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Inflammasomes are cytosolic polyprotein complexes formed in response to various external 
and internal stimuli, including viral and bacterial antigens. The main product of the 
inflammasome is active caspase 1 which proteolytically cleaves, releasing functional 
interleukin-1 beta (IL-1β) and interleukin-18 (IL-18). These cytokines play a central role in 
shaping immune response to pathogens. In this review, we will focus on the mechanisms 
of inflammasome activation, as well as their role in development of Th1, Th2, and Th17 
lymphocytes. The contribution of cytokines IL-1β, IL-18, and IL-33, products of activated 
inflammasomes, are summarized. Additionally, the role of cytokines released from tissue 
cells in promoting differentiation of lymphocyte populations is discussed.
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INTRODUCTION

In the course of evolution, two complementary systems aimed to detect and eliminate pathogens 
have developed: the innate and adaptive. The innate system is primed to react early after 
infection by recognition of pathogen-associated molecular patterns (PAMPs), a conserved 
molecular configuration derived from microorganisms and recognized as foreign by the receptors 
of the innate immune system (Silva-Gomes et al., 2014). The wide range of PAMPs are detected 
through a limited number of germline receptors named pattern recognition receptors (PRRs; 
Medzhitov and Janeway, 2002). These receptors are expressed by many cell types, including 
macrophages, monocytes, dendritic cells, neutrophils, and epithelial cells (Li and Wu, 2021).

PRRs are located on the cell surface as well as in the cytosol. Toll-like receptors (TLRs) 
are PRRs detecting external and internalized PAMPs (El-Zayat et  al., 2019). These receptors 
recognize microbial components (Gram-positive and Gram-negative bacteria, mycobacteria, 
RNA and DNA viruses, and fungi) at an early stage of the immune response (McDonald 
et  al., 2005). There are also PRRs located in the cytosol: NOD-like receptors (NLR) and 
RIG-1-like receptors (RLR; Evavold and Kagan, 2018). NOD-like receptors are only able to 
recognize bacterial structures, while RLRs recognize viral components (Girardin et  al., 2003; 
McDonald et  al., 2005; Kawai and Akira, 2009; Li et  al., 2014). As well as TLRs, some NLRs, 
in particular NOD1 and NOD2, can downstream activate nuclear factor NF-kB, a key transcription 
factor in inflammation (Hasegawa et  al., 2008).

In addition to PAMPs, damage-associated molecular patterns (DAMPs) released by injured 
tissue (Moriyama and Nishida, 2021) can also activate inflammasomes. Multiple DAMPs are 
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identified example are histones, DNA, ATP, reactive oxygen 
radicals (ROS), heat-shock proteins, and uric acid crystals 
(Abderrazak et  al., 2015). On release from damaged cells, they 
can trigger non-microbial inflammation (Chen and Nuñez, 
2010) initiated by an activated inflammasome. DAMPs have 
various structures; therefore, it could be  suggested that they 
are less likely to directly bind an inflammasome. Instead, 
DAMPs use different mechanisms to activate inflammasomes. 
The initial step is recognition of DAMPs by TLRs and NLRs 
(Chen and Nuñez, 2010) that trigger various downstream 
pathways. One of these is potassium ion efflux (Gong et  al., 
2018). Potassium efflux can be  induced by toxins, such as 
nigericin (Katsnelson et al., 2015). Additionally, P2X purinoceptor 
7 (P2X7), pannexin-1, and K2P channels could contribute to 
the release of potassium ions into the extracellular space 
(Hafner-Bratkovič and Pelegrín, 2018; Xu et al., 2020). Potassium 
efflux could also be  a part of the more complex response to 
DAMPs, as was shown by Li--Weber and Krammer (2003). 
In this study, ROS release by mitochondria and lysosomal 
membrane permeabilization was demonstrated after exposure 
to nigericin, a bacterial toxin causing potassium ion efflux. 
This decreased intracellular level of potassium ions could lead 
to conformational changes in inflammasome molecules required 
for its activation (Xu et  al., 2020).

Like some TLRs, RLRs recognize viral nucleic acid and 
activate several proteins of the interferon regulatory family 
(IRF; Månsson Kvarnhammar et  al., 2013). Interestingly, there 
is evidence of cross-talk between PRRs, as the specific function 
of NLRs depends on the initial activation of TLR signaling 
(Askarian et  al., 2018). For example, NACHT leucine-rich 
repeat protein (NLRP) 1, NLRP3, and NLRC4 (formerly known 
as Ipaf) recognize bacterial components and activate caspase-1 
(Cas1), a key inflammatory caspase that releases pro-inflammatory 
cytokines IL-1β and IL-18. TLRs, as well as NOD1 and NOD2, 
can activate the synthesis of IL-18 and IL-1β precursors by 
stimulating NF-kB (O’Neill, 2003).

For the production of IL-1β and IL-18, TLRs recruit a 
complex protein known as the inflammasome. The term 
inflammasome was introduced by Martinon et  al. (2002) to 
describe a high molecular weight complex that activates Cas1. 
The inflammasome consists of a central protein, which, in its 
active form, recruits an apoptosis-associated speck-like protein 
containing a CARD (ASC). CARD of ASC then recruits 
pro-caspase1, which cleaves pro-IL-1β and pro-IL-18 releasing 
active cytokines, essential mediators of inflammation (Sun and 
Scott, 2016). In addition to inflammation, inflammasomes are 
linked to the mechanism of Cas1 activated cell death named 
pyroptosis (Heymann et  al., 2015).

Inflammasomes are activated by PAMPs and DAMPs during 
natural infection and artificially induced immune responses 
by vaccination (Crooke et  al., 2021). Multiple studies have 
demonstrated that activating the inflammasome could serve 
as an adjuvant potentiating immune response (Li et al., 2007; 
Bueter et  al., 2011; Marty-Roix et  al., 2016; Russell, 2016; 
Ivanov et  al., 2020). These data suggest that targeting 
inflammasomes by adjuvants is a potential mechanism of 
enhancing the immune response (Ivanov et  al., 2020). This 

enhancement of the immune response is often linked to the 
release of IL-1β and IL-18 (Li et  al., 2007; Bueter et  al., 
2011), establishing local inflammation and attracting leukocytes. 
However, it appears that inflammasomes could contribute to 
the development of the adaptive immune response, as a lack 
of ASC protein was linked to complete ablation of antigen-
specific CD4+ T-cell proliferation and failure to develop a 
specific immune response (Seydoux et  al., 2018). A growing 
body of evidence substantiates the notion that inflammasomes 
could contribute to the formation of a specific immune 
response. In this review, we  summarize evidence of the 
inflammasome contribution to the T helper 1 (Th1), Th2, 
and Th17 immune response. The mechanisms of the 
inflammasome affecting Th cell differentiation are 
also discussed.

INFLAMMASOME STRUCTURE

The canonical inflammasome response is associated by 
engagement of two classes of cytosolic receptors: nucleotide-
binding and oligomerization domain (NODs) Like Receptors 
(NLRs) and absent in melanoma 2 (AIM2) Like Receptors 
(ALRs). There are 23 NLRs encoded in the human genome 
(Harton et  al., 2002), however, only NLR family Pyrin 
domain-containing 1 (NLRP1), NLRP3, NLRP6, NLRP7, 
NLRP12, and NLR family CARD domain-containing protein 
4 (NLRC4) can form inflammasome complexes (Shenoy et al., 
2012). The NLR structure is characterized by a central NOD, 
which are flanked by a C-terminal leucine-rich repeat (LRR) 
and a N-terminal CARD pyrin domain (PYD; Schroder and 
Tschopp, 2010; Zheng et  al., 2020; Figure  1). In all NLRs 
(except NLRP10), LRR mediates ligand binding, while CARD 
or PYD function for protein–protein interaction (Li et  al., 
2007; Russell, 2016). AIM2 contains a N-terminal PYD and 
C-terminal Hematopoietic Interferon-inducible Nuclear (HIN) 
protein domain and it can also form an inflammasome 
(Bueter et  al., 2011). The unifying feature of inflammasome 
forming-receptors is the presence of the pyrin domain (PYD) 
or CARD.

Inflammasome formation is initiated by sensing the 
endogenous or exogenous stimuli (LRR) followed by coordinated 
assembly of the platform including sensors (NAIP/NLRC4, 
NLRP3/6/7, AIM2), adapters (ASC), and downstream effectors 
(Figure  2; Seydoux et  al., 2018).

As the result, the multiprotein proteolytic complex is formed, 
recruiting pro-caspase-1. The role of this complex is to liberate 
Cas1, which becomes active and cleaves pro-IL-1β and pro-IL-18 
releasing active cytokines (Harton et  al., 2002; Ting et  al., 
2008; Schroder and Tschopp, 2010; Shenoy et  al., 2012; Zheng 
et al., 2020). In addition to the release of cytokines, inflammasome 
activation is accompanied by a specific form of cell death 
called pyroptosis (Wang et al., 2020). Pyroptosis is characterized 
by Cas1 cleavage of the gasdermin D (GSDMD) protein (Broz, 
2015), which leads to cell lysis and subsequent release of 
cytoplasmic components, including mature forms of IL-1β and 
IL-18 (Sansonetti et  al., 2000).
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INFLAMMASOME ACTIVATION 
MECHANISMS

NLRP1 Inflammasome
NLRP1 was discovered as one of the first in the class of 
proteins that form inflammasomes (Kostura et  al., 1989). It is 
predominantly expressed by epithelial cells and hematopoietic 
cells (Broz, 2015). This inflammasome is characterized by the 
activation of pro-inflammatory proteases, including Cas1 
(Rathinam et al., 2012). In turn, Cas1 releases IL-1β and IL-18 
(Ghayur et  al., 1997), as well as the pore-forming GSDMD 
protein (Zheng et  al., 2020). GSDMD makes pores in the cell 
membrane leading to a pyroptosis (Gu et al., 1997). The presence 
of an unusual function-to-find domain (FIIND) is unique for 
NLRP1 (Fink and Cookson, 2006). This domain has protease 
activity, which can cleave inactive NLRP1 releasing the bioactive 
CARD domain. The self-activating activity of NLRP1 is linked 
to the pathogenesis in vitiligo, rheumatoid arthritis, and Crohn 
disease (Bertin et  al., 1999; Fink and Cookson, 2005; Kummer 
et  al., 2007). In addition to self-activation, studies using a 
murine model demonstrated that NLRP1 can be  activated by 
microbial antigens, such as the lethal protease factor Bacillus 
anthracis (Broz and Dixit, 2016) and E3-ubiquitin ligases from 
Shigella flexneri (Shaftel et  al., 2008). Based on data collected, 

a model of functional degradation was proposed to explain 
the mechanism of NLRP1 activation (Shaftel et  al., 2008). This 
model suggests that the degradation of the N-terminal domains 
by microbial proteasomes liberates the C-terminal fragment 
which is a potent Cas1 activator (Shaftel et  al., 2008).

In humans, NLRP1 directly binds to muramyl dipeptide 
(MDP), which leads to conformational changes in the structure 
of NLRP1, thereby activating ATP (Sandall et  al., 2020). ATP 
hydrolysis induces oligomerization of NLRP1 and activates 
Cas1. Interestingly, MDP-mediated activation of NLRP1 Cas1 
does not require the involvement of the ASC protein. Together 
with Cas1, caspase 5 is also involved in the binding of the 
NLRP1 complex (Martinon et  al., 2002).

NLRP1 activation was shown by the lethal factor of B. anthracis 
(Chavarría-Smith and Vance, 2013) and ubiquitylation by 
S. flexneri effector IpaH7.8 (Sandstrom et  al., 2019). The lethal 
factor liberates the C-terminal end of NLRP1 containing FIIND-
CARD fragment, that can recruit Cas1 and initiate the 
inflammasome assembly (Chui et  al., 2019). NLRP1 can also 
be  activated by intracellular pathogens indirectly by sensing 
the metabolic stress as was shown for Listeria monocytogenes 
and S. flexneri (Neiman-Zenevich et al., 2017). Similarly, indirect 
activation of NLRP1 was suggested by Ewald et  al. (2014) in 
cells infected with Toxoplasma gondii. This activation appears 

FIGURE 1 | Schematic presentation of the inflammasome structure and pathogen-associated molecular patterns (PAMPs) ligands. NLRP1-CARD binds to and 
forms a dimer with CARD of pro-caspase-1. NLRP3-CARD-PYD polymerizes with adaptor ASC (PYD-CARD). This is followed by CARD dimerization with CARD-
pro-caspase-1. NLRC4-CARD forms a dimer with CARD of ASC (PYD-CARD) adaptor. The PYD of ASC then polymerizes with PYD of the second ASC adaptor 
molecule. This second ASC CARD binds to CARD of pro-caspase-1. AIM2-PYD dimerizes with PYD of ASC (PYD-CARD), followed by CARD of ASC binding to 
CARD-pro-caspase-1.
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to have a distinct mechanism independent of the lethal factor. 
It appears that NLRP1 activation has a protective effect as it 
limits the parasite load and prevents dissemination. In contrast, 
Tye et al. (2018) have shown that inhibition of NLRP1 prevents 
colitis and increases the population of butyrate-producing 
commensals from the Clostridiales order. Also, acute lung 
injury was demonstrated in mice exposed to the B. anthracis 
lethal factor (Kovarova et al., 2012). Tissue injury was explained 
by activation of pyroptosis due to the NLRP1 activation.

NLRP1 activation has also been demonstrated in virus-
infected cells. Recently, it was shown that the picornavirus 
encoded 3C protease, termed 3Cpro (Sun et  al., 2016), could 
cleave and activate this inflammasome (Robinson et  al., 2020). 
Following this observation, Tsu et al. (2021) have demonstrated 
that this protease, from multiple genera of viruses, could activate 
NLRP1  in multiple sites. In contrast, Kaposi sarcoma herpes 
virus (KSHV) open reading frame 63 (Orf63) was identified 
as a viral homolog of NLRP1 (Gregory et  al., 2011). Orf63 
could block NLRP1-dependent cas1 activation as well as IL-1β 
and IL-18 processing. It appears that the inhibition of NLRP1 
is necessary for reactivation and virus replication.

NLRP3 Inflammasome
Among all inflammasomes activated by NOD-like receptors, 
the NLRP3 is the most studied (Martinon et  al., 2002). Unlike 
other sensory proteins, NLRP3 can respond to various 
non-pathogenic factors, environmental as well as endogenous. 
These factors could lead to aberrant activation of the NLRP3 

inflammasome, which has been linked to the development of 
such complex pathologies as type 2 diabetes, atherosclerosis, 
gout, and neurodegenerative diseases (Broderick et  al., 2015).

The NLRP3 inflammasome contains three distinct domains: 
the N-terminal PYD mediating homotypic binding; the nucleotide 
binding and oligomerizing domain (NACHT), which mediates 
ATP-dependent oligomerization; and the C-terminal LRR, which 
recognizes the ligand. While other NLR receptors also have 
a CARD as part of the primary sequence, NLRP3 requires an 
adapter protein to bind to pro-caspase1. The adapter is the 
ASC protein containing the CARD, which consists of PYD 
and CARD (Inouye et  al., 2018).

It is believed that activation of the NLRP3 inflammasome 
in macrophages, dendritic cells, and microglia cells requires 
two signals. The first signal is called priming, which is usually 
induced by a TLR ligand, such as lipopolysaccharide (LPS; 
Bauernfeind et  al., 2009). The role of priming is to increase 
the expression of the NLRP3 as well as the Cas1 substrate 
pro-IL-1β genes, which are normally present at low levels 
(Bauernfeind et  al., 2009). The second signal triggers the 
assembly and activation of the inflammasome. This signal can 
be  caused by bacterial toxins (Lee et  al., 2015), ionophores 
(Mariathasan et al., 2006; Kasper et al., 2018), uric acid (Martinon 
et al., 2006), and bacterial RNA (Eigenbrod and Dalpke, 2015).

