cycle stage. Increased

interest in cytosolic NLRs emerged during the last

decade, as they can directly or indirectly recognize a large

variety of cytoplasmic pathogens and are involved in a

multitude of immune signaling pathways including multi-

step production of key proinflammatory cytokines IL-1β

and IL-18. We will discuss current knowledge about

structural and functional features of NLRs in the next

chapter [11, 16, 17].

STRUCTURE AND FUNCTION

OF INFLAMMASOMES

NLRs represent a large family of intracellular PRRs

united by common structural features that are involved in

a multitude of immune signaling pathways ranging from

the regulation of MAP kinase and NF-κB signaling path-

ways over modulation of the expression of MHC II recep-

tors and interferons [11]. Humans and rhesus macaque

monkeys have 22 NLRs [18] whereas mice have 34 NLRs

genes, originating from gene duplication.

The NLR family is characterized by the presence of

three structural domains. Two of them (NACHT and

LRRs) are common for nearly all the members of the

NLR family. The central nucleotide-binding and

oligomerization (NACHT) domain facilitates the activa-

tion of the signalling complex via ATP-dependent

oligomerization. The carboxy-terminal leucine-rich

repeats (LRRs) domain, present in all NLRs except

NLRP10, recognizes microbial motifs through a pro-

tein–protein interaction [19, 20]. NLRs can be subdivid-

ed according to the type of the amino (N)-terminal

effector domain. Members of NLRA subfamily have a

caspase activation and recruitment domain (CARD) and

an acid transactivation domain (AD). While members of

the NLRB subfamily have a baculovirus inhibitory repeat

(BIR)-like domain. A pyrin domain (PYD) is typical for

members of the NLRP subfamily. Proteins containing

either a CARD domain or a still undefined domain are

grouped together in the NLRC/X subfamily. CARDs,

PYD domains and BIR domains mediate homotypic

protein–protein interactions for downstream signalling

[20].

NLRs are also of particular interest, because some

members of NLR family (due to their unique domain

structure) are able to form inflammasomes in response to

tissue stress or infection. Inflammasomes are multipro-

tein cytosolic complexes that facilitate the proximity-

induced autoactivation of the pro-inflammatory cysteine

protease caspase-1, which, in turn, converts key immune

cytokines pro-IL-1β and pro-IL-18 to their active forms

and induces proinflammatory type of cell death “pyrop-

tosis” [11, 16]. Members of other molecular families

AIM2 [13] and PYRIN [21] are also able to form active

inflammasomes after ligand recognition.

system. Pattern recognition receptors (PRRs) are germ line encoded receptors of the innate immune system, located on the plasma

membrane, endosomal membrane, or in cytosol, that detect and respond to exogenous and endogenous stress signals. Pyroptosis is

a proinflammatory type of cell death characterized by formation of large pores in the cellular membranes and release of cytosolic

contents that contains processed IL-1β and IL-18 and other bioactive substances (e.g. alarmins), as well as intracellular pathogens.

NOD-like receptors (NLRs) represent a large family of intracellular PRRs characterized by the presence of a centrally located

nucleotide binding and oligomerization domain (referred to as NBD; NOD or NACHT domain) and carboxy-terminal leucine-

rich repeats (LRRs). A subset of NLRs can assemble “inflammasomes”. Toll-like receptors (TLRs) are membrane-bound PRRs that

recognize PAMPs and DAMPs at the cell surface and inside of the endosomes in different cell types; activation of TLR signaling

pathways induces expression of inflammatory and antiviral genes.

* To whom correspondence should be addressed.
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IL-1β is a quintessential pro-inflammatory cytokine

and pyrogen that regulates systemic and local responses

by generating fever, activates lymphocytes, and promotes

myeloid cells recruitment and activation at the site of

infection. It has been shown to participate in host defence

by inducing adoptive immune response skewed to T-

helper 17 (Th17) and Th1 cell subsets, as well as control-

ling B-cell and humoral immune responses. IL-18

cytokine lacks the pyrogenic activity of IL-1β but plays an

important role in T-cell polarization by skewing T-cell

responses toward either a Th1 or Th2 profile, depending

on the inflammatory context. IL-18 also promotes IL-17

expression by already-committed Th17 cells. Unlike most

cytokines, IL-1β and IL-18 are not released through the

classic endoplasmic reticulum–Golgi route but are pro-

duced as cytosolic precursor proteins waiting for their

maturation by caspase-1 [22].

Inflammasome activation usually coincides with pro-

inflammatory route of cell death called pyroptosis that

leads to the formation of large pores in the cell membranes

and to the release of inner content of the cells. As a result,

processed IL-1β and IL-18 [23] as well as other intracellu-

lar bioactive substances (so-called “alarmins”) such as IL-

1α, HMGB1, FBF2, and IL-33 release at the site of

inflammation [24]. Pyroptosis contributes to the host

defence by eliminating intracellular replicating niches of

pathogens and by exposing intracellular pathogens for

phagocytes. The concomitant release of alarmins is boost-

ing immune responses and accelerates pathogen clearance.

