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A B S T R A C T   

It has long been appreciated that cues from the innate immune system orchestrate downstream adaptive immune 
responses. Although previous work has focused on the roles of Toll-like receptors in this regard, relatively little is 
known about how Nod-like receptors instruct adaptive immunity. Here we review the functions of different 
members of the Nod-like receptor family in orchestrating effector and anamnestic adaptive immune responses. In 
particular, we address the ways in which inflammasome and non-inflammasome members of this family affect 
adaptive immunity under various infectious and environmental contexts. Furthermore, we identify several key 
mechanistic questions that studies in this field have left unaddressed. Our aim is to provide a framework through 
which immunologists in the adaptive immune field may view their questions through an innate-immune lens and 
vice-versa.   

Introduction 

The innate immune system encompasses generalized defense mech
anisms against pathogens and damaged cells and serves to direct 
adaptive immunity in vertebrates. Innate immune responses are coor
dinated by pattern-recognition receptors (PRRs), which are each acti
vated in response to specific microbe- and danger-associated molecular 
patterns (MAMPs and DAMPs). The existence of PRRs was first proposed 
in 1989 by Charles Janeway [1]. Since then, dozens of PRRs have been 
discovered, beginning with Toll, which was described in Drosophila 
melanogaster as a critical mediator of the antifungal [2] and, later, 
Gram-positive bacterial defense responses [3]. The human homolog of 
Toll (now TLR4) was subsequently identified [4], and it was revealed 
that it initiates a pro-inflammatory immune response to lipopolysac
charide (LPS) [5]. Other sequence homology searches were likewise 
used to identify NOD-like receptors (NLRs), which are the focus of this 
review. Leveraging advances in genome sequencing and analyses, 22 
human genes and 34 mouse genes encoding NLRs have since been 
identified [6]. NLRs are characterized by a carboxy-terminal leucine-r
ich repeat region and a central NACHT (NAIP, CIITA, HET-E, and TP1) 
domain, whereas amino-terminal domains vary between NLRs (Fig. 1) 
[6]. 

Members of the NLR family of PRRs play diverse roles in innate 
immunity, from inflammasome formation for the production of IL-1β 

and IL-18 to NFκB activation (as reviewed in [7]). But beyond their 
immediate roles in the innate immune system, NLRs also fulfill vital 
functions in bridging innate-adaptive immunity to prime and shape 
antigen-specific T and B cell-coordinated responses with the potential to 
form immunological memory. NLRs have been implicated in the priming 
of adaptive immunity by orchestrating antigen presentation [8,9]. 
Furthermore, particular cytokine signals are also required to initiate 
adaptive immune responses and, crucially, to engage the appropriate 
effectors in each response; NLRs can indirectly provide some of these 
signals upon activation, as they potentiate responses from CD8+ T cells, 
various types of CD4+ T cells, and B cells under various infection and 
immunization conditions [10]. Herein, we will further discuss the roles 
of NLRs in orchestrating adaptive immune responses. 

Non-inflammasome-forming NLRs 

CIITA 

The first NLR to be defined was class II transactivator (CIITA), or 
NLRA. Individuals with a form of severe combined immunodeficiency, 
now referred to as bare lymphocyte syndrome II, were shown to have a 
deficiency in MHC II expression that was caused by mutation in coding 
regions of CIITA [8]. Discovery of this association between CIITA and 
MHC II expression led to expansive research into the regulation and role 
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of CIITA, including transcriptional control, protein domain features, and 
binding partners. Here, we will describe some of the known functions of 
CIITA in adaptive immune regulation [Fig. 2]. 

Unlike other NLRs, CIITA does not respond to particular MAMPs/ 
DAMPs but rather interacts directly with transcriptional complexes to 
regulate gene expression [11]. This activity is constitutive in antigen 

presenting cells (APCs), including immature dendritic cells, macro
phages, and B cells, or inducible by IFNγ signalling in hematopoietic and 
non-hematopoietic cell types [12]. The expression of MHC II on cortical 
thymic epithelial cells (cTECs) represents the first stage by which CIITA 
signalling regulates adaptive immunity. Specific deletion of promoter IV 
(pIV) on the mouse homolog of CIITA depletes expression in cTECs, 
while retaining expression in other thymic APCs [13,14]. These mice 
have substantially reduced populations of CD4+ T cells in the thymus 
and secondary lymphoid organs (SLOs) associated with a loss of positive 
selection and subsequent survival signals [13,14]. This deficiency also 
impairs T cell-dependent antibody responses following immunization 
with hapten-carrier complexes [13,14]. 