Similar to NLRP1, NLRP3 recruits GSDMD, where it could 
be  split by Cas1 releasing C and N termini (He et  al., 2015). 
The cleaved N terminus can auto-oligomerize upon interaction 
with phosphoinositides, embed into the membrane, and form 

FIGURE 2 | Inflammasome assembly. NLRP3 is used as an example to demonstrate inflammasome assembly. NALRP3 PYD-CARD polymerizes with PYD-CARD 
of an ASC adaptor. The adaptor CARD then forms a dimer with CARD of pro-caspase-1. The macromolecule formed by oligomerized NLRP3-ASC-pro-caspase-1 
complex is assembled into the multi-subunit, wheel-shaped inflammasome complex, which releases active Cas1.
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a large circular pore (Liu et  al., 2016). N terminus oligomers 
are mainly located on the inner leaflet of the membrane, killing 
from within the cell, without harming the neighboring cells 
when it is released during pyroptosis (Liu et  al., 2016).

As wide array of agonists activating the NLRP3 inflammasome 
have been identified, many of which are PAMPs. Microbial 
activators are found among both Gram-positive and Gram-
negative bacteria: Staphylococcus aureus, L. monocytogenes, 
Streptococcus pneumonia, and Neisseria gonorrhoeae (Vladimer 
et al., 2013). Also, fungi, Candida albicans, Aspergillus fumigatus, 
and Microsporum canis, as well as parasites, Plasmodium chabaudi, 
Leishmania amazonensis, and Schistosoma mansoni, were shown 
to activate NLRP3 (Joly and Sutterwala, 2010; Clay et al., 2014). 
Additionally, NLRP3 activation was shown by infection with 
RNA and DNA viruses, such as influenza virus, adenovirus 
and respiratory syncytial virus (Lupfer and Kanneganti, 2013). 
Having structurally diverse ligands derived from various 
infectious agents, Ulland et  al. (2015) have suggested that 
NLRP3 activation is induced by cellular stress signal signals 
generated in infected cells. These signals are released during 
the rupture of lysosomes, stimulation of P2X7R, potassium 
ions efflux, and mitochondrial ROS (Kim and Jo, 2013). The 
potassium efflux was demonstrated in group B Streptococcus 
(GBS) infection as a mechanism of NLRP3 activation, where 
the β-hemolysin, the major virulence factor, was shown to 
play the central role (Costa et al., 2012). It appears that NLRP3 
is protective, as mice lacking NLRP3 were more susceptible 
to infection as compared to wild-type (wt) animals. Similar 
mechanism of NLRP3 activation was demonstrated during 
S. aureus and Streptococcus pneumoniae infection, where 
α-hemolysin and pneumolysin were identified as playing the 
central role, respectively (Kebaier et  al., 2012; Miller et  al., 
2020). Like in GBS infection, NLRP3 activation was protective, 
reducing animal’s susceptibility to infection with S. aureus. 
The mitochondrial dysfunction and apoptosis were suggested 
as contributing to NLRP3 activation in Chlamydia pneumoniae 
infection (Shimada et  al., 2012). The release of oxidized 
mitochondrial DNA into the cytosol triggered the apoptotic 
signals activating NLRP3. It was suggested that it is the 
mitochondrial dysfunction that initiates the ROS release, 
intracellular K+ and lysosomal degradation, a diverse range of 
signals for NLRP3.

NLRC4 Inflammasome
NLRC4 was originally described by Poyet et  al. (2001) as a 
pro-apoptotic protein. Authors were searching for structural 
homologues of the apoptosis protease-activating factor 1 (APAF1) 
protein, which activates apoptotic caspases in response to 
cytosolic cytochrome C, and also contains the CARD domain 
and ATP binding sites. As a result, they discovered the IL-1β-
converting enzyme (ICE)-protease-activating factor (IPAF), also 
known as (NLRC4; Sutterwala and Flavell, 2009), an enzyme 
capable of activating Cas1 (Poyet et  al., 2001).

The assembly of the NLRC4 inflammasome complex occurs 
upon recognition of flagellated or type 3 secretion system (T3SS) 
expressing bacterial pathogens (Mariathasan et  al., 2004; Franchi 
et al., 2006; Zamboni et al., 2006). Activation of NLRC4 requires 

neuronal apoptosis inhibitory protein (NAIP) sensing the bacterial 
flagellin or T3SS (Kofoed and Vance, 2011; Zhao et  al., 2011). 
Using cryo-electron microscopy, Zhang et  al. (2015) were able 
to reconstruct the structure of this inflammasome. The structural 
changes in activated NAIPs initiate the recruitment and 
oligomerization of NLRC4, which function as an adaptor to 
recruit and activate Cas1 (Hu et  al., 2015). Once active Cas1 is 
released, it will cleave pro-IL-1β and pro-IL-18 as well as GSDMD 
(Lamkanfi and Dixit, 2014). Cytokines and GSDMD led to 
inflammation pyroptosis, similar to NLRP1 and NLRP3 activation.

Various Gram-negative bacteria belonging to the genera 
Pseudomonas, Salmonella, and Yersinia are shown to activate 
NLRC4 (Miao et  al., 2008; Brodsky et  al., 2010; Wick, 2011). 
Specifically, the type 3 and 4 secretion system (TT3S/TT4S) 
as well as flagellin were shown to activate this inflammasome 
(Miao et  al., 2008; Zhao et  al., 2011). The main function of 
the secretion system proteins is to form holes in the cell 
membrane permitting the entry of the microbial virulence 
factors (Galán and Wolf-Watz, 2006). NLRC4 activation by 
Salmonella typhimurium, Legionella pneumophila, and 
Pseudomonas aeruginosa appears to be  possible by cytoplasmic 
transmission of flagellin (Franchi et al., 2006; Miao et al., 2006; 
Lightfield et  al., 2008). These data suggest that NLRC4 is 
activated by TT3S, TT4S, or flagellin. Several members of the 
NLR family Apoptosis Inhibitory Proteins (NAIPs) family have 
been implicated in activating the inflammasome (Lightfield 
et  al., 2008; Kofoed and Vance, 2011). Studies have suggested 
that NAIPs could serve as a ligand-sensing activator of NLRC4 
(Rayamajhi et  al., 2013; Rauch et  al., 2016). There is a single 
human NAIP (hNAIP; Endrizzi et  al., 2000) that detects T3SS 
and flagellin (Rayamajhi et  al., 2013; Kortmann et  al., 2015).

INFLAMMASOME-INDEPENDENT 
PROCESSING OF PRO-IL-1β AND 
PRO-IL-18

Cas1 is a key protease in the processing of pro-IL-1β and 
pro-IL-18 (Afonina et  al., 2015). However, studies using a 
mouse model revealed that in addition to cas1, cas11 could 
cleave pro-IL-1β, although with lower efficacy (Kang et  al., 
2000). There is growing evidence of cas8 involvement in cas1-
independent pro-IL-1β processing. There are several mechanisms 
identified to explain cas8 cleavage of this cytokine. One of 
them is described as a macrophage and dendritic cells reaction 
to the stress, where TLR3 or TLR4 stimulation initiates the 
downstream activation of cas8 required for active IL-1β release 
(Antonopoulos et al., 2013; Shenderov et al., 2014). Interestingly, 
it appears that the cas8 could serve as NLRP3 effector in the 
absence of cas1 to process pro-IL-1β (Antonopoulos et  al., 
2015). In addition to TLRs, ligand binding to dectin-1 or Fas 
receptors could activate cas8 and initiate cas1-independent 
maturation of pro-IL-1β and pro-IL-18 (Bossaller et  al., 2012; 
Gringhuis et  al., 2012).

In addition to cas1, 8, and 11, other proteases could cleave 
pro-IL-1β. Elastase and cathepsin G, proteases found in 
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neutrophils, could process pro-IL-1β (Korkmaz et  al., 2010; 
Mankan and Hornung, 2013; Mizushina et al., 2019). Interestingly, 
elastase could be  released by neutrophils and initiate cytokine 
processing in the extracellular space (Clancy et  al., 2018). As 
a result, neutrophil elastase could promote IL-1β secretion by 
neighboring cells (Alfaidi et  al., 2015). Another enzyme, 
proteinase 3, was also shown to contribute to pro-IL-1β and 
pro-IL-18 processing (Coeshott et al., 1999; Sugawara et al., 2001).

Some non-inflammasome dependent mechanisms of IL-18 
and IL-1β activation overlap and are shown to process pro-IL-
18. Granzyme B-mediated activation of IL-18 as well as increased 
IL-18 release upon incubation of keratinocytes with CD8+ T 
cells was demonstrated (Akeda et  al., 2014; Wensink et  al., 
2015). These data could be  evidence of a positive feedback 
loop between CD8+ T lymphocytes and local cells to promote 
type T-cell response, which is supported by IL-18 (Nakanishi, 
2018). The assumption that the Granzyme B could have 
non-cytotoxic activity and, instead, contribute to development 
of the local immune response is supported by Hernandez-
Pigeon (Hernandez-Pigeon et  al., 2006). Authors have shown 
that upon the ultraviolet B (UVB) light exposure, human 
keratinocytes produce Granzyme B. Also, release of Granzyme 
B to the extracellular matrix was demonstrated in keratinocytes 
exposed to UVA light (Hernandez-Pigeon et  al., 2007).

IL-1β AND IL-18 AND THE SPECIFIC 
IMMUNE RESPONSE (TH1, TH2, AND 
TH17)

Inflammasome and Specific Immune 
Response
In order to commit to a certain Th cell lineage, naive CD4+ 
T cells are influenced by cytokines and other cellular signals 
provided by the immediate milieu upon encounter with their 
cognate antigen. T cells then interpret these signals and 
differentiate into particular Th cell subsets (Saravia et al., 2019). 
Some of these cytokines, specifically, IL-1β and IL-18, are the 
products of an activated inflammasome. Also, IL-33 was shown 
to be  processed by Cas1 (Martin et  al., 2012) and contribute 
to the Th cells differentiation. It appears that IL-1β and IL-18 
play a role as initiators of the specific immune response, 
triggering the release of an additional subset of cytokines from 
the tissue cells. It is through the release of IL-1β and IL-18, 
inflammasomes initiate inflammation and stimulate specific 
immune response. This combination of IL-1β, IL-18, and tissue-
specific cytokines will direct Th differentiation. IL-1β and IL-18 
could also serve as a bridge between the innate and acquired 
immune response by themselves stimulating Th1, Th2, and 
Th17 populations of lymphocytes (Bruchard et  al., 2015).

IL-1β and IL-18 belong to the IL-1 cytokine family (Dinarello, 
2018). Their biological characteristics are summarized in Table 1. 
IL-1 signaling is central in the mechanism of the adaptive 
immune response by stimulating leukocyte migration, 
differentiation, and recruitment (Garlanda et al., 2013; Heymann 
et  al., 2015). IL-1β employs IL-1R for the signaling (Svenson 

et  al., 1993) which can also upregulate IL-2R (CD25) surface 
expression (Plaetinck et  al., 1990; Bartel, 2009). Increased 
expression of IL-2R provides survival and proliferation signals 
to primed, naïve T cells. IL-1β also serves as a proliferation 
and survival stimulus to effector/memory T cells while attenuating 
regulatory (Treg) lymphocytes (O’Sullivan et  al., 2006). Also, 
IL-1β is required for differentiation of the IL-17 producing 
Th17 lymphocytes (Acosta-Rodriguez et  al., 2007).

IL-18 signals through heterodimeric receptor complex 
consisting of IL-18Rα, having significant homology to IL-1R 
(Thomassen et al., 1998). Therefore, signaling pathways induced 
by IL-18 are similar to those used by IL-1. IL-18 was first 
identified as an interferon γ (IFN-γ) inducing cytokine, which 
is a potent inducer of Th1 differentiation (Okamura et  al., 
1995; Kohno et  al., 1997). Combined with IL-12, IL-18 can 
increase IFN-γ by Th1 lymphocytes and natural killer (NK) 
cells (Ahn et  al., 1997; Xu et  al., 1998). As the result, IL-18 
could promote development of a Th1 response.

These early data provide strong evidence that inflammasomes 
not only contribute to inflammation, but also help to promote 
differentiation of naïve Th0 CD4+ T cells into a Th1 and 
Th2 subsets.

Inflammasome and the Th1 Immune 
Response
Th1 lymphocytes differentiate from naïve Th0 cells when exposed 
to antigen presented by antigen-presenting cells (APCs) together 
with T-cell receptor (TCR) and CD28 co-stimulatory molecule 
binding (Gutcher and Becher, 2007). To direct Th1 differentiation, 
APC should provide one more stimulus, such as IL-12 cytokine, 
which will support lymphocyte antigen-specific cells proliferation 
(Hamza et  al., 2010). These Th1 cells are characterized by 
production of high levels of IFN-γ, IL-2, and TNFα (Swanson 
et al., 2001; Kisuya et al., 2019). Expression of the transcription 
factor T-bet, responsible for expression of IFN-γ, is found in 

TABLE 1 | IL-1β and IL-18 characteristics.

IL-1β IL-18 References

Receptor IL-1R IL-18Rα Acosta-Rodriguez 
et al., 2007; 
Garlanda et al., 
2013

Function Pro-inflammatory Pro-inflammatory
IFN-γ Production Yes Yes Okamura et al., 

1995; Thomassen 
et al., 1998

Th1 Proliferation Yes Yes, combined 
with IL-12

Sutton et al., 
2006; Couper 
et al., 2008

Th2 Proliferation No Yes, without IL-12 Anderson et al., 
2007

Th17 Proliferation Promotes Th17 
commitment; 
combined with 
IL-6 and IL-23 
promotes 
pathogenic Th17

No Suzuki et al., 
2001; Qin et al., 
2009; O’Reilly 
et al., 2014
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committed Th1 effectors (Szabo et  al., 2000). Factors favoring 
Th1 differentiation also include signal transducer and activator 
of transcription 1 (STAT1; Ma et al., 2010), STAT5 (Liao et al., 
2011) and STAT4 (Nishikomori et  al., 2002) signaling. Th1 
lymphocytes support the cellular immune responses associated 
with differentiation of CD8+ T cells into cytotoxic T lymphocytes 
(CTLs) as well as their survival (Schüler et  al., 1999; Huang 
et  al., 2007). These CTLs can secrete the cytolytic mediators 
(perforin and granzymes) and induce apoptosis in target cells 
(Trapani and Smyth, 2002). Moreover, activated CTLs secrete 
IFN-γ and TNF-α, which could enhance antigen presentation 
and provide positive feedback to the Th1 lymphocyte population 
(Sasiain et  al., 1998). Additionally, Th1 lymphocytes could 
activate phagocytosis (Khan et  al., 2016), and production of 
complement-fixing antibodies (Hammers et  al., 2011), thus 
playing an important role in protection against infectious 
pathogens. Th1 type immune responses have been shown to 
be  protective against viral (Snell et  al., 2016), fungal (Jarvis 
et  al., 2013), and bacterial infections (D’Elios et  al., 2011).

IL-1β release upon activation of NLRP3  in an APCs can 
support T-cell priming (Hatscher et  al., 2021), including 
enhancement of IFN-γ and IL-17 release by CD4+ T cells 
(Sutton et al., 2006; Feriotti et al., 2017). In contrast to myeloid 
cells, IL-1β production in T lymphocytes is lower and it is 
tightly regulated by an autocrine C5aR1/C5aR2 activation balance 
(Arbore et  al., 2016). It was suggested that control of local 
IL-1β production is critical for the prevention of excessive 
and prolonged stimulation of Th1 lymphocytes (Arbore et  al., 
2016). In contrast to IL-1β, IL-18 does not stimulate differentiation 
of Th1 lymphocytes directly; however, it can support the 
commitment of Th1 lymphocytes by inducing the release of 
IFN-γ (Okamura et  al., 1995; van den Eeckhout et  al., 2020). 
Interestingly, this IFN-γ could provide positive feedback 
potentiating IL-1β release by human monocytes and Th1 cells 
(Chizzolini et  al., 1997; Masters et  al., 2010). The role of the 
inflammasome in supporting the Th1 immune response was 
also demonstrated using an animal model (Gurung et al., 2015a; 
Alhallaf et  al., 2018).