Secreted alarmins are helping to clear pathogen and to

present intracellular pathogens to adaptive immune system

[25, 26]. Recently the molecular mechanism of pyroptosis

has been unraveled; it appeared that caspase-1/-11 cleaves

gasdermin D (Gsdmd), and its N-terminal fragment [27]

induces formation of large membrane pores [28] that is

followed by release of cell content and cell death. There

are special cases of IL-1β secretion without pyroptotic cell

death limited to some cell types, such as human mono-

cytes [29], dendritic cells [30], and neutrophils [31],

occurring by unknown secretory mechanism, as well as

expulsion of enterocytes into the gut lumen as a special

caspase-1-dependent type of cell death [32].

There are several inflammasomes that have been

described to date, and each is named after the specific

PRR contained in their sensory part, namely NLRP1,

NLRP3, NLRP6, NLRP12, NLRC4, AIM2 and PYRIN

(Fig. 1) [11, 24, 33]. Molecules NRLP3, AIM2, and

PYRIN require adaptor protein ASC (apoptosis-associat-

ed speck-like protein containing a caspase activation and

recruitment domain) to recruit caspase-1 for inflamma-

some assembly. When ASC adaptor protein is recruited

into the complex, it actually allows for assembly of

supramolecular complexes microscopically seen as

“speck” [34]. The other inflammasome-forming NLRs

such as NLRC4 and NLRP1b can directly interact with

caspase-1 using their CARD domain (Fig. 1). NLRP1b

and NLRC4 however can still recruit ASC while ASC-

containing NLRC4 and NLRP1b complexes induce cas-

pase-1 autoproteolysis and cytokine maturation [35, 36];

NLRC4 and NLRP1b complexes lacking ASC trigger

caspase-1-dependent pyroptosis.

The first identified inflammasome NLRP1b is

responsible for sensing of lethal toxin secreted by Bacillus

anthracis (Fig. 1, left panel). Macrophages from Nlrp1b-

deficient mice fail to activate caspase-1 and are defective

at IL-1β secretion and pyroptosis in response to LeTx.

The functions of Nlrp1b are well studied in mice, howev-

er molecular mechanisms triggered by human NLRP1

still remain controversial. There is no ligand for NLRP1

being identified so far [37].

The Nlrp3 inflammasome is expressed in variety of

myeloid cells, and it can be activated by bacterial, viral,

and fungal pathogens, pore-forming toxins, crystals,

aggregates such as β-amyloid, and DAMPs such as ATP

and hyaluronan [38]. It is generally accepted that NLRP3

is able to recognize such great variety of antigens by indi-

rect mechanisms (so-called guard theory) [39]. Several

models for indirect NLRP3 activation have been pro-

posed: 1) NLRP3 can sense changes in K+ ion efflux; 2)

NLRP3 can sense production of reactive oxygen species

(ROS) due to mitochondrial instability and impaired

phagocytosis of mitochondria (mitophagy); 3) lysosomal

instability and release of lysosomal cathepsins into the

cytosol can activate NLRP3 inflammasome [11]. NLRP3

has two-step regulation to ensure secure immune

responses. First, the priming step, when NF-κB-activat-

ing stimulus is inducing IL-1β production and transcrip-

tion of optimal amounts of NLRP3. Second step that

actually permits NLRP3 inflammasome assembly

includes Nlrp3-activating agent together with Nlrp3 de-

ubiquitination [40]. Recently, it was demonstrated that

serine-threonine kinase NEK7 plays crucial role for acti-

vation of NLRP3 inflammasome through a yet unknown

mechanism [41, 42]. It should be also noted that in non-

primed immune cells there is baseline activity of the

NLRP3 inflammasome, which can trigger an immediate

production of IL-18 (Fig. 1, left panel) [43].

Additionally, invasion of Gram-negative pathogens

(Citrobacter rodentium, Escherichia coli, Vibrio cholerae,

Salmonella typhimurium and others) and LPS transfection

induce non-canonical inflammasome. Canonical inflam-

masomes convert procaspase-1 into the catalytically

active enzyme, whereas an undefined noncanonical

inflammasome promotes activation of procaspase-11

(Fig. 1, right panel) [44]. Recently, Shi et al. [45] demon-

strated that N-terminal CARD domain of murine cas-

pase-11 can recognize polysaccharide [45]. Activated

caspase-11 cleaves Gsdmd [27, 28], which leads to pyrop-

tosis as well as to NLRP3 inflammasome activation

(unknown signal 2).

NLRC4 expression is attributed to epithelial and

myeloid cells at mucosal sites. NLRC4 inflammasome
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Fig. 1. Schematic view of currently characterized inflammasomes. The nature of a pathogenic stimulus determines type of PRRs for its

recognition. There are several canonical inflammasomes – NLRP1, NLRP3, NLRC4, AIM2 and PYRIN – that have been described to

date, and each is named after the specific PRR contained in its sensory part. Inflammasomes are defined as intracellular multiprotein com-

plexes that facilitate the proximity-induced autoactivation of the pro-inflammatory cysteine protease caspase-1. Active caspase-1 subse-

quently cleaves interleukin (IL)-1β and IL-18, an event essential for extracellular secretion of the bioactive forms of these major pro-inflam-

matory cytokines. Additionally active caspase-1 induces pro-inflammatory pyroptotic cell death by processing Gasdermin D (Gsdmd) that

destroys cell membrane. As a result, processed IL-1β and IL-18 together with other alarmins, IL-1α, HMGB1, etc., can be secreted to

inflammatory locus. Cellular membrane destruction results in pathogens release from intracellular niches that makes them accessible for

clearance by phagocytes and exposing their antigens for antigen-presenting cells. The NLRP1 inflammasome is activated by the protease