CD4+ T cell interaction with cognate antigen presented on dendritic 
cells (DCs) and B cells is required for mounting an effective adaptive 
immune response. Ciita-deficient mice show a loss of MHC II expression 
on DCs and B cells [15,16], and following immunization with a T 
cell-dependent antigen, lymph node T cells do not display an increased 
secondary response to in vitro antigen stimulation as apparent in wild 
type mice [16]. Deletion of pIII and pIV of Ciita depletes MHC II 
expression on B cells while maintaining expression in DCs and macro
phages. These mice, similar to MHC II knockouts, have a nearly com
plete suppression of IgG production following hapten-carrier 
immunization [17]. T helper cell polarization and effector cytokine re
sponses also appear to be influenced by CIITA transcriptional regulation. 
Naïve CD4+ T cells from CIITA knockout mice crossed with transgenic 
mice expressing MHC II under MHC I promoter control (reconstitutes the 
peripheral CD4+ T cell pool) express both IFNγ and IL-4 under Th1 

Fig. 1. Structural schematics of select NLRs. Diagrams of the domain orga
nization of all NLRs discussed in this review, organized into NLR families based 
on N-terminal domains. 
Abbreviations: AD, acidic activation domain; CARD, caspase activating and 
recruitment domain; FIIND, function to find domain; LRR, leucine-rich repeat; 
PYD, pyrin domain; NACHT, domain present in NAIP, CIITA, HET-E, and TP-1; 
NAD, NACHT-associated domain. Created with BioRender.com. 

Fig. 2. Control of MHC class I and II expression by NLRC5 and CIITA. Transcription of both CIITA (left) and NLRC5 (right) is induced by IFN-γ via JAK-STAT 
signalling and is also regulated by numerous other factors, including those listed in the dotted boxes [99]. CIITA and NLRC5 combine with transcription factors to 
assemble the CIITA and NLRC5 enhanceosomes, which induce the expression of MHC class II and I genes, respectively [99]. MHC class I and II are required for 
antigen presentation to CD8+ and CD4+ T cells, as diagrammed; therefore, CIITA and NLRC5 are important in T cell development and the coordination of adaptive 
immune responses (yellow boxes). Abbreviations: ATF1, activating transcription factor 1; CIITA, class II, major histocompatibility complex, transactivator; CREB1, 
CAMP responsive element binding protein 1; GAS, IFN-γ-activated site; IFNGR, IFN-γ receptor; IRF1, IFN-regulatory factor 1; ISRE, IFN-stimulated response element; 
JAK1, Janus kinase 1; JAK2, Janus kinase 2; MHC, major histocompatibility complex; NF-κB, nuclear factor-κB; NFY, nuclear transcription factor Y; NLRC5, NOD-, 
LRR- and CARD-containing 5; RFX, regulatory factor X; and STAT1, signal transducer and activator of transcription 1. Created with BioRender.com. 
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polarizing conditions [18,19]. This response is maintained with subse
quent stimulations, and upon re-expression of CIITA through vector 
transduction, type-2 cytokine levels are reduced [18]. Both Il4 and 
Gata3 expression are required for this response, demonstrated by a 
double knockout and RNA targeting, suggesting that these genes are 
regulated by CIITA [18]. 

A dysfunctional adaptive immune response can lead to increased 
susceptibility to pathogens and host disease. Ciita-deficient mice are 
markedly more susceptible to Mycobacterium tuberculosis and have a 
minimal IFNγ response during the infection [20]. Interestingly, 
M. tuberculosis also targets Ciita gene expression, and subsequently MHC 
II, through a specific cell surface lipoprotein to decrease antigen pre
sentation and T cell activation [21]. Many other pathogens, including 
HIV [22], herpesviruses [23], and Toxoplasma gondii [24], contain 
virulence factors that interfere with CIITA signalling, highlighting its 
critical role in host immunity. Mutations in CIITA are also commonly 
found in B cell lymphomas, promoting immune evasion through the 
downregulation of MHC II and resulting changes to the tumor micro
environment (TME) [25,26]. 

NLRC5 

NLRC5 is a master regulator of MHC class I gene transcription in both 
mice and humans [9,27,28] [Fig. 2]. NLRC5 expression is found pri
marily in immune cells, particularly those of the lymphoid lineage 
[27–31]. While NLRC5-deficiency only leads to modest decreases in 
splenic CD8+ T cells at homeostasis, strikingly, Nlrc5− /− lymphocytes 
are resistant to killing by cytotoxic T lymphocytes (CTLs), presumably 
by virtue of decreased surface MHC-I expression [27,28]. In terms of 
responses to infection, NLRC5-deficient mice are more susceptible to the 
deleterious effects of intravenous challenge with Listeria monocytogenes 
due to blunted CD8+ T cell expansion in the spleen and liver [32,33]. 
Intriguingly, a reduced intestinal antigen-specific CD8+ T cell response 
was found in NLRC5-deficient mice infected orally with rotavirus [34], 
indicating that the effects of NLRC5 on effector CTL responses in 
infection models apply broadly to mucosal tissues and are not restricted 
to systemic responses. 

Despite its well-established role in regulating MHC-I expression and 
CTL responses, the effect of NLRC5-deficiency on initial T cell priming is 
somewhat unclear [Fig. 2]. For example, there are findings suggesting a 
null role for macrophage NLRC5 in CD8+ T cell priming [28]. Further
more, DCs deficient in NLRC5 have a decreased ability to present 
endogenous antigen on MHC-I while not impacting CD8+ T cell priming, 
thereby uncoupling NLRC5 from effector CD8+ T cell activation [35]. 
However, NLRC5-deficient B cells display impaired antigen-specific 
stimulation of cognate CD8+ T cells [33], indicating that defects in an
tigen presentation may lie at the lymphoid rather than myeloid level. 