Both IL-1β and IL-18 employ IFN-γ in promoting a Th1 
immune response. Once Th1 lymphocytes are activated they 
become one of the prime producers of IFN-γ (Tominaga et al., 
2000), together with CTLs, γδ-T cells, and NK cells (Kasahara 
et  al., 1983; Girardi et  al., 2001; Yu et  al., 2006; Matsushita 
et al., 2015). The additional release of this cytokine can establish 
a positive loop where IFN-γ produced by activated leukocytes 
will keep directing Th1 differentiation (Bradley et  al., 1996). 
Th1 supporting role of IFN-γ also includes inhibition of Th2 
cell differentiation (Oriss et  al., 1997) and IL-4 production 
(Naka et  al., 2001).

It appears that the duration of the inflammasome stimulation 
is critical for Th1 response activation. Gurung et  al. (2015b) 
have demonstrated that, in contrast to acute stimulation, chronic 
LPS stimulation dampens NLRP3 activation. This is the result 
of the regulatory IL-10 cytokine release, which inhibits the 
inflammasome. Similar IL-10 caused inhibition of NLRP3 
inflammasome was demonstrated by Greenhill et  al. (2014). 
This could be  a mechanism aimed to prevent chronic Th1 

activation as IL-10 is a potent inhibitor of the Th1 immune 
response (Couper et  al., 2008).

The effect of IL-18 on the Th1 type immune response also 
depends on IFN-γ release; however, the mechanisms are more 
complicated. Nakanishi et al. (2001) suggested that Th1 lineage 
differentiation requires combination of IL-18 and IL-12. The 
synergistic role of IL-12 for IL-18 stimulation of IFN-γ was 
confirmed by Bohn et  al. (1998). In contrast, IL-18 without 
IL-12 co-stimulation will lead to differentiation of a Th2 immune 
response (Nakanishi et al., 2001). These data indicate that IL-12 
could serve as a regulator of the Th1/Th2 switch. The role of 
IL-1β and IL-18  in differentiation of Th1 lymphocytes is 
summarized in Figure  3.

Inflammasome-linked activation of Th1 immune response 
was shown to have a pathogenic effect. Tye et  al. (2018) have 
demonstrated that NLRP1 activation and release of IL-18  in 
combination with IFNγ could support destructive inflammation 
and decreased butyrate-producing Clostridiales in ulcerative 
colitis patients.

Inflammasome and the Th2 Immune 
Response
Th2 differentiation is initiated by priming naïve Th0 cells via 
the TCR and the co-stimulatory molecule CD28 (Rulifson 
et al., 1997). This stimulation activates nuclear factor of activated 
T cells (NFAT), NFκb and activator protein-1 (AP-1) transcription 
activation factors (Li and Krammer, 2003), resulting in up 
regulation of interferon regulatory factor 4 (IRF4) expression 
(Gao et  al., 2013). The cytokine milieu plays an important 
role in Th2 differentiation where IL-4 was shown to direct 
the polarization of lymphocytes (Hermanutz et  al., 1978) by 
activation of the STAT6 pathway (Kaplan et  al., 1996). Also, 
IL-4 can up regulate the master regulator GATA-binding protein 
3 (GATA3) favoring the Th2 cell differentiation (Zhang et  al., 
1998; Lee et  al., 2001). IL-2 can also activate STAT5, which 
is another regulator of Th2 cytokine production. These cytokines 
are transcriptionally activated by STAT5 through chromatin 
remodeling of the cytokine locus as well as maintaining GATA3 
expression in differentiated Th2 cells (Zhu et  al., 2003; Cote-
Sierra et  al., 2004). Activated Th2 cells produce IL-2 and IL-4 
forming a powerful positive feedback loop maintaining the 
lymphocyte population.

The extent of an inflammasome activation can regulate 
the switch between Th1 and Th2 immune responses (Couper 
et al., 2008). Studies have shown that a prolong LPS activation 
of inflammasome triggers the release of IL-10 (Gurung et  al., 
2015b; Daley et al., 2017), a potent anti-inflammatory cytokine 
stimulating a Th2 immune response (Laouini et  al., 2003). 
IL-10 can also modulate a Th2 response by preventing the 
overproduction of IL-4, IL-5, and IL-13 (Schandené et  al., 
1994; Joss et  al., 2000; Wilson et  al., 2007) cytokines which 
contribute to post-infection fibrosis (Nelson et  al., 2000). The 
protective role of IL-10 could include inhibition of 
inflammasome signaling by preserving mitochondria integrity 
(Ip et  al., 2017). Collected data suggest that the central role 
of IL-10 is protective by preventing the aggravated immune 
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response and tissue damage induced by the inflammasome 
activation of a Th1 immune response (Gazzinelli et  al., 1996; 
Hunter et al., 1997). However, IL-10 could also lead to chronic 
infection and failure to eliminate the pathogen (Anderson 
et  al., 2007).

Another mechanism of Th2 activation includes the location 
of the inflammasome within the cell. In contrast to forming 
a cytosolic PRR, when the inflammasome is located in the 
nucleus, it could contribute to differentiation of lymphocytes 
into Th2 (Bruchard et  al., 2015). It was shown that when in 
the nucleus, NLRP3 lacks inflammasome-forming potential, 
instead it interacts with the transcription factor IRF4 and binds 
to the promoter regions of Il4 gene transactivating it. It appears 
that this intracellular localization of NLRP3 inflammasome is 
part of the naïve CD4+ T-cell differentiation, where Th1 had 
cytosolic, while Th2 had nuclear localization.

Activation of Th2 immune response by IL-18, a product 
of the inflammasome, was demonstrated by Sendler et  al. 
(2020). It appears that a lack of IL-12 co-expression contributes 
to skewing the immune response toward a Th2 type. Another 
mechanism of IL-18 stimulation of the Th2 immune response 
was demonstrated using an animal model of Leishmania infection, 
a major infection which is characterized by increased serum 
level of IL-4 (Gurung et  al., 2015a). It was found that GATA3 
and cMAF expression was targeted by IL-18  in activated T 
cells, thereby biasing adaptive immunity toward a Th2 type. 
GATA is required for STAT5 activation of IL-2 dependent 

Th2 differentiation (Zhu et  al., 2006) and directly activates 
the Il4 promoter (Zheng and Flavell, 1997). Similar to GATA, 
cMAF can induce transcription of Il4 (Zheng and Flavell, 1997). 
Additionally, absence of IL-12 was shown as contributing to 
IL-18 promotion of an Th2 immune response (Nakanishi 
et  al., 2001).

A controversial role of IL-33  in regulation of Th2 immune 
response has been demonstrated (Schmitz et  al., 2005; Cayrol 
and Girard, 2009). IL-33 is an IL-1-type cytokine, which is 
processed by Cas1, a product of inflammasome (Schmitz et al., 
2005). It appears that based on the site of proteolytic digestion, 
Cas1 could activate or inhibit IL-33 (Schmitz et  al., 2005; 
Cayrol and Girard, 2009). IL-33 is a cytokine promoting 
differentiation of naïve T cells to a Th2 phenotype and 
maintenance of the Th2 mediated immune response (Murakami-
Satsutani et  al., 2014). This cytokine binds to the suppressor 
of tumorigenicity 2 (ST2) receptor primarily expressed on Th2 
cells and it was linked to their functions (Coyle et  al., 1999; 
Townsend et  al., 2000). Therefore, by Cas1 cleavage of IL-33, 
inflammasomes could promote or inhibit Th2 
lymphocyte activation.

Collectively, data suggest that presence of IL-4 and absence 
of IL-12 are required for IL-18 promotion of Th2 type immune 
response. Additionally, presence of active form of IL-33 could 
contribute to Th2 lymphocytes activation. The role of the 
inflammasome in differentiation of Th2 cells is summarized 
in Figure  4.

FIGURE 3 | The role of the inflammasome in the differentiation of Th1 lymphocytes. Inflammasome products IL-1β and IL-18 can bind to IL-1R and support the 
commitment of Th1 lymphocytes by inducing the release of IFN-γ. IFN-γ and IL-12 produced by tissue cells also promotes activation and differentiation of CD4+ 
lymphocytes to Th1 cells.
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FIGURE 4 | The role of the inflammasome in the differentiation of Th2 lymphocytes. The inflammasome produces IL-33 which can promote Th2 differentiation. 
Another inflammasome product, IL-18, can also promote Th2 lymphocytes development only in the absence of IL-12. Additionally, Th2 differentiation is promoted by 
tissue released IL-4 and IL-10, which blocks IL-1β activity.

FIGURE 5 | Inflammasome contribute to differentiation of Th17. IL-1β produced by the inflammasome, when combined with TGF-β, IL-6, IL-21, and IL-23 
produced by tissue cells, can promote the differentiation of Th17 lymphocytes.
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FIGURE 6 | The inflammasome role in the differentiation of naïve CD4 lymphocytes to Th1, Th2, and Th17 cells. Inflammasome products, IL-1β, IL-18, and IL-33, 
contribute to differentiation of Th1, Th2, and Th17 lymphocytes. However, the lymphocyte commitments and differentiation require additional cytokines, which are 
released by local tissues.

Inflammasome and the Th17 Immune 
Response
Th17 cells differentiate from naive CD4+ cells after stimulation 
with TCR and subset of cytokines secreted by the APC (Bhaumik 
and Basu, 2017). Ivanov et  al. (2006) have demonstrated that 
the retinoic acid receptor-related orphan receptor gamma-T 
(RORγt) is the key transcription factor regulating the 
differentiation of Th17 lymphocytes. It was shown that RORγt 
induces Il17 transcription in naïve CD4+ T helper cells (Manel 
et  al., 2008). The differentiation process is tightly regulated 
and includes differentiation (TGF-β and IL-6), proliferation 
(IL-21), and stabilization stages (IL-23; Luckheeram et al., 2012). 
TGF-β is the predominant signaling cytokine, which promotes 
Th17 differentiation by activating STAT3 (Qin et  al., 2009). 
TFG-β can also activate RORyt, although this activation did 
not support the production of IL-17 (Manel et  al., 2008). The 
expression of RORγt is highly unstable and requires IL-6 and 

STAT3 signaling (Korn et  al., 2008). Also, the presence of 
IL-1β, IL-6, IL-21, or IL-23 was shown as required to stimulate 
IL-17 expression, which is done through the sustained activation 
of STAT3 (Yang et al., 2007; Zhou et al., 2007). The proliferation 
phase mainly involves IL-21 function, which synergizes with 
TGF-β to amplify Th17 proliferation (Korn et al., 2007; Nurieva 
et  al., 2007). Stabilization of the Th17 population requires 
IL-23, which is produced upon RORyt induction (Manel et  al., 
2008). IL-23 receptor expression is upregulated by IL-6 and 
IL-21 (Zhou et  al., 2007). The high level of IL-23 is required 
for maintenance of Th17 population (Langrish et  al., 2005).

Th17 cells are characterized by the production of IL-17A, 
IL-17F, IL-21, and IL-22 cytokines (Spolski and Leonard, 2009). 
These lymphocytes protect against fungal and bacterial infection 
(Curtis and Way, 2009) by stimulating and recruiting neutrophils 
as well as triggering inflammation (Ye et  al., 2001; Huang et  al., 
2004). It appears that Th17 lymphocyte activation requires IL-1β 
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(Uchiyama et al., 2017), an inflammasome product, in combination 
with key cytokines IL-6 or TGF-β (Mangan et  al., 2006; Zhou 
et  al., 2007; Qin et  al., 2009). IL-6 and TGFβ are the primary 
cytokines initiating Th17 development, while IL-1β was also 
shown capable of inducing IL-17 (Sutton et  al., 2006). IL-6 is 
a critical differentiation factor for Th17 cells (Mangan et  al., 
2006) operating through the subsequent activation of STAT3 
and RORγt in Th17 lymphocytes (Zhou et  al., 2007). TGF-β 
could initiate expression of FoxP3 and RORγT during T helper 
cell priming (Fu et  al., 2004; Zhang, 2018). However, it is 
co-stimulation with IL-6 that activates STAT3 mediated IL-17 
expression and inhibits FoxP3 expression (Yang et  al., 2011; 
O’Reilly et al., 2014; Latourte et al., 2017). This Th17 commitment 
of helper cells is promoted by IL-1β inhibition of SOCS3 (Qin 
et  al., 2009; Basu et  al., 2015), a negative regulator of STAT3 
(Suzuki et al., 2001). Therefore, combined efforts of IL-1β, TGFβ, 
and IL-6 shift the balance from developing Treg to Th17 
lymphocytes. In the absence of TGFβ, a combination of IL-1β, 
IL-6, and IL-23 could initiate development of a pathogenic Th1-like 
Th17 phenotype (Lee et  al., 2012). This phenotype is believed 
to be pathogenic and characterized by production of IL-17, IFN-γ, 
IL-21, and IL-22 (Eisenbarth and Flavell, 2009). Additionally, it 
was demonstrated that IL-1β together with IL-21 and IL-23 could 
guide the Th17 commitment (Bhaumik and Basu, 2017).

IL-1β acts through binging to IL-1R which is indispensable 
for the early differentiation of Th17 (Sutton et  al., 2006). 
Additionally, IL-1β promotes Th17 differentiation by synergizing 
with IL-6 and upregulating the master transcription factors, 
such as STAT3, IRF4, and RORγt (Basu et  al., 2015). IL-1/
IL-1R axis facilitates the binding of STAT3 and NF-κB to the 
cis-regulatory elements leading to enhanced transcription of 
IL-17A and IL-17F (Whitley et  al., 2018). Additionally, IL-1β 
signaling regulates the expression of a transcription factor Bhlhe40, 
which was found in cells producing IL-17 (Lin et  al., 2016).

These data suggest that the inflammasome product, IL-1β, could 
contribute to Th17 induction and commitment, which requires 
co-stimulation with IL-6, TGF-β, IL-21, and IL-23. The role of 
inflammasome in Th17 differentiation is summarized in Figure 5.

CONCLUSION

Inflammasomes, a cytosolic PRR, are integral components 
of an innate immune response producing key 

pro-inflammatory cytokines. However, inflammasome function 
is not restricted to the induction of inflammation as growing 
evidence suggests that they also can impact and shape 
specific adaptive immunity.

Shaping the immune response by inflammasomes is 
accomplished mainly by production of two cytokines, IL-1β 
and IL-18. These cytokines contribute to the development 
of Th1, Th2, and Th17 lymphocytes and require co-stimulation 
(Figure  6). When inflammasome product IL-1β is combined 
with IFN-γ, naïve T cells will differentiate to a Th1 subset. 
Also, Th1 differentiation will occur when IL-18, another 
inflammasome product, is combined with IL-12. In contrast, 
only IL-18  in the absence of IL-12 could initiate naïve T 
lymphocytes differentiation toward a Th2 type. Inhibition of 
inflammasomes by IL-10 could also promote Th2 differentiation. 
Naïve T-cell differentiation and commitment to Th17 is 
managed by release of IL-1β and its cooperation with IL-6 
or TGFβ.

These co-stimulatory cytokines required for Th lineage 
commitment are released by the tissue cells and other leukocytes. 
The release of these cytokines is initiated by inflammasome 
products, such as IL-1β and IL-18. However, the type of 
co-stimulatory cytokine(s) would depend on the tissue type 
and nature of the stimulus.

In conclusion, we  have detailed how the inflammasome is 
an essential part of how the immune system responds to a 
variety of insults, and how it bridges both the innate and 
adaptive arms of the immune system.

AUTHOR CONTRIBUTIONS

EM and SK: conceptualization. AR: funding acquisition. EM: 
supervision. EM, RU, and SK: writing—original draft. SK, EM, 
RU, and AR: writing—review and editing. All authors contributed 
to the article and approved the submitted version.

FUNDING

This work was funded, in part, by the Russian Government 
Program of Competitive Growth of Kazan Federal University. 
Also, this work was supported by the Kazan Federal University 
Strategic Academic Leadership Program.