activity of lethal toxin (LT) of Bacillus anthracis. Unlike its human homolog, murine Nlrp1b lacks a PYD motif. The canonical NLRP3

inflammasome is triggered by vast variety of stimuli. For optimal activation of NLRP3 the priming step is required when the NLRP3 itself

and pro-IL-1β have to be transcriptionally upregulated and synthesized in NF-κB-dependent manner (signal 1). NLRP3 becomes activat-

ed after stimuli recognition and de-ubiquitinylation (signal 2). NLRC4 inflammasome is activated in two steps. Cytosolic flagellin first acti-

vates PKCδ and other kinases that may phosphorylate NLRC4 Ser533. Secondly, NAIP-mediated recognition of bacterial components pro-

motes NAIP-NLRC4 oligomerization and inflammasome activation. The AIM2 inflammasome recognizes cytosolic dsDNA. Toxin-

induced modifications of cellular Rho GTPases are sensed by PYRIN, which results in PYRIN inflammasome activation. Compared to its

human homolog, murine pyrin lacks the N-terminal PRY and SPRY domains. The noncanonical NLRP3 inflammasome is stimulated by

intracellular LPS downstream of caspase-11 in mice and caspase-4 and -5 in humans. Abbreviations: BBOX, B-box-type zinc finger;

CARD, caspase recruitment domain; FIIND, domain with function to find; HIN200, hematopoietic interferon-inducible nuclear protein

with a 200-a.a. repeat; LRR, leucine-rich repeat; NACHT, nucleotide-binding and oligomerization domain; PRY, SPRY associated; PYD,

pyrin domain; SPRY, Dictyostelium discoideum dual specificity kinase SplA and ryanodine receptor; TLR, Toll-like receptors; TNF, tumor

necrosis factor; MTX, mitochondria.

C. rodentium, E. coli

Caspase-1
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detects limited spectrum of stimuli as bacterial flagellin and

components of bacterial type III secretion systems inherent

for facultative intracellular pathogens such as Salmonella

typhimurium, Shigella flexneri, Pseudomonas aeruginosa,

Burkholderia thailandensis, and Legionella pneumophila

[46, 47]. Biphasic activation mechanism exists for the

Nlrc4 inflammasome in which Ser533 phosphorylation

prepares Nlrc4 for subsequent activation [48]. NLRC4

does not directly interact with ligands, in this way Naip5

serves as a sensor for flagellin and Naip2 is a sensor for sen-

sor T3SS. After ligand recognition, Naips initiate NLRC4

inflammasome assembly, and crystal structure of such com-

plex was recently reported [49]. Interestingly, in humans,

there is only one sensory protein (NAIP), which is homol-

ogous to murine Naip1 that detects T3SS needle protein.

In addition, several NLRs were proposed to form

inflammasomes, whereas the mechanism of their activa-

tion remains to be further verified. For instance, it is

believed that molecule NLRP6 is able to form an inflam-

masome in response to colitogenic microbiota and intes-

tinal viruses; however, cognate ligand and activation

mechanism have not been shown [50, 51]. Recently, it

was found that NLRP12-containing inflammasomes play

a protective role during Yersinia pestis infection [52].

NLRP7-containing inflammasome was reported to

ensure IL-1β processing and secretion in human THP-1

cells (macrophage) in response to microbial lipopeptides

[53], whereas its close homolog NLRP2 overexpressed in

vitro is able to spontaneously form inflammasome [38]. 

ALRs that contain an N-terminal pyrin domain

(PYD) and one or two C-terminal hematopoietic IFN-

inducible nuclear proteins with 200-a.a. (HIN-200)

domains also can form canonical inflammasomes (Fig. 1,

right panel). The HIN-200 domain assembles into an

oligonucleotide/oligosaccharide-binding fold (OB-fold),

which facilitates DNA binding. AIM2 preferentially rec-

ognizes dsDNA from vaccinia virus and cytomegalovirus

and the bacterial pathogens Francisella tularensis and

Listeria monocytogenes [13], whereas IFI16 can bind

dsDNA and ssDNA (e.g. HIV) [54]. Another unclassified

PRR PYRIN can detect modifications of cellular Rho

GTPases induced by toxins from bacterial pathogens

Clostridium difficile and Burkholderia cenocepacia. This is

the only example of animal PRR that can recognize the

consequences of virulence factor (guard theory has been

demonstrated only in plants) in contrast to direct recog-

nition of microbial moieties by PRRs [21, 39].

The biology of inflammasomes is one of the most

appealing and rapidly developing areas in molecular

immunology. The emerging role of inflammasomes in the

induction, regulation and maintenance of both innate

and adaptive immune responses, and mutations in NLR

genes associated with a wide range of autoinflammatory

and autoimmune disorders in humans make them desir-

able targets for therapeutic intervention and drug devel-

opment [33, 55, 56].

FUNCTIONS OF INFLAMMASOMES

MODULATED BY BACTERIAL

VIRULENCE FACTORS 

Given the importance of inflammasomes in control-

ling replication and dissemination of microbial

pathogens, it is not surprising that bacteria have evolved a

set of mechanisms to antagonize inflammasome assembly

[57-59]. In particular Yersinia spp., Pseudomonas aerugi-

nosa, Vibrio parahaemolyticus, Chlamydia trachomatis,

Francisella tularensis, Shigella flexneri, Legionella pneu-

mophila, and Coxiella burnetii developed a range of viru-

lence factors helping them to preserve intracellular

replicative niches [60-62].