An important consequence of MHC-I-CD8+ T cell interaction is the 
potential for target-specific lysis by the T cell. It is therefore conceivable 
that tumors with mutations in the MHC class I presentation machinery 
may evade CTL-mediated recognition and killing. Indeed, increased 
NLRC5 expression is positively associated with increased patient sur
vival in melanoma, rectal, bladder, uterine, cervical, and head and neck 
cancers [36]. Direct evidence implicating NLRC5 in tumor cell killing 
has corroborated these findings. Indeed, murine melanoma cells stably 
transfected with NLRC5 display increased surface MHC class I, higher 
activation of anti-tumor CD8+ T cells, and lower tumor burden [37]. 
Based on these results, it is reasonable to expect that ectopic expression 
of NLRC5 in tumors may be an important component of future cancer 
vaccine formulations. 

NOD1 and NOD2 

NOD1 and NOD2 are both intracellular sensors of the γ-D-glutamyl- 
meso-diaminopimelic acid (iE-DAP) and muramyl dipeptide (MDP) 
bacterial peptidoglycan motifs, respectively [38]. Although both NOD1 

and NOD2 have been implicated in the regulation of adaptive immunity, 
our discussion herein will primarily focus on the role of NOD2 in this 
regard due to its implication in inflammatory diseases such as Crohn’s 
disease and Blau syndrome [39]. We will nonetheless note the shared 
roles of both NOD1 and NOD2 in orchestrating similar adaptive immune 
responses [ Fig. 3]. 

NOD1 and NOD2 as mediators of extraintestinal immune responses 
Early studies of the impact of NOD1 and NOD2 agonists on adaptive 

immune responses revealed immunostimulatory effects on T cell func
tion [40–42]. However, the exact mechanisms mediating these effects 
remain unclear. Murine studies administering model antigen intraperi
toneally with pure FK156 (NOD1 agonist) and MDP as an adjuvant have 
implicated myeloid and stromal cell-derived NOD1 and NOD2-mediated 
signalling as important for Th2 polarization [43–46]. However, the ef
fects of NOD1/2 are unlikely to be restricted to polarization toward type 
2 immune responses. In fact, NOD1/2 stimulation is likely to provide a 
broad adjuvant effect to induce type 1, 2, and 3 adaptive immunity. 
Indeed, induction of IFNγ+ CD4+, IL-4+ CD4+ and Il-17A secretion in the 
spleen in response to immunization with adjuvant and model antigen 
has been shown to be NOD1/2-dependent [43,46–48]. 

Further evidence pointing to the broad adjuvant effects of NOD1/2 
on adaptive immunity are studies showing heightened CD8+ T cell and B 
cell responses following antigen encounter. For example, in vivo prime- 
boost immunization experiments with model antigen show NOD1/2- 
dependent effects on IFNγ and Ig production by memory CD8+ T cells 
and B cells, respectively [43,46]. Furthermore, NOD1/2 signalling has 
been shown to impact cross-presentation by DCs, with FK565 and MDP 
administration leading to greater in vivo CD8+ T cell-mediated target-
specific killing [49]. Recently, it has been shown that NOD2 signalling in 
response to the gut microbiota is an important contributor to immune 
checkpoint blockade therapy in mice, increasing tumor infiltrating 
CD8+ T cells and decreasing tumour size [50]. This effect corresponded 
with broad changes in the myeloid intratumoral compartment [50]. 
Furthermore, murine infections with Influenza A virus (IAV) have un
covered a role for DC-derived NOD2 signals in mediating antiviral CD8+

T cell responses in the lung [51]. Finally, NOD1/2 is expressed within 
peripheral B cells and its stimulation along with BCR triggering 
marginally enhances B cell proliferation [52]. Taken together, it is 
well-appreciated that NOD1/2-mediated signalling can enhance a range 
of antigen-specific T cell and B cell responses, highlighting its role as a 
modulator of adaptive immunity. 

NOD2-mediated T cell responses in the intestine 
Mutations in NOD2 are the highest genetic risk factor for Crohn’s 

disease development [53]. Therefore, the immunomodulatory effects of 
NOD2 have focused on its role in the small and large intestines. Although 
the functions of NOD2 in the intestine have implicated it in numerous 
pathways relating to intestinal homeostasis, as reviewed elsewhere [38], 
in this section we will only comment on its role in modulating T cell 
immunity at this site. 