 

REFERENCES

Abderrazak, A., Syrovets, T., Couchie, D., El Hadri, K., Friguet, B., Simmet, T., 
et al. (2015). NLRP3 inflammasome: from a danger signal sensor to a 
regulatory node of oxidative stress and inflammatory diseases. Redox Biol. 
4, 296–307. doi: 10.1016/j.redox.2015.01.008

Acosta-Rodriguez, E. V., Napolitani, G., Lanzavecchia, A., and Sallusto, F. 
(2007). Interleukins 1β and 6 but not transforming growth factor-β  
are essential for the differentiation of interleukin 17-producing  
human T helper cells. Nat. Immunol. 8, 942–949. doi: 10.1038/ni1496

Afonina, I. S., Müller, C., Martin, S. J., and Beyaert, R. (2015). Proteolytic 
processing of interleukin-1 family cytokines: variations on a common theme. 
Immunity 42, 991–1004. doi: 10.1016/j.immuni.2015.06.003

Ahn, H. J., Maruo, S., Tomura, M., Mu, J., Hamaoka, T., Nakanishi, K., et al. 
(1997). A mechanism underlying synergy between IL-12 and IFN-gamma-
inducing factor in enhanced production of IFN-gamma. J. Immunol. 159, 
2125–2131.

Akeda, T., Yamanaka, K., Tsuda, K., Omoto, Y., Gabazza, E. C., and Mizutani, H. 
(2014). CD8+ T cell granzyme B activates keratinocyte endogenous IL-18. 
Arch. Dermatol. Res. 306, 125–130. doi: 10.1007/s00403-013-1382-1

Alfaidi, M., Wilson, H., Daigneault, M., Burnett, A., Ridger, V., Chamberlain, J., 
et al. (2015). Neutrophil elastase promotes interleukin-1β secretion from 
human coronary endothelium. J. Biol. Chem. 290, 24067–24078. doi: 10.1074/
jbc.M115.659029

Alhallaf, R., Agha, Z., Miller, C. M., Robertson, A. A. B., Sotillo, J., Croese, J., 
et al. (2018). The NLRP3 inflammasome suppresses protective immunity to 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.redox.2015.01.008
https://doi.org/10.1038/ni1496
https://doi.org/10.1016/j.immuni.2015.06.003
https://doi.org/10.1007/s00403-013-1382-1
https://doi.org/10.1074/jbc.M115.659029
https://doi.org/10.1074/jbc.M115.659029


Martynova et al. Inflammasome Th1, Th2, and Th17 Immune Response

Frontiers in Microbiology | www.frontiersin.org 12 March 2022 | Volume 13 | Article 851835

gastrointestinal helminth infection. Cell Rep. 23, 1085–1098. doi: 10.1016/j.
celrep.2018.03.097

Anderson, C. F., Oukka, M., Kuchroo, V. J., and Sacks, D. (2007). CD4+CD25−
Foxp3− Th1 cells are the source of IL-10–mediated immune suppression 
in chronic cutaneous leishmaniasis. J. Exp. Med. 19, 285–297. doi: 10.1084/
jem.20061886

Antonopoulos, C., El Sanadi, C., Kaiser, W. J., Mocarski, E. S., and Dubyak, G. R. 
(2013). Proapoptotic chemotherapeutic drugs induce noncanonical processing 
and release of IL-1β via caspase-8  in dendritic cells. J. Immunol. 191, 
4789–4803. doi: 10.4049/jimmunol.1300645

Antonopoulos, C., Russo, H. M., El Sanadi, C., Martin, B. N., Li, X., Kaiser, W. J., 
et al. (2015). Caspase-8 as an effector and regulator of NLRP3 inflammasome 
signaling. J. Biol. Chem. 290, 20167–20184. doi: 10.1074/jbc.M115.652321

Arbore, G., West, E. E., Spolski, R., Robertson, A. A. B., Klos, A., Rheinheimer, C., 
et al. (2016). T helper 1 immunity requires complement-driven NLRP3 
inflammasome activity in CD4+ T cells. Science 352:aad1210. doi: 10.1126/
science.aad1210

Askarian, F., Wagner, T., Johannessen, M., and Nizet, V. (2018). Staphylococcus 
aureus modulation of innate immune responses through toll-like (TLR), 
(NOD)-like (NLR) and C-type lectin (CLR) receptors. FEMS Microbiol. Rev. 
42, 656–671. doi: 10.1093/femsre/fuy025

Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. 
Cell 136, 215–233. doi: 10.1016/j.cell.2009.01.002

Basu, R., Whitley, S. K., Bhaumik, S., Zindl, C. L., Schoeb, T. R., Benveniste, E. N., 
et al. (2015). IL-1 signaling modulates activation of STAT transcription 
factors to antagonize retinoic acid signaling and control the TH17 cell–iTreg 
cell balance. Nat. Immunol. 16, 286–295. doi: 10.1038/ni.3099

Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., MacDonald, K., 
Speert, D., et al. (2009). Cutting edge: NF-κB activating pattern recognition 
and cytokine receptors license NLRP3 inflammasome activation by 
regulating NLRP3 expression. J. Immunol. 183, 787–791. doi: 10.4049/
jimmunol.0901363

Bertin, J., Nir, W. J., Fischer, C. M., Tayber, O. V., Errada, P. R., Grant, J. R., 
et al. (1999). Human CARD4 protein is a novel CED-4/Apaf-1 cell death 
family member that activates NF-κB. J. Biol. Chem. 274, 12955–12958. doi: 
10.1074/jbc.274.19.12955

Bhaumik, S., and Basu, R. (2017). Cellular and molecular dynamics of Th17 
differentiation and its developmental plasticity in the intestinal immune 
response. Front. Immunol. 8:254. doi: 10.3389/fimmu.2017.00254

Bohn, E., Sing, A., Zumbihl, R., Bielfeldt, C., Okamura, H., Kurimoto, M., 
et al. (1998). IL-18 (IFN-gamma-inducing factor) regulates early cytokine 
production in, and promotes resolution of, bacterial infection in mice. J. 
Immunol. 160, 299–307.

Bossaller, L., Chiang, P.-I., Schmidt-Lauber, C., Ganesan, S., Kaiser, W. J., 
Rathinam, V. A. K., et al. (2012). Cutting edge: FAS (CD95) mediates 
noncanonical IL-1β and IL-18 maturation via caspase-8 in an RIP3-independent 
manner. J. Immunol. 189, 5508–5512. doi: 10.4049/jimmunol.1202121

Bradley, L. M., Dalton, D. K., and Croft, M. (1996). A direct role for IFN-
gamma in regulation of Th1 cell development. J. Immunol. 157,  
1350–1358.

Broderick, L., de Nardo, D., Franklin, B. S., Hoffman, H. M., and Latz, E. 
(2015). The inflammasomes and autoinflammatory syndromes. Annu. Rev. 
Pathol. 10, 395–424. doi: 10.1146/annurev-pathol-012414-040431

Brodsky, I. E., Palm, N. W., Sadanand, S., Ryndak, M. B., Sutterwala, F. S., 
Flavell, R. A., et al. (2010). A yersinia effector protein promotes virulence 
by preventing inflammasome recognition of the type III secretion system. 
Cell Host Microbe 7, 376–387. doi: 10.1016/j.chom.2010.04.009

Broz, P. (2015). Inflammasome assembly: the wheels are turning. Cell Res. 
25:137. doi: 10.1038/cr.2015.137

Broz, P., and Dixit, V. M. (2016). Inflammasomes: mechanism of assembly, 
regulation and signalling. Nat. Rev. Immunol. 16, 407–420. doi: 10.1038/
nri.2016.58

Bruchard, M., Rebé, C., Derangère, V., Togbé, D., Ryffel, B., Boidot, R., et al. 
(2015). The receptor NLRP3 is a transcriptional regulator of TH2 differentiation. 
Nat. Immunol. 16, 859–870. doi: 10.1038/ni1215-1292a

Bueter, C. L., Lee, C. K., Rathinam, V. A. K., Healy, G. J., Taron, C. H., 
Specht, C. A., et al. (2011). Chitosan but not chitin activates the inflammasome 
by a mechanism dependent upon phagocytosis. J. Biol. Chem. 286, 
35447–35455. doi: 10.1074/jbc.M111.274936

Cayrol, C., and Girard, J.-P. (2009). The IL-1-like cytokine IL-33 is inactivated 
after maturation by caspase-1. Proc. Natl. Acad. Sci. 106, 9021–9026. doi: 
10.1073/pnas.0812690106

Chavarría-Smith, J., and Vance, R. E. (2013). Direct proteolytic cleavage of 
NLRP1B is necessary and sufficient for inflammasome activation by 
anthrax lethal factor. PLoS Pathog. 9:e1003452. doi: 10.1371/journal.
ppat.1003452

Chen, G. Y., and Nuñez, G. (2010). Sterile inflammation: sensing and reacting 
to damage. Nat. Rev. Immunol. 10, 826–837. doi: 10.1038/nri2873

Chizzolini, C., Chicheportiche, R., Burger, D., and Dayer, J.-M. (1997). Human 
Th1 cells preferentially induce interleukin (IL)-1β while Th2 cells induce 
IL-1 receptor antagonist production upon cell/cell contact with monocytes. 
Eur. J. Immunol. 27, 171–177. doi: 10.1002/eji.1830270125

Chui, A. J., Okondo, M. C., Rao, S. D., Gai, K., Griswold, A. R., Johnson, D. C., 
et al. (2019). N-terminal degradation activates the NLRP1B inflammasome. 
Science 364, 82–85. doi: 10.1126/science.aau1208

Clancy, D. M., Sullivan, G. P., Moran, H. B. T., Henry, C. M., Reeves, E. P., 
McElvaney, N. G., et al. (2018). Extracellular neutrophil proteases are efficient 
regulators of IL-1, IL-33, and IL-36 cytokine activity but poor effectors of 
microbial killing. Cell Rep. 22, 2937–2950. doi: 10.1016/j.celrep. 
2018.02.062

Clay, G. M., Sutterwala, F. S., and Wilson, M. E. (2014). NLR proteins and 
parasitic disease. Immunol. Res. 59, 142–152. doi: 10.1007/s12026-014-8544-x

Coeshott, C., Ohnemus, C., Pilyavskaya, A., Ross, S., Wieczorek, M., Kroona, H., 
et al. (1999). Converting enzyme-independent release of tumor necrosis 
factor and IL-1 from a stimulated human monocytic cell line in the presence 
of activated neutrophils or purified proteinase 3. Proc. Natl. Acad. Sci. 96, 
6261–6266.

Costa, A., Gupta, R., Signorino, G., Malara, A., Cardile, F., Biondo, C., et al. 
(2012). Activation of the NLRP3 inflammasome by group B streptococci. 
J. Immunol. 188, 1953–1960. doi: 10.4049/jimmunol.1102543

Cote-Sierra, J., Foucras, G., Guo, L., Chiodetti, L., Young, H. A., Hu-Li, J., 
et al. (2004). Interleukin 2 plays a central role in Th2 differentiation. Proc. 
Natl. Acad. Sci. 101, 3880–3885. doi: 10.1073/pnas.0400339101

Couper, K. N., Blount, D. G., and Riley, E. M. (2008). IL-10: the master 
regulator of immunity to infection. J. Immunol. 180, 5771–5777. doi: 10.4049/
jimmunol.180.9.5771

Coyle, A. J., Lloyd, C., Tian, J., Nguyen, T., Erikkson, C., Wang, L., et al. 
(1999). Crucial role of the interleukin 1 receptor family member T1/St2  in 
T helper cell type 2–mediated lung mucosal immune responses. J. Exp. 
Med. 190, 895–902. doi: 10.1084/jem.190.7.895

Crooke, S. N., Goergen, K. M., Ovsyannikova, I. G., and Kennedy, R. B. (2021). 
Inflammasome activity in response to influenza vaccination is maintained 
in monocyte-derived peripheral blood macrophages in older adults. Front. 
Aging 2:719103. doi: 10.3389/fragi.2021.719103

Curtis, M. M., and Way, S. S. (2009). Interleukin-17  in host defence against 
bacterial, mycobacterial and fungal pathogens. Immunology 126, 177–185. 
doi: 10.1111/j.1365-2567.2008.03017.x

D’Elios, M. M., Benagiano, M., Della Bella, C., and Amedei, A. (2011). T-cell 
response to bacterial agents. J. Infect. Dev. Ctries. 5, 640–645. doi: 10.3855/
jidc.2019

Daley, D., Mani, V. R., Mohan, N., Akkad, N., Pandian, G. S. D. B., Savadkar, S., 
et al. (2017). NLRP3 signaling drives macrophage-induced adaptive immune 
suppression in pancreatic carcinoma. J. Exp. Med. 214, 1711–1724. doi: 
10.1084/jem.20161707

Dinarello, C. A. (2018). Overview of the IL-1 family in innate inflammation 
and acquired immunity. Immunol. Rev. 281, 8–27. doi: 10.1111/imr.12624

Eigenbrod, T., and Dalpke, A. H. (2015). Bacterial RNA: an underestimated 
stimulus for innate immune responses. J. Immunol. 195, 411–418. doi: 
10.4049/jimmunol.1500530

Eisenbarth, S. C., and Flavell, R. A. (2009). Innate instruction of adaptive 
immunity revisited: the inflammasome. EMBO Mol. Med. 1, 92–98. doi: 
10.1002/emmm.200900014

El-Zayat, S. R., Sibaii, H., and Mannaa, F. A. (2019). Toll-like receptors activation, 
signaling, and targeting: an overview. Bull. Natl. Res. Cent. 43, 1–12. doi: 
10.1186/s42269-019-0227-2

Endrizzi, M. G., Hadinoto, V., Growney, J. D., Miller, W., and Dietrich, W. F. 
(2000). Genomic sequence analysis of the mouse Naip gene array. Genome 
Res. 10, 1095–1102.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.celrep.2018.03.097
https://doi.org/10.1016/j.celrep.2018.03.097
https://doi.org/10.1084/jem.20061886
https://doi.org/10.1084/jem.20061886
https://doi.org/10.4049/jimmunol.1300645
https://doi.org/10.1074/jbc.M115.652321
https://doi.org/10.1126/science.aad1210
https://doi.org/10.1126/science.aad1210
https://doi.org/10.1093/femsre/fuy025
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1038/ni.3099
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1074/jbc.274.19.12955
https://doi.org/10.3389/fimmu.2017.00254
https://doi.org/10.4049/jimmunol.1202121
https://doi.org/10.1146/annurev-pathol-012414-040431
https://doi.org/10.1016/j.chom.2010.04.009
https://doi.org/10.1038/cr.2015.137
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1038/ni1215-1292a
https://doi.org/10.1074/jbc.M111.274936
https://doi.org/10.1073/pnas.0812690106
https://doi.org/10.1371/journal.ppat.1003452
https://doi.org/10.1371/journal.ppat.1003452
https://doi.org/10.1038/nri2873
https://doi.org/10.1002/eji.1830270125
https://doi.org/10.1126/science.aau1208
https://doi.org/10.1016/j.celrep.2018.02.062
https://doi.org/10.1016/j.celrep.2018.02.062
https://doi.org/10.1007/s12026-014-8544-x
https://doi.org/10.4049/jimmunol.1102543
https://doi.org/10.1073/pnas.0400339101
https://doi.org/10.4049/jimmunol.180.9.5771
https://doi.org/10.4049/jimmunol.180.9.5771
https://doi.org/10.1084/jem.190.7.895
https://doi.org/10.3389/fragi.2021.719103
https://doi.org/10.1111/j.1365-2567.2008.03017.x
https://doi.org/10.3855/jidc.2019
https://doi.org/10.3855/jidc.2019
https://doi.org/10.1084/jem.20161707
https://doi.org/10.1111/imr.12624
https://doi.org/10.4049/jimmunol.1500530
https://doi.org/10.1002/emmm.200900014
https://doi.org/10.1186/s42269-019-0227-2


Martynova et al. Inflammasome Th1, Th2, and Th17 Immune Response

Frontiers in Microbiology | www.frontiersin.org 13 March 2022 | Volume 13 | Article 851835

Evavold, C. L., and Kagan, J. C. (2018). How inflammasomes inform adaptive 
immunity. J. Mol. Biol. 430, 217–237. doi: 10.1016/j.jmb.2017.09.019

Ewald, S. E., Chavarria-Smith, J., and Boothroyd, J. C. (2014). NLRP1 is an 
inflammasome sensor for toxoplasma gondii. Infect. Immun. 82, 460–468. 
doi: 10.1128/IAI.01170-13