Bacterial dissemination and evasion relies on spe-

cialized secretion systems and pore-forming toxins that

facilitate penetration of multiple virulence factors into

the host cells (Table 1).

The enteropathogenic bacteria Yersinia enterocolitica

inject virulence factors Yop (Yersinia outer membrane

proteins) into the cytosol of host cells using specialized

type III and IV secretion systems (T3SS) (a so-called

bacterial syringe). T3SS and T4SS are sophisticated

molecular complexes, which are composed of a series of

basal rings that span the bacterial inner and outer mem-

branes, connected to a hollow needle allowing to deliver

effector proteins across the bacterial and host mem-

branes. As such YopE and YopT are injected through TSS

injectosome and inhibit Rho GTPase family members,

and this event subsequently leads to caspase-1 inactiva-

tion and absence of secretion of IL-1β [63].

Rho GTPases belong to cell signaling G-proteins,

which regulate intracellular actin dynamics and play an

important role in cell proliferation, apoptosis, gene

expression, and other vital cell functions [64]. Yop E can

keep Rho GTPase family members in the inactive GDP-

bound state inducing collapse of cytoskeleton and block-

ing inflammasome assembly by unclear mechanism.

YopT inactivates Rho GTPases by proteolytically remov-

ing the C-terminal prenyl membrane anchor. YopT also

inhibits phagocytosis in macrophages by downregulating

their oxidative burst. This leads to destruction of actin fil-

aments and alteration of cytoskeleton with subsequent

macrophage death [63].

In turn, Yersinia pseudotuberculosis, to prevent its

recognition by inflammasomes NLRP3 and NLRC4, uses

effector protein YopK for masking T3SS [65]. Thus,

YopK ensures survival of bacteria inside macrophages.

Taking together the presence of diverse Yop proteins act-

ing at different levels indicates that inflammasomes are

very important for coping Yersinia.

Inhibition of pyroptosis may play an exceptional role

in increasing virulence of certain pathogenic microorgan-

isms, such as Yersinia pestis. The latter secretes effector

molecule YopM, which directly binds caspase-1 and thus

inhibits pyroptosis [66]. In addition, it was also demon-
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No.

1

2

3

4

5

6

7

8

10

11

12

13

14

15

Reference

[63]

[65]

[66]

[68]

[70]

[71]

[72]

[74]

[73, 81]

[77]

[80]

[83]

[84]

[85]

Table 1. Inhibition of inflammasomes by bacterial pathogens for immune evasion of microbes 

Mechanism of action

inhibits activation of caspase-1 via T3SS and T4SS, inhibits secre-
tion of biologically active IL-1β; contributes to hydrolysis of Rho
GTPase, destruction of actin filaments, and inhibition of inflamma-
some assembly

inhibits activation of caspase-1 via T3SS and T4SS, inhibits secre-
tion of biologically active IL-1β, proteolytically inactivates Rho
GTPase that results in destruction of actin filaments, altered
cytoskeleton, and inhibited inflammasome assembly

masks bacterial T3SS to prevent recognition of its components by
inflammasomes NLRP3 and NLRC4, which results in increased
survival of bacteria inside macrophages

directly binds caspase-1 and inhibits its activity, hinders assembly of
mature inflammasome, and interferes with pyroptosis

induces pyroptosis associated with activation of caspase-1 and IL-1β
secretion

encodes enzyme A2 exhibiting ExoU phospholipase activity, which
inhibits inflammasome NLRC4-dependent secretion of IL-1β and
IL-18 in infected macrophages 

hinders inflammasome-dependent IL-1β production by activating
ADP-ribosyl transferase

LLO permits Listeria to escape from phagosomes and to avoid
cytosolic PRRs recognition by consequent rapid migration through-
out host cells  inside vacuoles

activates Arp2/3 complex, induces actin polymerization for motility
and rapid migration of Listeria into neighboring cells, which inter-
feres with its recognition by cytosolic PRRs

encodes protein inhibiting degradation of peptidoglycan to muramyl
peptides that is preventing PAMP recognition; interferes with signal
transduction from inflammasomes and transcription of adaptor ASC

forms genetic pathogenicity islands controlling secretion of effector
molecules

PGN O-acetyltransferase chemically modifies peptidoglycan,
inducing bacterial resistance towards proteolytic activity of
lysozyme. As such assembly of inflammasomes and IL-1β secretion
are not triggered

used to attenuate activation of AIM2-inflammasome 

poorly activates caspase-1 because of production of non-hemolytic
toxin, induces weak inflammatory response

prevents activation of inflammasomes and synthesis of IL-1β

Evasion factor

YopE

YopT

YopK

YopM

O:8 (YopP),
YopJ (KIM)

exoenzyme ExoU

ExoS

listeriolysin О

ActA

EnhC

pathogenicity
islands (SPI)
SipC, SipA,
SopE2

PGN O-acetyl-
transferase A

mviN, encodes
flippase

serotype 1
LST306

expression of
zmp1 gene encod-
ing Zn2+-metallo-
protease

Bacteria

Yersinia 
enterocolitica

Yersinia 
pseudotuberculosis

Yersinia pestis

Yersinia enteroco-
litica, Y. pestis 

Pseudomonas
aeruginosa

Pseudomonas
aeruginosa

Listeria monocyto-
genes 

Listeria monocyto-
genes 

Legionella pneu-
mophila 

Salmonella 

Staphylococcus
aureus

Francisella tularensis

Streptococcus pneu-
moniae

Mycobacterium
tuberculosis
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strated that YopM interacts with several host cell proteins

to reduce inflammation and can serve as attractive target

for antiinflammatory therapeutics development [67]. 