Aberrant CD4+ T cell dynamics are thought to underlie intestinal 
inflammation in IBD [54] and mutations in NOD2 may perturb intestinal 
T cell homeostasis prior to the onset of inflammation. In one of the first 
studies to examine altered intestinal T cell dynamics associated with 
NOD2 deficiency, WT and NOD2-knockout mice were immunized with 
OVA/CFA subcutaneously following adoptive transfer of OVA-specific T 
cells and subsequently challenged intrarectally with a recombinant 
Escherichia coli expressing OVA. NOD2-deficient mice lost significantly 
more weight and had overall greater intestinal pathology in an 
antigen-specific manner. Furthermore, this effect was mediated by 
increased polarization of colonic CD4+ T cells to an IFNγ-secreting 
phenotype [55], suggesting a lack of immunoregulation of inflammatory 
T cells in NOD2-deficient animals. In line with this, defective CD4+ T cell 
responses in NOD2-deficient mice correlate with increased intestinal 
permeability and IFNγ levels in their Peyer’s patches [56]. These effects 
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are likely dependent on microbial factors as Helicobacter hepaticus 
infection of NOD2-deficient mice induces Peyer’s patch enlargement 
and an induction of Th1 responses in this compartment [57]. Together, 
these studies indicate that NOD2 deficiency is linked with increases in 
inflammatory Th1 cells in both the small intestine and colon. However, 
other studies examining the role of NOD2 in modulating intestinal T cell 
dynamics have revealed different, but not necessarily antagonistic, 
viewpoints. For example, in models of intestinal C. rodentium and 
S. typhimurium infections, NOD1/2 signalling was found to be important 
for protective T cell-dependent IL-17 responses [58]. 

Another potential mechanism by which NOD2 modulates intestinal T 
cell responses is through the maintenance of established resident T cell 
populations. Indeed, NOD2-deficient mice display lower levels of 
intraepithelial lymphocytes (IELs) in the small intestine and colon, due 
to a defect in intestinal macrophage production of IL-15. As a result, 
NOD2-deficient mice are more susceptible to 2,4,6-trinitrobenzene sul
fonic acid (TNBS)-induced colitis, an effect that can be rescued by 
reconstitution of these mice with additional CD8+ IELs [59]. The idea 
that NOD2 may mediate protection in the intestine via CD8+ T cells is 
particularly interesting and has been corroborated by a further study in 
the context of ɑCD3-induced small intestinal injury. Intraperitoneal 
administration of ɑCD3 induces ileal inflammation that is partially 
resolved due to increased trafficking of immunoregulatory IL-10+ CD8+

T cells into the lamina propria. Intriguingly, NOD2-deficient mice had 
fewer of these immunoregulatory CD8+ T cells traffic to the small in
testine [60]. 

Altogether, these studies implicate NOD2 in orchestrating CD4+ and 
CD8+ T cell functions in the intestine both during homeostasis and 
during inflammatory perturbations. However, there are several in
consistencies across studies, perhaps pointing to differences in experi
mental design and mouse husbandry; specifically, studies often fail to 
use littermate control mice, a condition where the gut microbiota 
composition between deficient and sufficient animals is consistent. 
Indeed, given the broad effects of the microbiota on host health and 
disease, lack of littermate mice as controls continues to be a significant 
caveat in many studies [61,62]. 

Inflammasome-forming NLRs 

Inflammasome-forming NLRs respond to a diverse set of infection- or 
damage-associated stimuli to orchestrate activation of pro-inflammatory 
caspases. The caspases induced by inflammasome activation include 
caspase-1, caspase-4/5 (in humans), caspase-8, and caspase-11 (in mice) 
[63]. Caspase-1 activation is perhaps the most well-studied consequence 
of inflammasome oligomerization [ Fig. 3]. Active caspase-1 leads to the 
cleavage of the pro forms of IL-1β, IL-18, and GSDMD into their active 
forms [63]. Cleavage of GSDMD causes the oligomerization of its 
N-terminus that then forms pores on the plasma membrane of the cell 
[63]. This ultimately results in the release of active IL-1β and IL-18 into 
the extracellular space, where both of these cytokines cause an array of 
downstream effects, not the least of which is pyroptotic cell death [63]. 
Active IL-1β and IL-18 also have profound effects on surrounding 

Fig. 3. Overview of NOD1-, NOD2-, and NLRP3 inflammasome-mediated signalling. Upon activation in response to certain phosphorylated fragments of 
peptidoglycan, NOD1 and NOD2 trigger pro-inflammatory gene expression programs via NF-κB and mitogen-activated protein kinase pathways (left) [38]. The 
NLRP3 inflammasome (right) requires priming and then activation in response to signals 1 and 2, respectively [100]. Following inflammasome assembly, autoac
tivated caspase-1 cleaves (i) the precursors of IL-1β and IL-18, generating their mature forms, and (ii) Gasdermin D, liberating the N-terminal fragment that creates 
membrane pores and induces pyroptosis, an inflammatory mode of cell death [100]. Both NOD2 and NLRP3 activation have important consequences for adaptive 
immune responses (yellow boxes), as detailed in the main text. Abbreviations: AP-1, activator protein 1; ERK, extracellular signal-regulated kinase; GSDMD, Gas
dermin D; IκB, inhibitor of NF-κB; JNK, c-Jun N-terminal kinase; NF-κB, nuclear factor-κB; N-GSDMD, N-terminal fragment of Gasdermin D; NLRP3, NOD-, LRR- and 
pyrin domain-containing protein 3; and NOD2, nucleotide-binding oligomerization domain-containing protein 2. Created with BioRender.com. 
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hematopoietic cells [63]. There is a paucity of literature detailing effects 
of NLRP1 and NLRP6 on adaptive immunity, therefore, in this section, 
we will review the ways in which NLRP3 and NLRC4 orchestrate 
downstream adaptive immune responses. 