Feriotti, C., de Araújo, E. F., Loures, F. V., da Costa, T. A., Galdino, N. A. L., 
Zamboni, D. S., et al. (2017). NOD-like receptor P3 inflammasome controls 
protective Th1/Th17 immunity against pulmonary paracoccidioidomycosis. 
Front. Immunol. 8:786. doi: 10.3389/fimmu.2017.00786

Fink, S. L., and Cookson, B. T. (2005). Apoptosis, pyroptosis, and necrosis: 
mechanistic description of dead and dying eukaryotic cells. Infect. Immun. 
73, 1907–1916. doi: 10.1128/IAI.73.4.1907-1916.2005

Fink, S. L., and Cookson, B. T. (2006). Caspase-1-dependent pore formation 
during pyroptosis leads to osmotic lysis of infected host macrophages. Cell. 
Microbiol. 8, 1812–1825. doi: 10.1111/j.1462-5822.2006.00751.x

Franchi, L., Amer, A., Body-Malapel, M., Kanneganti, T. D., Özören, N., 
Jagirdar, R., et al. (2006). Cytosolic flagellin requires Ipaf for activation of 
caspase-1 and interleukin 1β in salmonella-infected macrophages. Nat. 
Immunol. 7, 576–582. doi: 10.1038/ni1346

Fu, S., Zhang, N., Yopp, A. C., Chen, D., Mao, M., Chen, D., et al. (2004). 
TGF-beta induces Foxp3 + T-regulatory cells from CD4+ CD25− precursors. 
Am. J. Transplant. 4, 1614–1627. doi: 10.1111/j.1600-6143.2004.00566.x

Galán, J. E., and Wolf-Watz, H. (2006). Protein delivery into eukaryotic cells 
by type III secretion machines. Nature 444, 567–573. doi: 10.1038/nature05272

Gao, Y., Nish, S. A., Jiang, R., Hou, L., Licona-Limón, P., Weinstein, J. S., 
et al. (2013). Control of T helper 2 responses by transcription factor IRF4-
dependent dendritic cells. Immunity 39, 722–732. doi: 10.1016/j.
immuni.2013.08.028

Garlanda, C., Dinarello, C. A., and Mantovani, A. (2013). The interleukin-1 
family: back to the future. Immunity 39, 1003–1018. doi: 10.1016/j.
immuni.2013.11.010

Gazzinelli, R. T., Wysocka, M., Hieny, S., Scharton-Kersten, T., Cheever, A., 
Kühn, R., et al. (1996). In the absence of endogenous IL-10, mice acutely 
infected with toxoplasma gondii succumb to a lethal immune response 
dependent on CD4+ T cells and accompanied by overproduction of IL-12, 
IFN-gamma and TNF-alpha. J. Immunol. 157, 798–805.

Ghayur, T., Banerjee, S., Hugunin, M., Butler, D., Herzog, L., Carter, A., et al. 
(1997). Caspase-1 processes IFN-γ-inducing factor and regulates LPS-induced 
IFN-γ production. Nature 386, 619–623. doi: 10.1038/386619a0

Girardi, M., Oppenheim, D. E., Steele, C. R., Lewis, J. M., Glusac, E., Filler, R., 
et al. (2001). Regulation of cutaneous malignancy by γδ T cells. Science 
294, 3031–3035. doi: 10.1126/science.1063916

Girardin, S. E., Boneca, I. G., Carneiro, L. A. M., Antignac, A., Jéhanno, M., 
Viala, J., et al. (2003). Nod1 detects a unique muropeptide from gram-
negative bacterial peptidoglycan. Science 300, 1584–1587. doi: 10.1126/
science.1084677

Gong, T., Yang, Y., Jin, T., Jiang, W., and Zhou, R. (2018). Orchestration of 
NLRP3 inflammasome activation by ion fluxes. Trends Immunol. 39, 393–406. 
doi: 10.1016/j.it.2018.01.009

Greenhill, C. J., Jones, G. W., Nowell, M. A., Newton, Z., Harvey, A. K., 
Moideen, A. N., et al. (2014). Interleukin-10 regulates the inflammasome-
driven augmentation of inflammatory arthritis and joint destruction. Arthritis 
Res. Ther. 16:419. doi: 10.1186/s13075-014-0419-y

Gregory, S. M., Davis, B. K., West, J. A., Taxman, D. J., Matsuzawa, S., Reed, J. C., 
et al. (2011). Discovery of a viral NLR homolog that inhibits the inflammasome. 
Science 331, 330–334. doi: 10.1126/science.1199478

Gringhuis, S. I., Kaptein, T. M., Wevers, B. A., Theelen, B., van der Vlist, M., 
Boekhout, T., et al. (2012). Dectin-1 is an extracellular pathogen sensor 
for the induction and processing of IL-1β via a noncanonical caspase-8 
inflammasome. Nat. Immunol. 13, 246–254. doi: 10.1038/ni.2222

Gu, Y., Kuida, K., Tsutsui, H., Ku, G., Hsiao, K., Fleming, M. A., et al. (1997). 
Activation of interferon-γ inducing factor mediated by interleukin-1β converting 
enzyme. Science 275, 206–209. doi: 10.1126/science.275.5297.206

Gurung, P., Karki, R., Vogel, P., Watanabe, M., Bix, M., Lamkanfi, M., et al. 
(2015a). An NLRP3 inflammasome–triggered Th2-biased adaptive immune 
response promotes leishmaniasis. J. Clin. Investig. 125, 1329–1338. doi: 
10.1172/JCI79526

Gurung, P., Li, B., Subbarao Malireddi, R. K., Lamkanfi, M., Geiger, T. L., and 
Kanneganti, T.-D. (2015b). Chronic TLR stimulation controls NLRP3 

inflammasome activation through IL-10 mediated regulation of NLRP3 
expression and caspase-8 activation. Sci. Rep. 5:14488. doi: 10.1038/srep14488

Gutcher, I., and Becher, B. (2007). APC-derived cytokines and T cell polarization 
in autoimmune inflammation. J. Clin. Investig. 117, 1119–1127. doi: 10.1172/
JCI31720

Hafner-Bratkovič, I., and Pelegrín, P. (2018). Ion homeostasis and ion channels 
in NLRP3 inflammasome activation and regulation. Curr. Opin. Immunol. 
52, 8–17. doi: 10.1016/j.coi.2018.03.010

Hammers, C. M., Bieber, K., Kalies, K., Banczyk, D., Ellebrecht, C. T., 
Ibrahim, S. M., et al. (2011). Complement-fixing anti-type VII collagen 
antibodies are induced in Th1-polarized lymph nodes of epidermolysis bullosa 
acquisita-susceptible mice. J. Immunol. 187, 5043–5050. doi: 10.4049/
jimmunol.1100796

Hamza, T., Barnett, J. B., and Li, B. (2010). Interleukin 12 a key immunoregulatory 
cytokine in infection applications. Int. J. Mol. Sci. 11, 789–806. doi: 10.3390/
ijms11030789

Harton, J. A., Linhoff, M. W., Zhang, J., and Ting, J. P.-Y. (2002). Cutting 
edge: caterpiller: a large family of mammalian genes containing CARD, 
pyrin, nucleotide-binding, and leucine-rich repeat domains. J. Immunol. 169, 
4088–4093. doi: 10.4049/jimmunol.169.8.4088

Hasegawa, M., Fujimoto, Y., Lucas, P. C., Nakano, H., Fukase, K., Núñez, G., 
et al. (2008). A critical role of RICK/RIP2 polyubiquitination in nod-induced 
NF-κB activation. EMBO J. 27, 373–383. doi: 10.1038/sj.emboj.7601962

Hatscher, L., Lehmann, C. H. K., Purbojo, A., Onderka, C., Liang, C., Hartmann, A., 
et al. (2021). Select hyperactivating NLRP3 ligands enhance the TH1-and 
TH17-inducing potential of human type 2 conventional dendritic cells. Sci. 
Signal. 14:eabe1757. doi: 10.1126/scisignal.abe1757

He, W. T., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., et al. (2015). 
Gasdermin D is an executor of pyroptosis and required for interleukin-1β 
secretion. Cell Res. 25, 1285–1298. doi: 10.1038/cr.2015.139

Hermanutz, K. D., Lindstaedt, H., and Miederer, S. E. (1978). Intramural 
pseudo-diverticulosis of the oesophagus (author’s transl). RoFo 128, 115–118. 
doi: 10.1055/s-0029-1230805

Hernandez-Pigeon, H., Jean, C., Charruyer, A., Haure, M.-J., Baudouin, C., 
Charveron, M., et al. (2007). UVA induces granzyme B in human keratinocytes 
through MIF. J. Biol. Chem. 282, 8157–8164. doi: 10.1074/jbc.M607436200

Hernandez-Pigeon, H., Jean, C., Charruyer, A., Haure, M.-J., Titeux, M., 
Tonasso, L., et al. (2006). Human keratinocytes acquire cellular cytotoxicity 
under UV-B irradiation. J. Biol. Chem. 281, 13525–13532. doi: 10.1074/jbc.
M512694200

Heymann, M. C., Rabe, S., Ruß, S., Kapplusch, F., Schulze, F., Stein, R., et al. 
(2015). Fluorescent tags influence the enzymatic activity and subcellular 
localization of procaspase-1. Clin. Immunol. 160, 172–179. doi: 10.1016/j.
clim.2015.05.011

Hu, Z., Zhou, Q., Zhang, C., Fan, S., Cheng, W., Zhao, Y., et al. (2015). 
Structural and biochemical basis for induced self-propagation of NLRC4. 
Science 350, 399–404. doi: 10.1126/science.aac5489

Huang, H., Hao, S., Li, F., Ye, Z., Yang, J., and Xiang, J. (2007). CD4 + Th1 
cells promote CD8 + Tc1 cell survival, memory response, tumor localization 
and therapy by targeted delivery of interleukin 2 via acquired pMHC 
I complexes. Immunology 120, 148–159. doi: 10.1111/j.1365-2567.2006.02452.x

Huang, W., Na, L., Fidel, P. L., and Schwarzenberger, P. (2004). Requirement 
of interleukin-17A for systemic anti–candida albicans host defense in mice. 
J. Infect. Dis. 190, 624–631. doi: 10.1086/422329

Hunter, C. A., Ellis-Neyes, L. A., Slifer, T., Kanaly, S., Grünig, G., Fort, M., 
et al. (1997). IL-10 is required to prevent immune hyperactivity during 
infection with Trypanosoma cruzi. J. Immunol. 158, 3311–3316.

Inouye, B. M., Hughes, F. M., Sexton, S. J., and Purves, J. T. (2018). The 
emerging role of inflammasomes as central mediators in inflammatory bladder 
pathology. Curr. Urol. 11, 57–72. doi: 10.1159/000447196

Ip, W. K. E., Hoshi, N., Shouval, D. S., Snapper, S., and Medzhitov, R. (2017). 
Anti-inflammatory effect of IL-10 mediated by metabolic reprogramming 
of macrophages. Science 356, 513–519. doi: 10.1126/science.aal3535

Ivanov, K., Garanina, E., Rizvanov, A., and Khaiboullina, S. (2020). Inflammasomes 
as targets for adjuvants. Pathogens 9:252. doi: 10.3390/pathogens9040252

Ivanov, I. I., McKenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille, J. J., 
et al. (2006). The orphan nuclear receptor RORγt directs the differentiation 
program of proinflammatory IL-17+ T helper cells. Cell 126, 1121–1133. 
doi: 10.1016/j.cell.2006.07.035

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.jmb.2017.09.019
https://doi.org/10.1128/IAI.01170-13
https://doi.org/10.3389/fimmu.2017.00786
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.1111/j.1462-5822.2006.00751.x
https://doi.org/10.1038/ni1346
https://doi.org/10.1111/j.1600-6143.2004.00566.x
https://doi.org/10.1038/nature05272
https://doi.org/10.1016/j.immuni.2013.08.028
https://doi.org/10.1016/j.immuni.2013.08.028
https://doi.org/10.1016/j.immuni.2013.11.010
https://doi.org/10.1016/j.immuni.2013.11.010
https://doi.org/10.1038/386619a0
https://doi.org/10.1126/science.1063916
https://doi.org/10.1126/science.1084677
https://doi.org/10.1126/science.1084677
https://doi.org/10.1016/j.it.2018.01.009
https://doi.org/10.1186/s13075-014-0419-y
https://doi.org/10.1126/science.1199478
https://doi.org/10.1038/ni.2222
https://doi.org/10.1126/science.275.5297.206
https://doi.org/10.1172/JCI79526
https://doi.org/10.1038/srep14488
https://doi.org/10.1172/JCI31720
https://doi.org/10.1172/JCI31720
https://doi.org/10.1016/j.coi.2018.03.010
https://doi.org/10.4049/jimmunol.1100796
https://doi.org/10.4049/jimmunol.1100796
https://doi.org/10.3390/ijms11030789
https://doi.org/10.3390/ijms11030789
https://doi.org/10.4049/jimmunol.169.8.4088
https://doi.org/10.1038/sj.emboj.7601962
https://doi.org/10.1126/scisignal.abe1757
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1055/s-0029-1230805
https://doi.org/10.1074/jbc.M607436200
https://doi.org/10.1074/jbc.M512694200
https://doi.org/10.1074/jbc.M512694200
https://doi.org/10.1016/j.clim.2015.05.011
https://doi.org/10.1016/j.clim.2015.05.011
https://doi.org/10.1126/science.aac5489
https://doi.org/10.1111/j.1365-2567.2006.02452.x
https://doi.org/10.1086/422329
https://doi.org/10.1159/000447196
https://doi.org/10.1126/science.aal3535
https://doi.org/10.3390/pathogens9040252
https://doi.org/10.1016/j.cell.2006.07.035


Martynova et al. Inflammasome Th1, Th2, and Th17 Immune Response

Frontiers in Microbiology | www.frontiersin.org 14 March 2022 | Volume 13 | Article 851835

Jarvis, J. N., Casazza, J. P., Stone, H. H., Meintjes, G., Lawn, S. D., Levitz, S. M., 
et al. (2013). The phenotype of the cryptococcus-specific CD4+ memory 
T-cell response is associated with disease severity and outcome in HIV-
associated cryptococcal meningitis. J. Infect. Dis. 207, 1817–1828. doi: 10.1093/
infdis/jit099

Joly, S., and Sutterwala, F. S. (2010). Fungal pathogen recognition by the NLRP3 
inflammasome. Virulence 1, 276–280.

Joss, A., Akdis, M., Faith, A., Blaser, K., and Akdis, C. A. (2000). IL-10 directly 
acts on T cells by specifically altering the CD28 co-stimulation pathway. 
Eur. J. Immunol. 30, 1683–1690. doi: 10.1002/1521-4141(200006)30:6<1683:: 
AID-IMMU1683>3.0.CO;2-A

Kang, S.-J., Wang, S., Hara, H., Peterson, E. P., Namura, S., Amin-Hanjani, S., 
et al. (2000). Dual role of caspase-11  in mediating activation of caspase-1 
and caspase-3 under pathological conditions. J. Cell Biol. 149, 613–622. doi: 
10.1083/jcb.149.3.613

Kaplan, M. H., Schindler, U., Smiley, S. T., and Grusby, M. J. (1996). Stat6 is 
required for mediating responses to IL-4 and for the development of Th2 
cells. Immunity 4, 313–319. doi: 10.1016/S1074-7613(00)80439-2

Kasahara, T., Hooks, J. J., Dougherty, S. F., and Oppenheim, J. J. (1983). 
Interleukin 2-mediated immune interferon (IFN-gamma) production by 
human T cells and T cell subsets. J. Immunol. 130, 1784–1789.