Not all virulence factors of Yersinia are inhibiting

inflammasomes. Paradoxically, some of them can activate

pyroptosis for survival purposes. For instance, YopJ, when

injected by T3SS of Y. pestis, Y. enterocolitica, and Y.

pseudotuberculosis into macrophages, can demonstrate a

range of cytotoxicity determining the success of infection.

The peak cytotoxic activity is observed in isoforms derived

from Y. enterocolitica O:8 (YopP) and Y. pestis KIM (YopJ

(KIM)). YopJ (KIM) facilitates macrophage death associ-

ated with activated caspase-1 and IL-1β secretion, i.e.

pyroptosis [68, 69], and thus facilitates infection dessimina-

tion. Though, in all cases only the combination of virulence

factors that can inhibit and activate inflammasomes results

in optimal spread of Yersinia. To summarize, Yop proteins

prevent immune recognition of bacterial TSS and con-

tribute to bacteria dissemination by both routes suppressing

activity of inflammasomes and pyroptosis induction.

Pseudomonas aeruginosa isolates expressing the viru-

lence factor exoenzyme (Exo)U use a different strategy to

inhibit caspase-1 activation in human phagocytes. The

precise molecular mechanism used by enzyme ExoU with

phospholipase A2 activity to inhibit NLRC4 inflamma-

some-dependent secretion of IL-1β and IL-18 in infect-

ed macrophages is unknown [70]. ExoS is another viru-

lence factor of Pseudomonas that interferes with inflam-

masome-dependent IL-1β production by not fully char-

acterized process involving activation of ADP-ribosyl-

transferase [71].

Intracellular bacteria such as Mycobacterium tuber-

culosis, Listeriae monocytogenes, and Legionella pneu-

mophila escape immune recognition by  preventing

phagosome maturation, either by  suppressing  cellular

bactericidal functions, or by escaping from phagosomes

into the cytosol of neighboring cells [72, 73].

To exit from a phagolysosome, L. monocytogenes

releases its major virulence factor listeriolysin O (it is

hemolysin that is triggering membrane damage). Then

within the cytosol, the bacteria evade recognition by

cytosolic PRRs by activation of cellular Arp2/3 complex

by another virulence factor ActA. Cellular Arp2/3 com-

plex contributes to actin polymerization on the bacterial

surface and allows Listeria to rapidly move throughout

different cells. This accelerated motility of bacteria bear-

ing an actin tail is known as comet-like movement.  This

evading mechanism is also used by Shigella flexneri and

Burkholderia pseudomallei [74].

Some bacteria affect MyD88 signaling downstream

of TLR activation by subjecting MyD88to proteasome

degradation, disturbing in this manner induction of

innate immune reactions, and particularly IL-1β synthe-

sis [75, 76].

Virulence of Salmonella typhimurium relies on expres-

sion of products of genes encoded by pathogenicity islands

(SPI) SPI-1 and SPI-2, that are embody various types of

T3SS. Salmonella uses SPI-1 T3SS for entering entero-

cytes and intestinal lamina propria, whereas SPI-2 T3SS

is used during infection of macrophages and helps to form

vacuolar replication niches. During systemic infection in

vivo, Salmonella can downregulate expression of its own

flagellin and SPI-1 T3SS. This allows Salmonella to

escape recognition of its flagellin by TLR5 and NLRC4

and avoid recognition of T3SS subunit PrgJ coded by SPI-

1 via NLRC4. Of note, the analogous subunit of SPI-2

T3SS is not recognized by NLRC4. Compensatory genet-

ic mutations that are preventing Salmonella flagellin from

binding to TLR5, but at the same time, preserving flagellin

function, are essential for bacterial evasion [77].

Salmonella is also able to infect B cells. In contrast to

vacuolar localization in macrophages, it is localized inside

late endosomes of B cells. Bacteria infect B-cell precur-

sors in bone marrow that can serve as a bacterial reservoir

for a long time. NLRC4 inflammasome can be active in B

cells, however, Salmonella induces phosphorylation of

transcription factor Yap in infected B cells, facilitating its

interaction with Hck and subsequently preventing nuclear

translocation of Yap and NLRC4 gene expression. The

ability of Salmonella to inhibit inflammasome formation

prevents death of B cells, and they become an ideal niche

for bacteria survival, persistence and spread [78, 79].

It is known that production of IL-1β by phagocytes

efficiently protects the host from Staphylococcus aureus

infection. If bacterial cell wall peptidoglycan is present in

particulated form, it may activate NLRP3 inflammasome

with subsequent IL-1β secretion. To evade recognition by

NLRP3, S. aureus produces enzyme PGN O-acetyltrans-

ferase A, which chemically modifies bacterial peptidogly-

can and increases it resistance to proteolytic activity of

lysozyme. As a result, after macrophages engulf S. aureus

with modified peptidoglycan, the latter is not recognized

by cytosolic receptors [80].