NLRP3 

NLRP3 is the most well-studied inflammasome-forming NLR in the 
context of adaptive immunity. The post-priming oligomerization of 
NLRP3 depends on sensing of one of its many activators resulting from 
infection or cell damage: particulate matter (e.g., uric acid crystals), 
extracellular ATP, ion fluxes, and reactive oxygen species (ROS) [64]. It 
has been implicated in orchestrating responses to viral, bacterial, fungal, 
and protozoan pathogens, as well as in autoimmunity and cancer. 
Furthermore, NLRP3 may also play an important role in vaccine effec
tiveness due to its ability to be activated by vaccine components. 

The role of NLRP3 in CD8+ T cell responses 
The role of NLRP3 in CD8+ T cell responses was first elucidated by 

early studies of IAV infection in mice. Intranasal infection with IAV in
duces lung IL-1β release in an NLRP3-dependent manner via intracel
lular ROS induction [65]. However, the resulting CD4+ and CD8+

virus-specific responses were found to be independent of NLRP3 [66], 
but possibly requiring ASC and caspase-1, which are key components of 
the NLRP3 inflammasome [66]. Similarly, although alum-based vacci
nation activates NLRP3, the antigen-specific CD8+ T cell priming 
response remained similar between WT and NLRP3-deficient animals 
[67]. Furthermore, in cutaneous Leishmania braziliensis infection, NLRP3 
has been shown to mediate skin pathology, albeit in a CD8+ T 
cell-independent manner [68]. However, these seemingly null effects of 
NLRP3 on CD8+ T cell function may be context-dependent. For example, 
a study of murine West Nile Virus (WNV) infection identified a role for 
IL-1β and NLRP3 in limiting encephalitis by augmenting antiviral CD8+

T cell immunity [69]. Similarly, a study using the myelin oligodendro
cyte glycoprotein (MOG)-induced model of murine experimental auto
immune encephalomyelitis (EAE) showed that NLRP3-deficient mice 
have decreased neuroinflammation and lower infiltration of CD8+ T 
cells in their spinal cords [70]. Taken together, it remains a possibility 
that NLRP3 contributes to CD8+ T cell responses in particular tissues 
while having minimal effects in others. 

In cancer, NLRP3 engagement has been found to mediate both pro- 
and anti-tumorigenic effects, depending on context. An early study 
determined that the tumor-specific CD8+ T cell priming response de
pends on NLRP3 in a mouse model of thymoma [71]. In contrast, 
NLRP3-deficiency was subsequently shown to increase tumor vaccine 
efficacy – a response mediated by increased intra-tumoral CD8+ T cell 
infiltration and decreased myeloid-derived suppressor cell migration in 
a mouse model of B16–F10 melanoma [72]. Similarly, murine 
NLRP3-deficiency augments anti-pancreatic ductal adenocarcinoma 
tumor responses via the reprogramming of intra-tumoral CD8+ T cells to 
a more immunogenic profile [73]. Increased CD8+ T cell infiltration and 
effector activity in the TME were further shown upon pharmacologic 
inhibition of NLRP3 alone [74] or in conjunction with PD-1 blockade 
[75]. In contrast, more recent studies examining the effects of immune 
checkpoint antagonists in tumor adaptive immunity found a role for 
CD39 [76] and TIM-3 [77] in negatively regulating NLRP3 activation, 
leading to decreased CD8+ T cell responses in the TME of MC38 colon 
carcinoma-bearing mice. However, further work in elucidating the ef
fects of cancer cell-specific NLRP3 activation is required to bolster the 
mechanistic understanding of the ways in which NLRP3 inflammasome 
activation may impact tumor control. 

NLRP3 and CD4+ T cell functions 
Initial studies regarding the role of NLRP3 in CD4+ T cell function 

indicated myeloid-expressed NLRP3 is crucial for effective CD4+ cyto
kine [78] and proliferative [79] responses during T cell priming using 

model OVA antigen. However, subsequent studies examining the effect 
of NLRP3 in an IAV intranasal infection model revealed no discernible 
effect of NLRP3 in the resulting CD4+ T cell responses against IAV, 
despite a requirement for caspase-1 [66], ASC, and IL-1R signalling [66] 
in mouse survival. Together, this hints at a requirement for other 
caspase-1-dependent inflammasomes in the adaptive response against 
IAV. Given that in addition to TGFβ, IL-6, and IL23, 
inflammasome-dependent IL-1β drives Th17 polarization, most research 
on NLRP3 and CD4+ T cell responses focuses on Th17 cells in autoim
munity or non-viral infections. Indeed, in a murine model of 
Muckle-Wells syndrome where NLRP3 harbors missense mutations 
leading to its hyperactivity, mice present with spontaneous skin 
inflammation dependent on IL-17A [80]. In line with this observation, 
studies of murine EAE implicate NLRP3 in worsened disease progression 
due to heightened CD4+ T cell infiltration and IL-17 levels in the spinal 
cords of wild type mice, relative to NLRP3-deficient animals [70]. 