Kasper, L., König, A., Koenig, P. A., Gresnigt, M. S., Westman, J., Drummond, R. A., 
et al. (2018). The fungal peptide toxin Candidalysin activates the NLRP3 
inflammasome and causes cytolysis in mononuclear phagocytes. Nat. Commun. 
9:4260. doi: 10.1038/s41467-018-06607-1

Katsnelson, M. A., Rucker, L. G., Russo, H. M., and Dubyak, G. R. (2015). 
K+ efflux agonists induce NLRP3 inflammasome activation independently 
of Ca2+ signaling. J. Immunol. 194, 3937–3952. doi: 10.4049/jimmunol.1402658

Kawai, T., and Akira, S. (2009). The roles of TLRs, RLRs and NLRs in pathogen 
recognition. Int. Immunol. 21, 317–337. doi: 10.1093/intimm/dxp017

Kebaier, C., Chamberland, R. R., Allen, I. C., Gao, X., Broglie, P. M., Hall, J. D., 
et al. (2012). Staphylococcus aureus α-hemolysin mediates virulence in a 
murine model of severe pneumonia through activation of the NLRP3 
inflammasome. J. Infect. Dis. 205, 807–817. doi: 10.1093/infdis/jir846

Khan, T. A., Mazhar, H., Saleha, S., Tipu, H. N., Muhammad, N., and Abbas, M. N. 
(2016). Interferon-gamma improves macrophages function against M. 
tuberculosis in multidrug-resistant tuberculosis patients. Chemother. Res. Pract. 
2016:7295390. doi: 10.1155/2016/7295390

Kim, J.-J., and Jo, E.-K. (2013). NLRP3 inflammasome and host protection 
against bacterial infection. J. Korean Med. Sci. 28:1415. doi: 10.3346/
jkms.2013.28.10.1415

Kisuya, J., Chemtai, A., Raballah, E., Keter, A., and Ouma, C. (2019). The 
diagnostic accuracy of Th1 (IFN-γ, TNF-α, and IL-2) and Th2 (IL-4, IL-6 
and IL-10) cytokines response in AFB microscopy smear negative PTB- HIV 
co-infected patients. Sci. Rep. 9:2966. doi: 10.1038/s41598-019-39048-x

Kofoed, E. M., and Vance, R. E. (2011). Innate immune recognition of bacterial 
ligands by NAIPs determines inflammasome specificity. Nature 477, 592–595. 
doi: 10.1038/nature10394

Kohno, K., Kataoka, J., Ohtsuki, T., Suemoto, Y., Okamoto, I., Usui, M., et al. 
(1997). IFN-gamma-inducing factor (IGIF) is a costimulatory factor on the 
activation of Th1 but not Th2 cells and exerts its effect independently of 
IL-12. J. Immunol. 158, 1541–1550.

Korkmaz, B., Horwitz, M. S., Jenne, D. E., and Gauthier, F. (2010). Neutrophil 
elastase, proteinase 3, and cathepsin G as therapeutic targets in human 
diseases. Pharmacol. Rev. 62, 726–759. doi: 10.1124/pr.110.002733

Korn, T., Bettelli, E., Gao, W., Awasthi, A., Jäger, A., Strom, T. B., et al. (2007). 
IL-21 initiates an alternative pathway to induce proinflammatory TH17 cells. 
Nature 448, 484–487. doi: 10.1038/nature05970

Korn, T., Mitsdoerffer, M., Croxford, A. L., Awasthi, A., Dardalhon, V. A., 
Galileos, G., et al. (2008). IL-6 controls Th17 immunity in vivo by inhibiting 
the conversion of conventional T cells into Foxp3+ regulatory T cells. Proc. 
Natl. Acad. Sci. 105, 18460–18465. doi: 10.1073/pnas.0809850105

Kortmann, J., Brubaker, S. W., and Monack, D. M. (2015). Cutting edge: 
inflammasome activation in primary human macrophages is dependent on 
flagellin. J. Immunol. 195, 815–819. doi: 10.4049/jimmunol.1403100

Kostura, M. J., Tocci, M. J., Limjuco, G., Chin, J., Cameron, P., Hillman, A. G., 
et al. (1989). Identification of a monocyte specific pre-interleukin 1 beta 
convertase activity. Proc. Natl. Acad. Sci. 86, 5227–5231. doi: 10.1073/
pnas.86.14.5227

Kovarova, M., Hesker, P. R., Jania, L., Nguyen, M., Snouwaert, J. N., Xiang, Z., 
et al. (2012). NLRP1-dependent pyroptosis leads to acute lung injury and 
morbidity in mice. J. Immunol. 189, 2006–2016. doi: 10.4049/jimmunol.1201065

Kummer, J. A., Broekhuizen, R., Everett, H., Agostini, L., Kuijk, L., Martinon, F., 
et al. (2007). Inflammasome components NALP  1 and 3 show distinct but 
separate expression profiles in human tissues suggesting a site-specific role 
in the inflammatory response. J. Histochem. Cytochem. 55, 443–452. doi: 
10.1369/jhc.6A7101.2006

Lamkanfi, M., and Dixit, V. M. (2014). Mechanisms and functions of 
inflammasomes. Cell 157, 1013–1022. doi: 10.1016/j.cell.2014.04.007

Langrish, C. L., Chen, Y., Blumenschein, W. M., Mattson, J., Basham, B., 
Sedgwick, J. D., et al. (2005). IL-23 drives a pathogenic T cell population 
that induces autoimmune inflammation. J. Exp. Med. 201, 233–240. doi: 
10.1084/jem.20041257

Laouini, D., Alenius, H., Bryce, P., Oettgen, H., Tsitsikov, E., and Geha, R. S. 
(2003). IL-10 is critical for Th2 responses in a murine model of allergic 
dermatitis. J. Clin. Investig. 112, 1058–1066. doi: 10.1172/JCI18246

Latourte, A., Cherifi, C., Maillet, J., Ea, H.-K., Bouaziz, W., Funck-Brentano, T., 
et al. (2017). Systemic inhibition of IL-6/Stat3 signalling protects against 
experimental osteoarthritis. Ann. Rheum. Dis. 76, 748–755. doi: 10.1136/
annrheumdis-2016-209757

Lee, Y., Awasthi, A., Yosef, N., Quintana, F. J., Xiao, S., Peters, A., et al. (2012). 
Induction and molecular signature of pathogenic TH17 cells. Nat. Immunol. 
13, 991–999. doi: 10.1038/ni.2416

Lee, G. R., Fields, P. E., and Flavell, R. A. (2001). Regulation of IL-4 gene 
expression by distal regulatory elements and GATA-3 at the chromatin level. 
Immunity 14, 447–459. doi: 10.1016/S1074-7613(01)00125-X

Lee, M. S., Kwon, H., Lee, E. Y., Kim, D. J., Park, J. H., Tesh, V. L., et al. 
(2015). Shiga toxins activate the NLRP3 inflammasome pathway to promote 
both production of the proinflammatory cytokine interleukin-1β and apoptotic 
cell death. Infect. Immun. 84, 172–186. doi: 10.1128/IAI.01095-15

Li, W., Chen, H., Sutton, T., Obadan, A., and Perez, D. R. (2014). Interactions 
between the influenza A virus RNA polymerase components and retinoic 
acid-inducible gene I. J. Virol. 88, 10432–10447. doi: 10.1128/JVI 
.01383-14

Li-Weber, M., and Krammer, P. H. (2003). Regulation of IL4 gene expression 
by T cells and therapeutic perspectives. Nat. Rev. Immunol. 3, 534–543. 
doi: 10.1038/nri1128

Li, H., Nookala, S., and Re, F. (2007). Aluminum hydroxide adjuvants activate 
caspase-1 and induce IL-1β and IL-18 release. J. Immunol. 178, 5271–5276. 
doi: 10.4049/jimmunol.178.8.5271

Li, D., and Wu, M. (2021). Pattern recognition receptors in health and diseases. 
Signal Transduct. Target. Ther. 6:291. doi: 10.1038/s41392-021-00687-0

Liao, W., Lin, J.-X., Wang, L., Li, P., and Leonard, W. J. (2011). Modulation 
of cytokine receptors by IL-2 broadly regulates differentiation into helper 
T cell lineages. Nat. Immunol. 12, 551–559. doi: 10.1038/ni.2030

Lightfield, K. L., Persson, J., Brubaker, S. W., Witte, C. E., von Moltke, J., 
Dunipace, E. A., et al. (2008). Critical function for Naip5  in inflammasome 
activation by a conserved carboxy-terminal domain of flagellin. Nat. Immunol. 
24, 1171–1178. doi: 10.1038/ni.1646

Lin, C.-C., Bradstreet, T. R., Schwarzkopf, E. A., Jarjour, N. N., Chou, C., 
Archambault, A. S., et al. (2016). IL-1–induced Bhlhe40 identifies pathogenic 
T helper cells in a model of autoimmune neuroinflammation. J. Exp. Med. 
213, 251–271. doi: 10.1084/jem.20150568

Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V. G., Wu, H., et al. (2016). 
Inflammasome-activated gasdermin D causes pyroptosis by forming membrane 
pores. Nature 535, 153–158. doi: 10.1038/nature18629

Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012). CD4 + T 
cells: differentiation and functions. Clin. Dev. Immunol. 2012, 1–12. doi: 
10.1155/2012/925135

Lupfer, C., and Kanneganti, T.-D. (2013). The expanding role of NLRs in 
antiviral immunity. Immunol. Rev. 255, 13–24. doi: 10.1111/imr.12089

Ma, D., Huang, H., and Huang, Z. (2010). STAT1 signaling is required for 
optimal Th1 cell differentiation in mice. Chin. Sci. Bull. 55, 1032–1040. doi: 
10.1007/s11434-010-0030-9

Manel, N., Unutmaz, D., and Littman, D. R. (2008). The differentiation of 
human TH-17 cells requires transforming growth factor-β and induction 
of the nuclear receptor RORγt. Nat. Immunol. 9, 641–649. doi: 10.1038/
ni.1610

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1093/infdis/jit099
https://doi.org/10.1093/infdis/jit099
https://doi.org/10.1002/1521-4141(200006)30:6<1683::AID-IMMU1683>3.0.CO;2-A
https://doi.org/10.1002/1521-4141(200006)30:6<1683::AID-IMMU1683>3.0.CO;2-A
https://doi.org/10.1083/jcb.149.3.613
https://doi.org/10.1016/S1074-7613(00)80439-2
https://doi.org/10.1038/s41467-018-06607-1
https://doi.org/10.4049/jimmunol.1402658
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.1093/infdis/jir846
https://doi.org/10.1155/2016/7295390
https://doi.org/10.3346/jkms.2013.28.10.1415
https://doi.org/10.3346/jkms.2013.28.10.1415
https://doi.org/10.1038/s41598-019-39048-x
https://doi.org/10.1038/nature10394
https://doi.org/10.1124/pr.110.002733
https://doi.org/10.1038/nature05970
https://doi.org/10.1073/pnas.0809850105
https://doi.org/10.4049/jimmunol.1403100
https://doi.org/10.1073/pnas.86.14.5227
https://doi.org/10.1073/pnas.86.14.5227
https://doi.org/10.4049/jimmunol.1201065
https://doi.org/10.1369/jhc.6A7101.2006
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1084/jem.20041257
https://doi.org/10.1172/JCI18246
https://doi.org/10.1136/annrheumdis-2016-209757
https://doi.org/10.1136/annrheumdis-2016-209757
https://doi.org/10.1038/ni.2416
https://doi.org/10.1016/S1074-7613(01)00125-X
https://doi.org/10.1128/IAI.01095-15
https://doi.org/10.1128/JVI.01383-14
https://doi.org/10.1128/JVI.01383-14
https://doi.org/10.1038/nri1128
https://doi.org/10.4049/jimmunol.178.8.5271
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1038/ni.2030
https://doi.org/10.1038/ni.1646
https://doi.org/10.1084/jem.20150568
https://doi.org/10.1038/nature18629
https://doi.org/10.1155/2012/925135
https://doi.org/10.1111/imr.12089
https://doi.org/10.1007/s11434-010-0030-9
https://doi.org/10.1038/ni.1610
https://doi.org/10.1038/ni.1610


Martynova et al. Inflammasome Th1, Th2, and Th17 Immune Response

Frontiers in Microbiology | www.frontiersin.org 15 March 2022 | Volume 13 | Article 851835

Mangan, P. R., Harrington, L. E., O’Quinn, D. B., Helms, W. S., Bullard, D. C., 
Elson, C. O., et al. (2006). Transforming growth factor-β induces development 
of the TH17 lineage. Nature 441, 231–234. doi: 10.1038/nature04754

Mankan, A. K., and Hornung, V. (2013). “Mechanisms of IL-1β maturation 
in neutrophils,” in Innate Immunity: Resistance and Disease-Promoting Principles. 
Vol. 4. eds. G. Hartmann and H. Wagner (Karger Publishers), 15–23.

Månsson Kvarnhammar, A., Tengroth, L., Adner, M., and Cardell, L. O. (2013). 
Innate immune receptors in human airway smooth muscle cells: activation 
by TLR1/2, TLR3, TLR4, TLR7 and NOD1 agonists. PLoS One 8:e68701. 
doi: 10.1371/journal.pone.0068701

Mariathasan, S., Hewton, K., Monack, D. M., Vucic, D., French, D. M., Lee, W. P., 
et al. (2004). Differential activation of the inflammasome by caspase-1 
adaptors ASC and Ipaf. Nature 430, 213–218. doi: 10.1038/nature02664

Mariathasan, S., Weiss, D. S., Newton, K., McBride, J., O’Rourke, K., 
Roose-Girma, M., et al. (2006). Cryopyrin activates the inflammasome 
in response to toxins and ATP. Nature 440, 228–232. doi: 10.1038/
nature04515

Martin, S. J., Henry, C. M., and Cullen, S. P. (2012). A perspective on mammalian 
caspases as positive and negative regulators of inflammation. Mol. Cell 46, 
387–397. doi: 10.1016/j.molcel.2012.04.026

Martinon, F., Burns, K., and Tschopp, J. (2002). The Inflammasome: a molecular 
platform triggering activation of inflammatory caspases and processing of 
proIL-β. Mol. Cell 10, 417–426. doi: 10.1016/S1097-2765(02)00599-3

Martinon, F., Pétrilli, V., Mayor, A., Tardivel, A., and Tschopp, J. (2006). Gout-
associated uric acid crystals activate the NALP3 inflammasome. Nature 440, 
237–241. doi: 10.1038/nature04516

Marty-Roix, R., Vladimer, G. I., Pouliot, K., Weng, D., Buglione-Corbett, R., 
West, K., et al. (2016). Identification of QS-21 as an inflammasome-activating 
molecular component of saponin adjuvants. J. Biol. Chem. 291, 1123–1136. 
doi: 10.1074/jbc.M115.683011

Masters, S. L., Mielke, L. A., Cornish, A. L., Sutton, C. E., O’Donnell, J., 
Cengia, L. H., et al. (2010). Regulation of interleukin-1β by interferon-γ is 
species specific, limited by suppressor of cytokine signalling 1 and influences 
interleukin-17 production. EMBO Rep. 11, 640–646. doi: 10.1038/embor.2010.93

Matsushita, H., Hosoi, A., Ueha, S., Abe, J., Fujieda, N., Tomura, M., et al. 
(2015). Cytotoxic T lymphocytes block tumor growth both by lytic activity 
and IFNγ-dependent cell-cycle arrest. Cancer Immunol. Res. 3, 26–36. doi: 
10.1158/2326-6066.CIR-14-0098

McDonald, C., Inohara, N., and Nuñez, G. (2005). Peptidoglycan signaling in 
innate immunity and inflammatory disease. J. Biol. Chem. 280, 20177–20180. 
doi: 10.1074/jbc.R500001200

Medzhitov, R., and Janeway, C. A. (2002). Decoding the patterns of self and 
nonself by the innate immune system. Science 296, 298–300. doi: 10.1126/
science.1068883

Miao, E. A., Alpuche-Aranda, C. M., Dors, M., Clark, A. E., Bader, M. W., 
Miller, S. I., et al. (2006). Cytoplasmic flagellin activates caspase-1 and 
secretion of interleukin 1β via Ipaf. Nat. Immunol. 7, 569–575. doi: 10.1038/
ni1344

Miao, E. A., Ernst, R. K., Dors, M., Mao, D. P., and Aderem, A. (2008). 
Pseudomonas aeruginosa activates caspase 1 through Ipaf. Proc. Natl. Acad. 
Sci. 105, 2562–2567. doi: 10.1073/pnas.0712183105