Legionella pneumophila causes Legionnaires disease

and interferes with transcription of inflammasome adap-

tor ASC, thereby suppressing assembly of NLRC4

inflammasome and promoting their proliferation both in

vitro and in vivo [81]. Legionella pneumophila also applies

a strategy for hiding antigenic determinants by using pro-

tein SdhA, which is important for preserving replicative

activity and preventing exit of the pathogen into the

cytosol for subsequent recognition [82].

Francisella tularensis uses lipid-II flippase encoded

by the mviN gene (virulence factor) to dampen activation

of the AIM2 inflammasome [83]. Flippases are trans-

membrane lipid transporters proteins that transfer phos-

pholipid molecules between the two leaflets that compose

a cellular membrane. It is believed that in the absence of

mviN, the bacterium F. tularensis has reduced virulence

and is more susceptible for lysis and release of dsDNA

into the cytosol that enhances AIM2 inflammasome-

mediated IL-1β secretion and macrophage pyroptosis.
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Streptococcus pneumoniae is a causative agent of

pneumonia, sepsis, and meningitis. The pore-forming

toxin pneumolysin is a key virulence factor of St. pneumo-

niae, which is recognized by the NLRP3 inflammasome.

Among more than 90 serotypes, serotype 1 (especially

MLST306) of St. pneumoniae is the major cause of inva-

sive infection. In contrast to other serotypes, these bacte-

ria are not recognized by NLRP3 because they produce

non-hemolytic pneumolysin, and, therefore, they induce

weak inflammatory response [84].

Gram-positive bacteria, particularly Mycobacterium

tuberculosis, also prevent activation of inflammasomes and

production of IL-1β in human myeloid cells.

Mycobacterium is expressing Zn2+-metalloprotease (encod-

ed by zmp1 gene) required for inhibiting inflammasome

assembly. Mycobacterium bovis mutants lacking Zmp1 failed

to prevent caspase-1 activation, which resulted in enhanced

maturation of Mycobacterium-containing vacuoles and

rapid mycobacterial clearance from infected macrophages

and in the lungs of aerosol-infected mice [85]. 

FUNCTIONS OF INFLAMMASOMES

MODULATED BY VIRAL PATHOGENS

Modulation of inflammasome function is not limited

to bacterial pathogens. Viruses provide some well-charac-

terized mechanisms by which microbial pathogens con-

trol inflammasomes and thereby restrict immune

response (Table 2). As such, during coevolution, viruses

that bear genes of caspase inhibitors have been naturally

selected, because they inhibited inflammation and exhib-

it better viral replication [61, 86].

To increase viability of infected cells and facilitate

replication, viruses often use inhibitors that can directly

target the enzymatic activity of caspases. There are four

main classes of viral inhibitors that are able to hijack cas-

pases: serpins, p35 family members, inhibitors of apoptot-

ic proteins, and viral FLICE-inhibiting proteins. For

instance, baculovirus p35 protein is able to bind and inhib-

it a large variety of caspases including caspase-1 [87, 88].

The family of poxviruses encodes serpins that target

innate immune effectors inside the cell. The first viral

inhibitor described was the cowpox virus serpin protein,

CrmA (cytokine response modifier A), which blocks cas-

pase-1 and -8 by direct binding, thereby preventing gen-

eration of active forms of IL-1β and IL-18 and inhibiting

apoptosis induced by tumor necrosis factor (TNF) or Fas

ligand. CrmA inhibits caspase-1 activity with an inhibi-

tion constant of 0.01 nM, making it one of the most effec-

tive caspase-1 inhibitors. This effect is achieved by acting

as a pseudosubstrate for caspase-1 that subsequently

results in cleavage of CrmA at catalytic pocket and for-

mation of a permanent covalent bond with the active site

cysteine of caspase-1 to render the protease inactive [61,

87, 89, 90]. 

No.

1

2

3

4

5

6

Reference

[91]

[94]

[96]

[99]

[104, 105]

[97]

Table 2. Evasion mechanisms used by viral pathogens to inhibit inflammasome

Mechanism of action

inhibits activity of caspase-1 and -8, interfering with generation
of active forms of IL-1β and IL-18

viral genes encode homologs of host IL-18 binding proteins
that prevent activation of NF-κB, thus downregulating activity
of inflammasomes and induction of IFNγ in response to IL-18

blocks NLRP1-, NLRP3-, and NOD2-dependent responses:
activation of caspase-1 and processing of IL-1β and IL-18

interacts with ASC, inhibits activation of caspase-1 and pro-
cessing of IL-1β and IL-18

vPOPs interact with ASC, inhibit PYD-mediated signal trans-
duction by blocking activation of procaspase-1 and processing
of pro-IL-1β

directly or indirectly interacts with NLRP3, inhibits IL-1β
secretion

Evasion factor

CrmA

vIL-18BP (viral
homolog of cell 
IL-18BP)

Orf63 KSHV (viral
homolog of inflamma-
some NLRP1 lacking
PYD- and CARD-
domains)

encodes PYD-contain-
ing protein

viral homologs M013L
and S013L, respective-
ly, act as PYD-only
protein homologs (viral
POPs), an integral part
of inflammasome

V protein

Virus

Cowpox virus

Vaccinia,
ectromelia, and
cowpox viruses

KSHV/HHV8
(Kaposi’s sarcoma-
associated herpes-
virus)

Poxvirus

Myxomatosis
cuniculorum virus
and Shope fibroma
virus

Measles virus
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CrmA homologs in orthopoxviruses such as vaccinia,

ectromelia, and rabbitpox virus directly target the enzy-

matic activity of caspase-1.