One of the first studies to examine the effects of NLRP3 in modulating 
the adaptive response to bacterial infection used a murine model of 
Bordetella pertussis infection [81]. The authors found that B. pertussis 
adenylate cyclase toxin induces IL-1β release by dendritic cells and 
subsequent CD4+ T cell-driven release of IL-17, dependent on NLRP3 
and IL-1R, respectively, and this response was important for control of 
B. pertussis infection. Furthermore, murine immunization with CFA has 
been shown to induce Th17 polarization partially via NLRP3 [82]. 
Subsequent work has shown that NLRP3-NLRC4 dual deficient mice 
mount lower splenic effector Th1 responses following intravenous 
S. typhimurium infection implicating these two inflammasomes in 
anti-bacterial Th1 functions [83]. Together, these studies implicate 
NLRP3 in Th1 and Th17 responses against specific bacterial pathogens. 

NLRP3 has also been shown to mediate both innate and adaptive 
responses to protozoa and helminth infections. During murine footpad 
Leishmania major infection, NLRP3 allows for greater protozoan burden 
by promoting Th2 instead of protective Th1 responses [84]. In Schisto
soma mansoni helminth infection, liver granuloma size partially depends 
on NLRP3, which induces immunopathological Th1, Th2, and Th17 
responses [85]. Similarly, during murine gastrointestinal infection with 
Trichuris muris, NLRP3 limits protective Th2 responses and promotes 
Th1 responses, leading to increased intestinal pathology [86]. Together, 
these results indicate that the NLRP3 inflammasome may mediate worse 
disease outcomes during infection with protozoa and helminths. 

NAIP-NLRC4 

NLR apoptosis inhibitory proteins (NAIPs) recognize intracellular 
bacterial needle proteins (mouse NAIP1), rod proteins (mouse NAIP2), 
and flagellin (mouse NAIP5/6). Humans have only one NAIP protein 
that may be a sensor for all of these ligands. Upon ligand binding, NAIPs 
activate NLRC4 to form the NAIP-NLRC4 inflammasome complex [87]. 
Although there has been some research regarding the effects of the 
NAIP-NLRC4 inflammasome in mediating adaptive immune responses, 
its role in this regard remains poorly understood. Early studies indicated 
that NLRC4 is both a potent inducer [88] and repressor [83,89] of T 
cell-mediated adaptive immunity. Indeed, in the context of different 
infection models, NLRC4 has been shown to dampen CD4+ and CD8+ T 
cell function [83]. One of the most convincing demonstrations of this 
was in a model of L. monocytogenes infection. This bacterium is normally 
a poor inducer of inflammasome activation, but upon ectopic expression 
of Legionella pneumophila flagellin, was found to repress expansion of 
protective antigen-specific CD8+ T cells in an NLRC4-dependent manner 
[89]. In contrast, the NAIP-NLRC4 inflammasome has been shown to 
induce robust protective adaptive immune responses when triggered by 
vaccine adjuvants. Murine vaccination with tumor cells expressing 
flagellin induces CD4+ and CD8+ T cell mediated protection from sub
sequent tumor challenge in a process requiring both TLR5 and 
NAIP-NLRC4 [90]. Furthermore, intranasal administration of a vaccine 
encoding recombinant vaccinia virus (VACV) and flagellin-OVA 
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conjugate in mice induced robust anti-OVA CD8+ T cell responses in the 
lungs, spleen, and intestines in an NLRC4-dependent manner, as 
compared to vaccination with recombinant VACV-OVA alone [91]. In 
the context of viral infection, NLRC4 is protective in a murine model of 
IAV infection [92]. NLRC4-deficient mice were found to have increased 
mortality and an associated decrease in IAV-specific effector CD4+ T 
cells. Curiously, these effects were independent of 
NLRC4-inflammasome formation. Overall, although NLRC4 has been 
described as an activator and repressor of adaptive immune responses to 
bacterial, fungal, and viral infections, the mechanistic insight into the 
ways in which NLRC4 is activated in response to non-bacterial microbes 
remains unclear. 