Miller, T., Cudkowicz, M., Shaw, P. J., Andersen, P. M., Atassi, N., Bucelli, R. C., 
et al. (2020). Phase 1–2 trial of antisense oligonucleotide tofersen for SOD1 
ALS. N. Engl. J. Med. 383, 109–119. doi: 10.1056/NEJMoa2003715

Mizushina, Y., Karasawa, T., Aizawa, K., Kimura, H., Watanabe, S., Kamata, R., 
et al. (2019). Inflammasome-independent and atypical processing of IL-1β 
contributes to acid aspiration–induced acute lung injury. J. Immunol. 203, 
236–246. doi: 10.4049/jimmunol.1900168

Moriyama, K., and Nishida, O. (2021). Targeting cytokines, pathogen-associated 
molecular patterns, and damage-associated molecular patterns in sepsis via 
blood purification. Int. J. Mol. Sci. 22:8882. doi: 10.3390/ijms22168882

Murakami-Satsutani, N., Ito, T., Nakanishi, T., Inagaki, N., Tanaka, A., Vien, P. T. X., 
et al. (2014). IL-33 promotes the induction and maintenance of Th2 immune 
responses by enhancing the function of OX40 ligand. Allergol. Int. 63, 
443–455. doi: 10.2332/allergolint.13-OA-0672

Naka, T., Tsutsui, H., Fujimoto, M., Kawazoe, Y., Kohzaki, H., Morita, Y., et al. 
(2001). SOCS-1/SSI-1-deficient NKT cells participate in severe hepatitis 
through dysregulated cross-talk inhibition of IFN-γ and IL-4 signaling in vivo. 
Immunity 14, 535–545. doi: 10.1016/S1074-7613(01)00132-7

Nakanishi, K. (2018). Unique action of interleukin-18 on T cells and other 
immune cells. Front. Immunol. 9:763. doi: 10.3389/fimmu.2018.00763

Nakanishi, K., Yoshimoto, T., Tsutsui, H., and Okamura, H. (2001). Interleukin-18 
regulates both Th1 and Th2 responses. Annu. Rev. Immunol. 19, 423–474. 
doi: 10.1146/annurev.immunol.19.1.423

Neiman-Zenevich, J., Stuart, S., Abdel-Nour, M., Girardin, S. E., and Mogridge, J. 
(2017). Listeria monocytogenes and Shigella flexneri activate the NLRP1B 
inflammasome. Infect. Immun. 85, e00338–e00417. doi: 10.1128/IAI. 
00338-17

Nelson, D. R., Lauwers, G. Y., Lau, J. Y. N., and Davis, G. L. (2000). Interleukin 
10 treatment reduces fibrosis in patients with chronic hepatitis C: a pilot 
trial of interferon nonresponders. Gastroenterology 118, 655–660. doi: 10.1016/
S0016-5085(00)70134-X

Nishikomori, R., Usui, T., Wu, C.-Y., Morinobu, A., O’Shea, J. J., and Strober, W. 
(2002). Activated STAT4 has an essential role in Th1 differentiation and 
proliferation that is independent of its role in the maintenance of IL-12Rβ2 
chain expression and signaling. J. Immunol. 169, 4388–4398. doi: 10.4049/
jimmunol.169.8.4388

Nurieva, R., Yang, X. O., Martinez, G., Zhang, Y., Panopoulos, A. D., Ma, L., 
et al. (2007). Essential autocrine regulation by IL-21  in the generation of 
inflammatory T cells. Nature 448, 480–483. doi: 10.1038/nature05969

O’Neill, L. A. J. (2003). Therapeutic targeting of toll-like receptors for inflammatory 
and infectious diseases. Curr. Opin. Pharmacol. 3, 396–403. doi: 10.1016/
s1471-4892(03)00080-8

O’Reilly, S., Ciechomska, M., Cant, R., and van Laar, J. M. (2014). Interleukin-6 
(IL-6) trans signaling drives a STAT3-dependent pathway that leads to 
hyperactive transforming growth factor-β (TGF-β) signaling promoting 
SMAD3 activation and fibrosis via gremlin protein. J. Biol. Chem. 289, 
9952–9960. doi: 10.1074/jbc.M113.545822

O’Sullivan, B. J., Thomas, H. E., Pai, S., Santamaria, P., Iwakura, Y., Steptoe, R. J., 
et al. (2006). IL-1β breaks tolerance through expansion of CD25 + effector 
T cells. J. Immunol. 176, 7278–7287. doi: 10.4049/jimmunol.176.12.7278

Okamura, H., Tsutsul, H., Komatsu, T., Yutsudo, M., Tanimoto, T., Torigoe, K., 
et al. (1995). Cloning of a new cytokine that induces IFN-gamma production 
by T cells. Nature 378, 88–91. doi: 10.1038/378088a0

Oriss, T. B., McCarthy, S. A., Morel, B. F., Campana, M. A., and Morel, P. A. 
(1997). Crossregulation between T helper cell (Th)1 and Th2: inhibition of 
Th2 proliferation by IFN-gamma involves interference with IL-1. J. Immunol. 
158, 3666–3672.

Plaetinck, G., Combe, M. C., Corthésy, P., Sperisen, P., Kanamori, H., Honjo, T., 
et al. (1990). Control of IL-2 receptor-alpha expression by IL-1, tumor 
necrosis factor, and IL-2. Complex regulation via elements in the 5′ flanking 
region. J. Immunol. 145, 3340–3347.

Poyet, J. L., Srinivasula, S. M., Tnani, M., Razmara, M., Fernandes-Alnemri, T., 
and Alnemri, E. S. (2001). Identification of Ipaf, a human caspase-1-activating 
protein related to Apaf-1. J. Biol. Chem. 276, 28309–28313. doi: 10.1074/
jbc.C100250200

Qin, H., Wang, L., Feng, T., Elson, C. O., Niyongere, S. A., Lee, S. J., et al. 
(2009). TGF-β promotes Th17 cell development through inhibition of SOCS3. 
J. Immunol. 183, 97–105. doi: 10.4049/jimmunol.0801986

Rathinam, V. A. K., Vanaja, S. K., and Fitzgerald, K. A. (2012). Regulation of 
inflammasome signaling. Nat. Immunol. 13, 333–342. doi: 10.1038/ni.2237

Rauch, I., Tenthorey, J. L., Nichols, R. D., Al Moussawi, K., Kang, J. J., Kang, C., 
et al. (2016). NAIP proteins are required for cytosolic detection of specific 
bacterial ligands in vivo. J. Exp. Med. 213, 657–665. doi: 10.1084/jem.20151809

Rayamajhi, M., Zak, D. E., Chavarria-Smith, J., Vance, R. E., and Miao, E. A. 
(2013). Cutting edge: mouse NAIP1 detects the type III secretion system 
needle protein. J. Immunol. 191, 3986–3989. doi: 10.4049/jimmunol.1301549

Robinson, K. S., Teo, D. E. T., Sen, T. K., Toh, G. A., Ong, H. H., Lim, C. K., 
et al. (2020). Enteroviral 3C protease activates the human NLRP1 inflammasome 
in airway epithelia. Science 370:eaay2002. doi: 10.1126/science.aay2002

Rulifson, I. C., Sperling, A. I., Fields, P. E., Fitch, F. W., and Bluestone, J. A. 
(1997). CD28 costimulation promotes the production of Th2 cytokines. J. 
Immunol. 158, 658–665.

Russell, R. (2016). Inducing IL-1β to increase vaccine efficacy. PhD thesis. 
Imperial College London, Medicine.

Sandall, C. F., Ziehr, B. K., and MacDonald, J. A. (2020). ATP-binding and 
hydrolysis in inflammasome activation. Molecules 25:4572. doi: 10.3390/
molecules25194572

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/nature04754
https://doi.org/10.1371/journal.pone.0068701
https://doi.org/10.1038/nature02664
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04515
https://doi.org/10.1016/j.molcel.2012.04.026
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1038/nature04516
https://doi.org/10.1074/jbc.M115.683011
https://doi.org/10.1038/embor.2010.93
https://doi.org/10.1158/2326-6066.CIR-14-0098
https://doi.org/10.1074/jbc.R500001200
https://doi.org/10.1126/science.1068883
https://doi.org/10.1126/science.1068883
https://doi.org/10.1038/ni1344
https://doi.org/10.1038/ni1344
https://doi.org/10.1073/pnas.0712183105
https://doi.org/10.1056/NEJMoa2003715
https://doi.org/10.4049/jimmunol.1900168
https://doi.org/10.3390/ijms22168882
https://doi.org/10.2332/allergolint.13-OA-0672
https://doi.org/10.1016/S1074-7613(01)00132-7
https://doi.org/10.3389/fimmu.2018.00763
https://doi.org/10.1146/annurev.immunol.19.1.423
https://doi.org/10.1128/IAI.00338-17
https://doi.org/10.1128/IAI.00338-17
https://doi.org/10.1016/S0016-5085(00)70134-X
https://doi.org/10.1016/S0016-5085(00)70134-X
https://doi.org/10.4049/jimmunol.169.8.4388
https://doi.org/10.4049/jimmunol.169.8.4388
https://doi.org/10.1038/nature05969
https://doi.org/10.1016/s1471-4892(03)00080-8
https://doi.org/10.1016/s1471-4892(03)00080-8
https://doi.org/10.1074/jbc.M113.545822
https://doi.org/10.4049/jimmunol.176.12.7278
https://doi.org/10.1038/378088a0
https://doi.org/10.1074/jbc.C100250200
https://doi.org/10.1074/jbc.C100250200
https://doi.org/10.4049/jimmunol.0801986
https://doi.org/10.1038/ni.2237
https://doi.org/10.1084/jem.20151809
https://doi.org/10.4049/jimmunol.1301549
https://doi.org/10.1126/science.aay2002
https://doi.org/10.3390/molecules25194572
https://doi.org/10.3390/molecules25194572


Martynova et al. Inflammasome Th1, Th2, and Th17 Immune Response

Frontiers in Microbiology | www.frontiersin.org 16 March 2022 | Volume 13 | Article 851835

Sandstrom, A., Mitchell, P. S., Goers, L., Mu, E. W., Lesser, C. F., and Vance, R. E. 
(2019). Functional degradation: a mechanism of NLRP1 inflammasome 
activation by diverse pathogen enzymes. Science 364:eaau1330. doi: 10.1126/
science.aau1330

Sansonetti, P. J., Phalipon, A., Arondel, J., Thirumalai, K., Banerjee, S., Akira, S., 
et al. (2000). Caspase-1 activation of IL-1β and IL-18 are essential for 
shigella flexneri–induced inflammation. Immunity 12, 581–590. doi: 10.1016/
S1074-7613(00)80209-5

Saravia, J., Chapman, N. M., and Chi, H. (2019). Helper T cell differentiation. 
Cell. Mol. Immunol. 16, 634–643. doi: 10.1038/s41423-019-0220-6

Sasiain, M. C., de la Barrera, S., Fink, S., Finiasz, M., Alemán, M., Fariña, M. H., 
et al. (1998). Interferon-gamma (IFN-γ) and tumour necrosis factor-alpha 
(TNF-α) are necessary in the early stages of induction of CD4 and CD8 
cytotoxic T cells by Mycobacterium leprae heat shock protein (hsp) 65 kD. 
Clin Exp Immunol. 114, 196–203. doi: 10.1046/j.1365-2249.1998.00702.x

Schandené, L., Alonso-Vega, C., Willems, F., Gérard, C., Delvaux, A., Velu, T., 
et al. (1994). B7/CD28-dependent IL-5 production by human resting T cells 
is inhibited by IL-10. J. Immunol. 152, 4368–4374.

Schmitz, J., Owyang, A., Oldham, E., Song, Y., Murphy, E., McClanahan, T. K., 
et al. (2005). IL-33, an interleukin-1-like cytokine that signals via the IL-1 
receptor-related protein ST2 and induces T helper type 2-associated cytokines. 
Immunity 23, 479–490. doi: 10.1016/j.immuni.2005.09.015

Schroder, K., and Tschopp, J. (2010). The Inflammasomes. Cell 140, 821–832. 
doi: 10.1016/j.cell.2010.01.040

Schüler, T., Qin, Z., Ibe, S., Noben-Trauth, N., and Blankenstein, T. (1999). T 
helper cell type 1–associated and cytotoxic T lymphocyte–mediated tumor 
immunity is impaired in interleukin 4–deficient mice. J. Exp. Med. 189, 
803–810. doi: 10.1084/jem.189.5.803

Sendler, M., van den Brandt, C., Glaubitz, J., Wilden, A., Golchert, J., Weiss, F. U., 
et al. (2020). NLRP3 inflammasome regulates development of systemic 
inflammatory response and compensatory anti-inflammatory response 
syndromes in mice with acute pancreatitis. Gastroenterology 158, 253.
e14–269.e14. doi: 10.1053/j.gastro.2019.09.040

Seydoux, E., Liang, H., Dubois Cauwelaert, N., Archer, M., Rintala, N. D., 
Kramer, R., et al. (2018). Effective combination adjuvants engage both TLR 
and inflammasome pathways to promote potent adaptive immune responses. 
J. Immunol. 201, 98–112. doi: 10.4049/jimmunol.1701604

Shaftel, S. S., Griffin, W. S. T., and O’Banion, M. K. (2008). The role of 
interleukin-1  in neuroinflammation and Alzheimer disease: an evolving 
perspective. J. Neuroinflammation 5:7. doi: 10.1186/1742-2094-5-7

Shenderov, K., Riteau, N., Yip, R., Mayer-Barber, K. D., Oland, S., Hieny, S., 
et al. (2014). Cutting edge: endoplasmic reticulum stress licenses macrophages 
to produce mature IL-1β in response to TLR4 stimulation through a caspase-8- 
and TRIF-dependent pathway. J. Immunol. 192, 2029–2033. doi: 10.4049/
jimmunol.1302549

Shenoy, A. R., Wellington, D. A., Kumar, P., Kassa, H., Booth, C. J., Cresswell, P., 
et al. (2012). GBP5 promotes NLRP3 inflammasome assembly and immunity 
in mammals. Science 336, 481–485. doi: 10.1126/science.1217141

Shimada, K., Crother, T. R., Karlin, J., Dagvadorj, J., Chiba, N., Chen, S., et al. 
(2012). Oxidized mitochondrial DNA activates the NLRP3 inflammasome 
during apoptosis. Immunity 36, 401–414. doi: 10.1016/j.immuni.2012.01.009

Silva-Gomes, S., Decout, A., and Nigou, J. (2014). “Pathogen-associated molecular 
patterns (PAMPs),” in Encyclopedia of Inflammatory Diseases.