The importance of the CrmA gene was demonstrat-

ed in vivo as the deletion of CrmA lead to attenuated vir-

ulence of poxvirus in intranasally and intracranially

infected BALB/c and C57BL/6 mice [91].

Similarly, when rabbits were infected with myxoma

virus lacking Serp2 (the closest homolog of CrmA), viral

titers in vivo were dramatically decreased. In contrast,

deletion of the CrmA homologs SPI-1 and SPI-2 in vac-

cinia virus failed to affect virulence in intranasally infect-

ed BALB/c mice. Ectromelia virus has serpin SPI-2,

which also directly inhibits activation of caspase-1 in vitro

[92].

As it has been discussed before, IL-18 is a multifunc-

tional  proinflammatory cytokine that: induces produc-

tion of IFNγ by T cells, regulates growth and differentia-

tion of Th1, activates NK cells, regulates apoptosis,

induces synthesis of IFNβ by B cells, reduces IgE secre-

tion, and stimulates production of multiple cytokines

such as TNF, IL-1α, IL-8, MIP-a, IL-5, IL-6, GM-CSF,

and G-CSF. Moreover, IL-18 can trigger Th2 responses

by eliciting production of IL-4, IL-5, IL-9, and IL-13,

that mediates allergic inflammation. It has been demon-

strated that when IL-18 was overexpressed in murine

lungs, the application of anti-CD4+ antibody or deleting

IL-13 gene ameliorated ovalbumin-induced airway

inflammation [93].

In mice and humans, there are circulating IL-18-

binding proteins (IL-18BP) that block IL-18 activity.

Several poxvirus genes code proteins similar to IL-18BP.

Vaccinia, ectromelia, and cowpox viruses promote secre-

tion of soluble viral scavenger receptor IL-18BPs (vIL-

18BP) by infected cells that can modulate inflammation.

Ectromelia virus vIL-18BP blocks activation of NF-κB

and induction of IFNγ in response to IL-18. Moreover,

molluscum contagiosum virus (MCV) that induces virus-

filled skin lesions in immunocompromised persons and

HIV-infected patients also expresses vIL-18BP (gene

MC54L), which interferes with productive inflammatory

response [94].

Additionally, the vaccinia genome encodes a scav-

enger receptor named virus-encoded IL-1β receptor (vIL-

1R), the protein product of which neutralizes secreted IL-

1β that compensates for absence of serpins [95].

To directly target the enzymatic activity of caspase-1

and interfere with ligation of the IL-1β and IL-18 recep-

tors, viruses deploy molecules that prevent inflamma-

some assembly altogether to further enhance virulence.

The most evident example is protein Orf63 from Kaposi’s

sarcoma-associated herpesvirus (KSHV/HHV8). KSHV

is causative agent inducing severe malignant neoplasms in

humans, such as primary lymphoma and rare

Castleman’s disease. Orf63 is a viral Nlrp1 homolog that

lacks the pyrin and caspase recruitment domain (CARD)

motifs found at the amino-terminal and carboxyl-termi-

nal of human Nlrp1, respectively. Thus, it inhibits

NLRP1 and NLRP3 inflammasomes by dominant nega-

tive mechanism. In addition, protein Orf63 can interact

with NOD2 and inhibit its activity. Transcriptional down-

regulation of KSHV Orf63 expression reduced the rate of

viral replication as a consequence of enhanced NLRP1-

and NLRP3-mediated IL-1β secretion and pyroptosis

induction in KSHV-infected human monocytes and

293T cells [96].

Recent studies demonstrated that measles virus V

protein directly targets NLRP3. In human macrophage-

like THP-1 cell line, the infection with measles virus can

induce caspase-1-dependent production of IL-1β in an

NLRP3-dependent manner. However, when V protein

was removed from virus, the antagonism against innate

immune reactions was reduced that results in higher level

IL-1β production. THP-1 cells stably expressing V pro-

tein do not secrete IL-1β mediated by the NLRP3-

inflammasome. V protein coimmunoprecipitates with C-

terminal domain of NLRP3 that proves their direct inter-

action. The NLRP3-inflammasome was located inside

cytoplasmic granules of THP-1 cells stably expressing V

protein, but during activation of the inflammasome, it

relocated to the perinuclear area for binding V protein.

These results point to the ability of measles virus V pro-

tein to directly or indirectly interact with NLRP3, alter its

location, and suppress secretion of IL-1β [97].

NS1 derived from serotype H1N1 influenza virus

A/PR/8/34 (PR8) can block assembly of inflammasomes

in addition to its ability to suppress type I interferon pro-

duction. In vitro experiments demonstrated that the N-

terminal RNA-binding and dimerization domain of the

NS1 protein is crucial for this activity. It is assumed that

NS1 is able to directly bind NLRP3, which needs to be

further clarified [98].

M13L and S013L molecules that are encoded by

rabbit myxomatosis cuniculorum virus and Shope fibro-

ma virus, respectively, represent viral PYD-only proteins

(vPOPs) that are homologs to endogenous PYD domains

of inflammasomes. They interfere with inflammasome

assembly at the level of ASC complex [99] by molecular

inhibitory mechanism similar to the action of endogenous

POPs as well as CARD-only proteins (COPs) in humans.