Contributions of other NLRs 

Despite previous investigations into the effects of other NLRs, spe
cifically, NLRX1, NLRC3, NLRP10, and NLRP12, on adaptive immune 
responses, there have been far too few studies to clearly define their 
functions. Regardless, previous work has identified NLRX1 [93] and 
NLRC3 [94] as negative regulators of CD4+ T cell functions. NLRP10 
was initially thought to be a global regulator of adaptive immunity, with 
its deficiency leading to generalized defects in T cell and B cell effector 
functions [95]. However, subsequent studies confirmed that these ef
fects were due to a deficiency in DOCK8 that arose during the generation 
of the NLRP10-deficient mice [96]. This case highlights, again, the 
critical need for littermate controls in all experiments involving trans
genic mice. Finally, NLRP12 has also been implicated as a negative 
regulator of CD4+ T cell functions [97]. However, further investigation 
is needed to understand the precise role of NLRX1, NLRC3, NLRP10, and 
NLRP12 on adaptive immunity. 

Conclusions and outstanding questions 

Despite the large body of work on NLR-mediated effects on innate 
immune responses, there is a surprising paucity of research on their 
effects on adaptive immunity. Moreover, even among the literature 
examining the function of NLRs in this regard, there is a lack of research 
that bridges the depth of understanding brought about by the two 
“separate” fields of 1) NLRs and 2) adaptive immune responses. To 
exemplify this, among studies examining the effects of inflammasomes 
on effector and anamnestic immunity, few bring forward a mechanistic 
understanding of the requirement of caspases, ASC, and downstream IL- 
1β and IL-18 for these responses. On the other end of the spectrum, it is 
appreciated that the extent of IL-2 signalling to T cells may affect their 
propensity to become memory cells [98]. However, there has been no 
investigation of the ways in which lone or combinatorial NLR engage
ment in myeloid cells may, in turn, affect the levels of IL-2R/STAT5 
signalling on T cells. Furthermore, perhaps due to technical limita
tions, the understanding of the ways in which NLR–NLR interactions 
shape adaptive immune responses is understudied. Examining NLRs 
using reductionist approaches may lead to incomplete conclusions 
relating to their physiological functions, as multiple NLRs are likely 
engaged during infectious contexts. Lastly, there is a need for further 
work examining the effects of NLRs on adaptive immunity at peripheral 
tissue sites. Investigating this is especially important given that in
fections are primarily mucosal or epidermal before spreading systemi
cally. Overall, however, we are hopeful that the field will work to bridge 
the knowledge gained from the separate studies of NLRs and adaptive 
immunity. Such research will provide a framework for the design of 
NLR-targeting therapies in both infectious and auto-inflammatory 
contexts. 
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microbiota by Nod2 contributes to the oral adjuvant activity of cholera toxin 
through the induction of interleukin-1β. Immunology 2019;158(3):219–29. 

[49] Asano J, Tada H, Onai N, Sato T, Horie Y, Fujimoto Y, et al. Nucleotide 
oligomerization binding domain-like receptor signaling enhances dendritic cell- 
mediated cross-priming in vivo. J Immunol 2010;184(2):736–45. 

[50] Griffin ME, Espinosa J, Becker JL, Luo JD, Carroll TS, Jha JK, et al. Enterococcus 
peptidoglycan remodeling promotes checkpoint inhibitor cancer immunotherapy. 
Science 2021;373(6558):1040–6. 

[51] Lupfer C, Thomas PG, Kanneganti TD. Nucleotide oligomerization and binding 
domain 2-dependent dendritic cell activation is necessary for innate immunity 
and optimal CD8+ T cell responses to influenza A virus infection. J Virol 2014;88 
(16):8946–55. 

[52] Petterson T, Jendholm J, Månsson A, Bjartell A, Riesbeck K, Cardell LO. Effects of 
NOD-like receptors in human B lymphocytes and crosstalk between NOD1/NOD2 
and Toll-like receptors. J Leukoc Biol 2011;89(2):177–87. 

[53] Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. 
Host–microbe interactions have shaped the genetic architecture of inflammatory 
bowel disease. Nature 2012;491(7422):119–24. 

[54] Imam T, Park S, Kaplan MH, Olson MR. Effector T helper cell subsets in 
inflammatory bowel diseases. Front Immunol 2018;9:1212. 

[55] Watanabe T, Kitani A, Murray PJ, Wakatsuki Y, Fuss IJ, Strober W. Nucleotide 
binding oligomerization domain 2 deficiency leads to dysregulated TLR2 
signaling and induction of antigen-specific colitis. Immunity 2006;25(3):473–85. 

[56] Barreau F, Madre C, Meinzer U, Berrebi D, Dussaillant M, Merlin F, et al. Nod2 
regulates the host response towards microflora by modulating T cell function and 
epithelial permeability in mouse Peyer’s patches. Gut 2010;59(2):207–17. 

[57] Biswas A, Liu YJ, Hao L, Mizoguchi A, Salzman NH, Bevins CL, et al. Induction 
and rescue of Nod2-dependent Th1-driven granulomatous inflammation of the 
ileum. Proc Natl Acad Sci USA 2010;107(33):14739–44. 

[58] Geddes K, Rubino SJ, Magalhaes JG, Streutker C, Le Bourhis L, Cho JH, et al. 
Identification of an innate T helper type 17 response to intestinal bacterial 
pathogens. Nat Med 2011;17(7):837–44. 