Snell, L. M., Osokine, I., Yamada, D. H., de la Fuente, J. R., Elsaesser, H. J., 
and Brooks, D. G. (2016). Overcoming CD4 Th1 cell fate restrictions to 
sustain antiviral CD8 T cells and control persistent virus infection. Cell 
Rep. 16, 3286–3296. doi: 10.1016/j.celrep.2016.08.065

Spolski, R., and Leonard, W. J. (2009). Cytokine mediators of Th17 function. 
Eur. J. Immunol. 39, 658–661. doi: 10.1002/eji.200839066

Sugawara, S., Uehara, A., Nochi, T., Yamaguchi, T., Ueda, H., Sugiyama, A., 
et al. (2001). Neutrophil proteinase 3-mediated induction of bioactive IL-18 
secretion by human oral epithelial cells. J. Immunol. 167, 6568–6575. doi: 
10.4049/jimmunol.167.11.6568

Sun, D., Chen, S., Cheng, A., and Wang, M. (2016). Roles of the picornaviral 
3C proteinase in the viral life cycle and host cells. Viruses 8:82. doi: 10.3390/
v8030082

Sun, Q., and Scott, M. J. (2016). Caspase-1 as a multifunctional inflammatory 
mediator: noncytokine maturation roles. J. Leukoc. Biol. 100, 961–967. doi: 
10.1189/jlb.3MR0516-224R

Sutterwala, F. S., and Flavell, R. A. (2009). NLRC4/IPAF: a CARD carrying 
member of the NLR family. Clin. Immunol. 130, 2–6. doi: 10.1016/j.
clim.2008.08.011

Sutton, C., Brereton, C., Keogh, B., Mills, K. H. G., and Lavelle, E. C. (2006). 
A crucial role for interleukin (IL)-1  in the induction of IL-17-producing 
T cells that mediate autoimmune encephalomyelitis. J. Exp. Med. 203, 
1685–1691. doi: 10.1084/jem.20060285

Suzuki, A., Hanada, T., Mitsuyama, K., Yoshida, T., Kamizono, S., Hoshino, T., 
et al. (2001). CIS3/SOCS3/SSI3 plays a negative regulatory role in STAT3 
activation and intestinal inflammation. J. Exp. Med. 193, 471–482. doi: 
10.1084/jem.193.4.471

Svenson, M., Hansen, M. B., Heegaard, P., Abell, K., and Bendtzen, K. (1993). 
Specific binding of interleukin 1 (IL-1)β and IL-1 receptor antagonist (IL-1ra) 
to human serum. High-affinity binding of IL-1ra to soluble IL-1 receptor 
type I. Cytokine 5, 427–435. doi: 10.1016/1043-4666(93)90032-Z

Swanson, M. A., Lee, W. T., and Sanders, V. M. (2001). IFN-γ production by 
Th1 cells generated from naive CD4 + T cells exposed to norepinephrine. 
J. Immunol. 166, 232–240. doi: 10.4049/jimmunol.166.1.232

Szabo, S. J., Kim, S. T., Costa, G. L., Zhang, X., Fathman, C. G., and Glimcher, L. H. 
(2000). A novel transcription factor, T-bet, directs Th1 lineage commitment. 
Cell 100, 655–669. doi: 10.1016/S0092-8674(00)80702-3

Thomassen, E., Bird, T. A., Renshaw, B. R., Kennedy, M. K., and Sims, J. E. 
(1998). Binding of interleukin-18 to the interleukin-1 receptor homologous 
receptor IL-1Rrp1 leads to activation of signaling pathways similar to those 
used by interleukin-1. J. Interf. Cytokine Res. 18, 1077–1088. doi: 10.1089/
jir.1998.18.1077

Ting, J. P. Y., Lovering, R. C., Alnemri, E. S., Bertin, J., Boss, J. M., Davis, B. K., 
et al. (2008). The NLR gene family: a standard nomenclature. Immunity 
28, 285–287. doi: 10.1016/j.immuni.2008.02.005

Tominaga, K., Yoshimoto, T., Torigoe, K., Kurimoto, M., Matsui, K., Hada, T., 
et al. (2000). IL-12 synergizes with IL-18 or IL-1β for IFN-γ production 
from human T cells. Int. Immunol. 12, 151–160. doi: 10.1093/intimm/12.2.151

Townsend, M. J., Fallon, P. G., Matthews, D. J., Jolin, H. E., and McKenzie, A. N. J. 
(2000). T1/St2-deficient mice demonstrate the importance of T1/St2  in 
developing primary T helper cell type 2 responses. J. Exp. Med. 191, 
1069–1076. doi: 10.1084/jem.191.6.1069

Trapani, J. A., and Smyth, M. J. (2002). Functional significance of the perforin/
granzyme cell death pathway. Nat. Rev. Immunol. 2, 735–747. doi: 10.1038/
nri911

Tsu, B. V., Beierschmitt, C., Ryan, A. P., Agarwal, R., Mitchell, P. S., and 
Daugherty, M. D. (2021). Diverse viral proteases activate the NLRP1 
inflammasome. elife 10:e60609. doi: 10.7554/eLife.60609

Tye, H., Yu, C. H., Simms, L. A., de Zoete, M. R., Kim, M. L., Zakrzewski, M., 
et al. (2018). NLRP1 restricts butyrate producing commensals to exacerbate 
inflammatory bowel disease. Nat. Commun. 9:3728, 30214011. doi: 10.1038/
s41467-018-06125-0

Uchiyama, R., Yonehara, S., Taniguchi, S., Ishido, S., Ishii, K. J., and Tsutsui, H. 
(2017). Inflammasome and Fas-mediated IL-1β contributes to Th17/Th1 cell 
induction in pathogenic bacterial infection in vivo. J. Immunol. 199, 1122–1130. 
doi: 10.4049/jimmunol.1601373

Ulland, T. K., Ferguson, P. J., and Sutterwala, F. S. (2015). Evasion of inflammasome 
activation by microbial pathogens. J. Clin. Invest. 125, 469–477. doi: 10.1172/
JCI75254

van den Eeckhout, B., Tavernier, J., and Gerlo, S. (2020). Interleukin-1 as 
innate mediator of T cell immunity. Front. Immunol. 11:621931. doi: 10.3389/
fimmu.2020.621931

Vladimer, G. I., Marty-Roix, R., Ghosh, S., Weng, D., and Lien, E. (2013). 
Inflammasomes and host defenses against bacterial infections. Curr. Opin. 
Microbiol. 16, 23–31. doi: 10.1016/j.mib.2012.11.008

Wang, L., Sun, L., Byrd, K. M., Ko, C. C., Zhao, Z., and Fang, J. (2020). AIM2 
inflammasome’s first decade of discovery: focus on oral diseases. Front. 
Immunol. 11:549179. doi: 10.3389/fimmu.2020.549179

Wensink, A. C., Hack, C. E., and Bovenschen, N. (2015). Granzymes regulate 
proinflammatory cytokine responses. J. Immunol. 194, 491–497. doi: 10.4049/
jimmunol.1401214

Whitley, S. K., Balasubramani, A., Zindl, C. L., Sen, R., Shibata, Y., Crawford, G. E., 
et al. (2018). IL-1R signaling promotes STAT3 and NF-κB factor recruitment 
to distal cis-regulatory elements that regulate Il17a/f transcription. J. Biol. 
Chem. 293, 15790–15800. doi: 10.1074/jbc.RA118.002721

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1126/science.aau1330
https://doi.org/10.1126/science.aau1330
https://doi.org/10.1016/S1074-7613(00)80209-5
https://doi.org/10.1016/S1074-7613(00)80209-5
https://doi.org/10.1038/s41423-019-0220-6
https://doi.org/10.1046/j.1365-2249.1998.00702.x
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1084/jem.189.5.803
https://doi.org/10.1053/j.gastro.2019.09.040
https://doi.org/10.4049/jimmunol.1701604
https://doi.org/10.1186/1742-2094-5-7
https://doi.org/10.4049/jimmunol.1302549
https://doi.org/10.4049/jimmunol.1302549
https://doi.org/10.1126/science.1217141
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1016/j.celrep.2016.08.065
https://doi.org/10.1002/eji.200839066
https://doi.org/10.4049/jimmunol.167.11.6568
https://doi.org/10.3390/v8030082
https://doi.org/10.3390/v8030082
https://doi.org/10.1189/jlb.3MR0516-224R
https://doi.org/10.1016/j.clim.2008.08.011
https://doi.org/10.1016/j.clim.2008.08.011
https://doi.org/10.1084/jem.20060285
https://doi.org/10.1084/jem.193.4.471
https://doi.org/10.1016/1043-4666(93)90032-Z
https://doi.org/10.4049/jimmunol.166.1.232
https://doi.org/10.1016/S0092-8674(00)80702-3
https://doi.org/10.1089/jir.1998.18.1077
https://doi.org/10.1089/jir.1998.18.1077
https://doi.org/10.1016/j.immuni.2008.02.005
https://doi.org/10.1093/intimm/12.2.151
https://doi.org/10.1084/jem.191.6.1069
https://doi.org/10.1038/nri911
https://doi.org/10.1038/nri911
https://doi.org/10.7554/eLife.60609
https://doi.org/10.1038/s41467-018-06125-0
https://doi.org/10.1038/s41467-018-06125-0
https://doi.org/10.4049/jimmunol.1601373
https://doi.org/10.1172/JCI75254
https://doi.org/10.1172/JCI75254
https://doi.org/10.3389/fimmu.2020.621931
https://doi.org/10.3389/fimmu.2020.621931
https://doi.org/10.1016/j.mib.2012.11.008
https://doi.org/10.3389/fimmu.2020.549179
https://doi.org/10.4049/jimmunol.1401214
https://doi.org/10.4049/jimmunol.1401214
https://doi.org/10.1074/jbc.RA118.002721


Martynova et al. Inflammasome Th1, Th2, and Th17 Immune Response

Frontiers in Microbiology | www.frontiersin.org 17 March 2022 | Volume 13 | Article 851835

Wick, M. J. (2011). Innate immune control of Salmonella enterica serovar 
Typhimurium: mechanisms contributing to combating systemic Salmonella 
infection. J. Innate Immun. 3, 543–549. doi: 10.1159/000330771

Wilson, M. S., Elnekave, E., Mentink-Kane, M. M., Hodges, M. G., Pesce, J. T., 
Ramalingam, T. R., et al. (2007). IL-13Rα2 and IL-10 coordinately suppress 
airway inflammation, airway-hyperreactivity, and fibrosis in mice. J. Clin. 
Investig. 117, 2941–2951. doi: 10.1172/JCI31546

Xu, D., Chan, W. L., Leung, B. P., Hunter, D., Schulz, K., Carter, R. W., et al. 
(1998). Selective expression and functions of interleukin 18 receptor on T 
helper (Th) type 1 but not Th2 cells. J. Exp. Med. 188, 1485–1492. doi: 
10.1084/jem.188.8.1485

Xu, Z., Chen, Z., Wu, X., Zhang, L., Cao, Y., and Zhou, P. (2020). 
Distinct  molecular  mechanisms underlying potassium efflux for NLRP3 
inflammasome activation. Front. Immunol. 11:609441. doi: 10.3389/fimmu.2020. 
609441

Yang, X.-P., Ghoreschi, K., Steward-Tharp, S. M., Rodriguez-Canales, J., Zhu, J., 
Grainger, J. R., et al. (2011). Opposing regulation of the locus encoding 
IL-17 through direct, reciprocal actions of STAT3 and STAT5. Nat. Immunol. 
12, 247–254. doi: 10.1038/ni.1995

Yang, X. O., Panopoulos, A. D., Nurieva, R., Chang, S. H., Wang, D., Watowich, S. S., 
et al. (2007). STAT3 regulates cytokine-mediated generation of inflammatory 
helper T cells. J. Biol. Chem. 282, 9358–9363. doi: 10.1074/jbc. 
C600321200

Ye, P., Garvey, P. B., Zhang, P., Nelson, S., Bagby, G., Summer, W. R., et al. 
(2001). Interleukin-17 and lung host defense against Klebsiella pneumoniae 
infection. Am. J. Respir. Cell Mol. Biol. 25, 335–340. doi: 10.1165/
ajrcmb.25.3.4424

Yu, J., Wei, M., Becknell, B., Trotta, R., Liu, S., Boyd, Z., et al. (2006). Pro- 
and anti-inflammatory cytokine signaling: reciprocal antagonism regulates 
interferon-gamma production by human natural killer cells. Immunity 24, 
575–590. doi: 10.1016/j.immuni.2006.03.016

Zamboni, D. S., Kobayashi, K. S., Kohlsdorf, T., Ogura, Y., Long, E. M., 
Vance, R. E., et al. (2006). The Birc1e cytosolic pattern-recognition receptor 
contributes to the detection and control of Legionella pneumophila infection. 
Nat. Immunol. 7, 318–325. doi: 10.1038/ni1305

Zhang, S. (2018). The role of transforming growth factor β in T helper 17 
differentiation. Immunology 155, 24–35. doi: 10.1111/imm.12938

Zhang, L., Chen, S., Ruan, J., Wu, J., Tong, A. B., Yin, Q., et al. (2015). Cryo-
EM structure of the activated NAIP2-NLRC4 inflammasome reveals nucleated 
polymerization. Science 350, 404–409. doi: 10.1126/science.aac5789

Zhang, D. H., Yang, L., and Ray, A. (1998). Differential responsiveness of the IL-5 
and IL-4 genes to transcription factor GATA-3. J. Immunol. 161, 3817–3821.

Zhao, Y., Yang, J., Shi, J., Gong, Y. N., Lu, Q., Xu, H., et al. (2011). The 
NLRC4 inflammasome receptors for bacterial flagellin and type III secretion 
apparatus. Nature 477, 596–600. doi: 10.1038/nature10510

Zheng, W., and Flavell, R. A. (1997). The transcription factor GATA-3 is 
necessary and sufficient for Th2 cytokine gene expression in CD4 T cells. 
Cell 89, 587–596. doi: 10.1016/S0092-8674(00)80240-8

Zheng, D., Liwinski, T., and Elinav, E. (2020). Inflammasome activation and 
regulation: toward a better understanding of complex mechanisms. Cell 
Discov. 6:36. doi: 10.1038/s41421-020-0167-x

Zhou, L., Ivanov, I. I., Spolski, R., Min, R., Shenderov, K., Egawa, T., et al. 
(2007). IL-6 programs TH-17 cell differentiation by promoting sequential 
engagement of the IL-21 and IL-23 pathways. Nat. Immunol. 8, 967–974. 
doi: 10.1038/ni1488

Zhu, J., Cote-Sierra, J., Guo, L., and Paul, W. E. (2003). Stat5 activation plays 
a critical role in Th2 differentiation. Immunity 19, 739–748. doi: 10.1016/
S1074-7613(03)00292-9

Zhu, J., Yamane, H., Cote-Sierra, J., Guo, L., and Paul, W. E. (2006). GATA-3 
promotes Th2 responses through three different mechanisms: induction of 
Th2 cytokine production, selective growth of Th2 cells and inhibition of 
Th1 cell-specific factors. Cell Res. 16, 3–10. doi: 10.1038/sj.cr.7310002

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

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

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

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1159/000330771
https://doi.org/10.1172/JCI31546
https://doi.org/10.1084/jem.188.8.1485
https://doi.org/10.3389/fimmu.2020.609441
https://doi.org/10.3389/fimmu.2020.609441
https://doi.org/10.1038/ni.1995
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.1165/ajrcmb.25.3.4424
https://doi.org/10.1165/ajrcmb.25.3.4424
https://doi.org/10.1016/j.immuni.2006.03.016
https://doi.org/10.1038/ni1305
https://doi.org/10.1111/imm.12938
https://doi.org/10.1126/science.aac5789
https://doi.org/10.1038/nature10510
https://doi.org/10.1016/S0092-8674(00)80240-8
https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1038/ni1488
https://doi.org/10.1016/S1074-7613(03)00292-9
https://doi.org/10.1016/S1074-7613(03)00292-9
https://doi.org/10.1038/sj.cr.7310002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Martynova et al. Inflammasome Th1, Th2, and Th17 Immune Response

Frontiers in Microbiology | www.frontiersin.org 18 March 2022 | Volume 13 | Article 851835

GLOSSARY

Abbreviation Definition

AIM2 Absent in melanoma 2
ALRs AIM2 like receptors
APCs Antigen-presenting cells
ASC Apoptosis-associated speck-like
APAF1 Apoptosis protease-activating factor 1
Cas1 Caspase-1
CARD Caspase activation and recruitment domain
CTLs Cytotoxic T lymphocytes
GSDMD Gasdermin D
HIN Hematopoietic interferon-inducible nuclear
IRF Interferon regulatory family
ICE IL-1β-converting enzyme
IPAF ICE protease-activating factor
LRR Leucine-rich repeat
LPS Lipopolysaccharide
MDP Muramyl dipeptide
NK Natural killer
NAIP Neuronal apoptosis inhibitory protein
NLRC NLR family CARD domain-containing protein
NLRP NLR family Pyrin domain
NLRs NOD-like receptors
NFAT Nuclear factor of activated T cells
NODs Nucleotide-binding and oligomerization domain
P2X7 P2X purinoceptor 7
PAMPs Pathogen-associated molecular patterns
PRRs Pattern recognition receptors
PYD Pyrin domain
RORγt Retinoic acid receptor-related orphan receptor gamma-T
RLR RIG-1-like receptors
STAT1 Signal transducer and activator of transcription 1
TCR T-Cell receptor
Th1 T Helper 1
TLRs Toll-like receptors
T3SS Type 3 secretion system
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