Namely, homotypic interactions among Pyrin domains

and caspase recruitment domains (CARDs) in inflamma-

some-complex components mediate oligomerization into

filamentous assemblies. And in the presence of caspase-

recruitment domain protein INCA (COPs) it caps cas-

pase-1 filaments, thereby exerting potent inhibition on

caspase-1 (CARD) polymerization in vitro and inflam-

masome activation in cells [100]. There are no viral

homologs of COPs known so far though they may be

identified in the near future.

Inflammatory response is an effective way to protect

the body against infections and to induce adaptive
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immune response. Assembly of multiprotein inflamma-

some complexes serves as a platform for recruiting and

activation of caspase-1, that processes major pro-inflam-

matory cytokines into biologically active forms (IL-1β

and IL-18), and their secretion initiates and regulates the

inflammatory process. Activation of inflammasomes can

trigger proinflammatory cell death pyroptosis to enhance

inflammation and to eliminate disease-causing intracel-

lular microbial pathogens. Bacterial and viral pathogens

can inhibit inflammasomes at all stages of activation (Fig.

2). For instance: (1) at the level of gene expression – by

inhibiting activation of NF-κB and downregulating pro-

duction of inflammasome components as well as pro-IL-

1β and pro-IL-18; (2) at the PRR level, e.g. by blocking

NLRP1 via KSHV protein (dominant negative  NLRP1

inhibitor); (3) at the level of ASC complexes – via protein

Pyroptosis

caspase-1

pro-IL-1b,
etc.

Fig. 2. Modulation of inflammasome pathways by bacterial and viral factors. Viral and bacterial pathogens have evolved a number of mecha-

nisms (shown in red) to interfere with inflammasome assembly and activity. Those pathogenic factors can repress inflammasomes or even

escape inflammasome recognition at the different levels of the pathway: 1) at the level of gene expression: inhibition of NF-κB translocation

and transactivation; 2) at the level of sensory molecule: KSHV Orf63 encodes a viral Nlrp1 decoy protein that interacts with human Nlrp1 and

Nlrp3 to prevent assembly of their respective inflammasomes; 3) at the level of ASC speck: pyrin-only decoy proteins (vPOPs) from

orthopoxviruses are blocking ASC speck formation. In the presence of vPOPs capsase-1 filaments are capped to prevent recruitment of pro-

caspase-1 thereby repressing inflammasome activation; 4) direct inhibition of enzymatic activity of caspase-1: serpins such as CrmA and

homologous protein produced by myxoma and vaccinia virus are inhibiting caspase-1 as competitive inhibitor to its substrate; 5) indirect

inhibitors of inflammasome activation: the N-terminal RNA-binding domain of influenza virus NS1 protein inhibits caspase-1 activation and

secretion of IL-1β and IL-18 through an unknown mechanism. The Yersinia effector proteins YopE and YopT and the Pseudomonas virulence

factor ExoS may prevent caspase-1 activation indirectly by interfering with Rho GTPase-mediated cytoskeletal changes, whereas Yersinia

YopK masks the bacterial type III secretion system. Pseudomonas ExoU makes use of phospholipase A2 activity to block caspase-1 activation

in inflammasomes, whereas Francisella mviN prevents activation of the AIM2 inflammasome; 6) at the level of effectors: interfere with down-

stream activation of IL-1β and IL-18 receptors through scavenger receptors vIL-1bR and vIL-18BR; 7) antigenic stealth: during infection,

some pathogens use stealth to avoid inflammasome activation, for example L. pneumophila employs an antigen masking strategy through its

SdhA protein, which is important for maintaining the L. pneumophila replication vacuole and preventing cytosolic recognition of antigens by

the inflammasome.

procaspase-1

C. albicans, M. tuberculosis, S. aureus, Y. enterocolitica,

Y. pseudotuberculosis, S. pneumoniae, viruses

F. tularensis,

dsDNA, viruses

(CMV)

fungi spores
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traps consisting of pyrin-only decoy proteins (vPOPs)

derived from orthopoxviruses; (4) by directly inhibiting

activity of caspase-1 via serpins CrmA and homologous

proteins derived from myxoma and vaccinia viruses,

which competitively inhibit the catalytic site of caspase-1;

(5) by indirect inhibition of caspase-1 via effector pro-

teins YopE and YopT as well as ExoS derived from

Yersinia and Pseudomonas bacteria, respectively, which

inhibit cytoskeletal changes mediated by Rho GTPase,

whereas Yersinia spp. virulence factor YopK masks bacte-

rial T3SS proteins; (6) at the cytokine level – via viral

analogs of host endogenous receptors vIL-1bR and vIL-

18BR by preventing activation of IL-1βR and IL-18R,

etc.

The evasion strategies used by pathogens are not lim-

ited to inflammasomes inhibition. For example, for inva-

sion and efficient proliferation, bacterial and viral

pathogens use regulatory T cells to suppress immune

response [101-103]. Further understanding of the molec-

ular mechanisms by which these and other microbes

interfere with inflammasome pathways (both stimulating

and inhibiting) may open up new windows of opportuni-

ty to develop much needed therapies against infectious

agents. On the other hand, use of unique and specific

inflammasome inhibitors derived from pathogens would

help to develop therapeutic approaches for treatment of

inflammatory and autoimmune diseases.
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