[59] Jiang W, Wang X, Zeng B, Liu L, Tardivel A, Wei H, et al. Recognition of gut 
microbiota by NOD2 is essential for the homeostasis of intestinal intraepithelial 
lymphocytes. J Exp Med 2013;210(11):2465–76. 

[60] Wu X, Lahiri A, Haines GK, Flavell RA, Abraham C. NOD2 regulates CXCR3- 
dependent CD8+ T cell accumulation in intestinal tissues with acute injury. 
J Immunol. 2014;192(7):3409–18. 

[61] Robertson SJ, Lemire P, Maughan H, Goethel A, Turpin W, Bedrani L, et al. 
Comparison of Co-housing and littermate methods for microbiota standardization 
in mouse models. Cell Rep 2019;27(6):1910–1919.e2. 

[62] Stappenbeck TS, Virgin HW. Accounting for reciprocal host–microbiome 
interactions in experimental science. Nature 2016;534(7606):191–9. 

[63] Deets KA, Vance RE. Inflammasomes and adaptive immune responses. Nat 
Immunol 2021;22(4):412–22. 

[64] Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular activation 
and regulation to therapeutics. Nat Rev Immunol 2019;19(8):477–89. 

[65] Allen IC, Scull MA, Moore CB, Holl EK, McElvania-TeKippe E, Taxman DJ, et al. 
The NLRP3 inflammasome mediates in vivo innate immunity to influenza A virus 
through recognition of viral RNA. Immunity 2009;30(4):556–65. 

[66] Ichinohe T, Lee HK, Ogura Y, Flavell R, Iwasaki A. Inflammasome recognition of 
influenza virus is essential for adaptive immune responses. J Exp Med 2009;206 
(1):79–87. 

[67] McKee AS, Munks MW, MacLeod MK, Fleenor CJ, Van Rooijen N, Kappler JW, 
et al. Alum induces innate immune responses through macrophage and mast cell 
sensors, but these sensors are not required for alum to act as an adjuvant for 
specific immunity. J Immunol 2009;183(7):4403–14. 

[68] Novais FO, Carvalho AM, Clark ML, Carvalho LP, Beiting DP, Brodsky IE, et al. 
CD8+ T cell cytotoxicity mediates pathology in the skin by inflammasome 
activation and IL-1β production. PLoS Pathog 2017;13(2):e1006196. 

[69] Ramos HJ, Lanteri MC, Blahnik G, Negash A, Suthar MS, Brassil MM, et al. IL-1β 
signaling promotes CNS-intrinsic immune control of West Nile virus infection. 
PLoS Pathog 2012;8(11):e1003039. 

[70] Gris D, Ye Z, Iocca HA, Wen H, Craven RR, Gris P, et al. NLRP3 plays a critical 
role in the development of experimental autoimmune encephalomyelitis by 
mediating Th1 and Th17 responses. J Immunol 2010;185(2):974–81. 

[71] Ghiringhelli F, Apetoh L, Tesniere A, Aymeric L, Ma Y, Ortiz C, et al. Activation of 
the NLRP3 inflammasome in dendritic cells induces IL-1β–dependent adaptive 
immunity against tumors. Nat Med 2009;15(10):1170–8. 

[72] van Deventer HW, Burgents JE, Wu QP, Woodford RM, Brickey WJ, Allen IC, 
et al. The inflammasome component Nlrp3 impairs antitumor vaccine by 
enhancing the accumulation of tumor-associated myeloid-derived suppressor 
cells. Cancer Res 2010;70(24):10161–9. 

[73] Daley D, Mani VR, Mohan N, Akkad N, Pandian GSDB, Savadkar S, et al. NLRP3 
signaling drives macrophage-induced adaptive immune suppression in pancreatic 
carcinoma. J Exp Med 2017;214(6):1711–24. 

[74] Lu F, Zhao Y, Pang Y, Ji M, Sun Y, Wang H, et al. NLRP3 inflammasome 
upregulates PD-L1 expression and contributes to immune suppression in 
lymphoma. Cancer Lett 2021;497:178–89. 

[75] Tengesdal IW, Menon DR, Osborne DG, Neff CP, Powers NE, Gamboni F, et al. 
Targeting tumor-derived NLRP3 reduces melanoma progression by limiting 
MDSCs expansion. Proc Natl Acad Sci U S A 2021;118(10):e2000915118. 

[76] Li XY, Moesta AK, Xiao C, Nakamura K, Casey M, Zhang H, et al. Targeting CD39 
in cancer reveals an extracellular ATP- and inflammasome-driven tumor 
immunity. Cancer Discov 2019;9(12):1754–73. 

[77] Dixon KO, Tabaka M, Schramm MA, Xiao S, Tang R, Dionne D, et al. TIM-3 
restrains anti-tumour immunity by regulating inflammasome activation. Nature 
2021;595(7865):101–6. 

[78] Eisenbarth SC, Colegio OR, O’Connor W, Sutterwala FS, Flavell RA. Crucial role 
for the Nalp3 inflammasome in the immunostimulatory properties of aluminium 
adjuvants. Nature 2008;453(7198):1122–6. 
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