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Abstract
Innate instruction of adaptive immunity was proposed more than 20 years ago as a mechanism by
which long-lived lymphocyte responses are targeted to appropriate antigens. At the time Charles
Janeway proposed this theory, most of the innate immune receptors were unknown and the pivotal
role of the dendritic cell in instructing T cell priming was debated. There is now overwhelming
evidence that the innate and adaptive branches of the immune system must interact to generate
immunity. Much of this work has focused on families of innate immune receptors called pattern
recognition receptors (PRRs) on dendritic cells, which translate these inflammatory triggers into
productive T cell responses. Nevertheless, we are only beginning to understand how these defense
molecules shape the generation of immunity. We review the varied roles of one class of PRRs, the
NOD-like receptors (NLRs), in immune responses and propose a new model in which adaptive
immunity requires coordinated PRR activation within the dendritic cell.

NLRs: pattern recognition “receptors”
The immune system possesses a repertoire of receptors activated by evolutionarily
conserved molecular patterns that are broadly classified into two categories on the basis of
their origin: pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs). As the term suggests, PAMPs refer to molecules that are
exogenous in origin and are found particularly on a group of pathogens. These include such
“patterns” as cell wall components, flagella, lipoproteins and nucleic acids of bacterial,
fungal and viral origin [1]. PAMPs can also be referred to as microbe-associated molecular
patterns (MAMPs) to indicate that not all microbes are pathogens, most notably commensal
flora, although this distinction depends on the immunocompetence of the host. In contrast to
PAMPs, DAMPs are endogenous molecules which, upon stress or damage to the host cell,
are released or modified and are capable of initiating an inflammatory response. A few
examples of these include DNA-binding proteins such as high-mobility group protein 1
(HMGB1), heat-shock proteins (HSPs), extracellular ATP and uric acid crystals [2].

The innate branch of the immune system detects these molecular patterns in part through
numerous germ line-encoded pattern recognition receptors (PRRs). Toll-like receptors
(TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLR), RIG-I-
like receptors (RLR), AIM2-like receptors (ALR) and C-type lectin receptors (CLR) are not
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only central to the rapid innate immune response but also have direct effects on initiating
adaptive immunity [3]. Although much attention is paid to the role of the above PRRs in the
immune response, a broader repertoire of pattern recognition molecules (PRMs) including
complement components [4], scavenger receptors, SIRP-α [5], pentraxins [6] and the KIR
family of receptors on natural killer (NK) cells [7] detect host invasion, damage, aging or
alteration; these sensors of altered or damaged patterns are outside of the scope of this
review but are also crucial in the maintenance of immune homeostasis.

TLRs are the most-well characterized pattern recognition receptors. They are membrane-
bound and expressed on both the cell surface and in endosomal compartments; TLRs
primarily recognize PAMPs, although examples of DAMPs activating TLRs also exist [8].
The CLRs, which are either membrane-bound or secreted, bind to carbohydrate moieties
such as mannose, fucose and β-glucan on pathogens such as Candida albicans, as well as to
host-derived glycoproteins and F-actin [9, 10]. The other PRRs scan a topologically
different part of the cell – the integrity of cytosolic contents. RLRs are cytoplasmic helicases
that sense single- or double-stranded RNA [11], whereas ALRs respond to bacterial or viral-
derived cytoplasmic double-stranded DNA [12]. NLRs are also cytoplasmic, and like many
PRRs, they respond to a range of both PAMPs and DAMPs.

Some NLRs detect PAMPs in the cytosol, indicating cellular invasion by the pathogen or
loss of cellular compartmentalization, such as bacterial muramyl-dipeptide (MDP)
recognition by NOD2 or the bacterial secretion system molecule PrgJ by NAIP2 [13]. Other
NLRs “sense” cytosolic PAMPs but indirectly through potentially cell-derived signals or
adapter molecules (e.g. sensing of acylated lipopeptides by NLRP7 or sensing of flagellin by
NLRC4) [14, 15]. Finally, some NLR members are activated following the loss of cell
membrane integrity, including the insertion of pores or ion channels through cellular
membranes (e.g. NLRP1 activation by Lethal Toxin and NLRP3 activation by influenza M2
protein as well as numerous other pathogen-derived toxins) [16–18], insertion of bacterial
secretion systems into the plasma membrane (e.g., NLRC4-Type III secretion systems) [19,
20] or membrane rupture (e.g. NLRP3-insoluble crystals) [21]. Altogether, by recognizing
the loss of cellular integrity, NLRs seem to detect a different kind of insult than other PRRs
and might be able to act as a “back-up” system if a pathogen has successfully bypassed TLR
detection. Accordingly, the cellular inflammatory program following NLR triggering is
often distinct from that induced by an activated TLR and can be even quite different
between different NLR members.

Although the triggers and function of numerous NLRs remain unknown, some trends have
emerged from those NLRs that have been characterized and we have attempted to group
these into a functional classification scheme outlined in Table 1. One well-defined role of a
number of NLRs, as well as non-NLRs such as AIM2 and IFI16, is the nucleation of a multi-
molecular complex termed an “inflammasome” consisting of the adaptor molecule
apoptosis-associated speck-like protein containing a card (ASC) and the inflammatory
caspase, caspase-1. The defining feature of an active inflammasome is the proteolytic
processing and subsequent secretion of interleukin (IL)-1β and IL-18 by active caspase-1.

Of all inflammasomes, NLRP3 is the best characterized. It is activated upon stimulation of
cells with a wide array of chemically diverse DAMPs, including pore forming toxins,
products of cell death (e.g., ATP, uric acid), haptens, endogenously and exogenously-
derived insoluble crystals (e.g., alum, cholesterol, silica), protein aggregates (e.g., β-
amyloid, islet amyloid polypeptide) and adjuvant microparticles [2, 22]. Although a wide
range of PAMPs from fungal zymosan to viral RNA have also been suggested to activate the
NLRP3 inflammasome [23–25], it has been difficult to clearly delineate whether the PAMP
itself or rather the damage caused by the PAMP/organism actually initiates NLRP3
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activation [16]. We argue that the overwhelming commonality to NLRP3 triggers is the
induction of cell damage [22] and therefore most PAMPs that induce NLRP3 activity will
also follow this rule. These kinds of questions will remain unanswered until we have
identified ligands that directly bind to and regulate NLRP3. For NLRP3, and indeed most
NLRs studied to date with only a couple of exceptions [26–29], there is little evidence that
any directly bind to the PAMPs or DAMPs that induce their activation.

Given the striking breadth of chemical and physical characteristics of NLRP3 triggers, it is
unlikely that each agonist directly binds NLRP3 in a typical ligand-receptor paradigm.
Instead, we and others have proposed that these triggers share in common the disruption of
cellular homeostasis or integrity of specific intracellular compartmentalization [22, 30, 31]
(Box 1; Figure 1a) - analogous to the release of cytochrome c from the inner mitochondrial
membrane to initiate apoptosome formation (Box 2). A number of different mechanisms
have been proposed by which NLRP3 activity is directly regulated downstream of DAMP or
PAMP stimulation including NLRP3 deubiquitination, cellular potassium efflux, interaction
with the phosphorylated protein kinase PKR or phagolysosome destabilization [30, 32–34];
however, multiple studies have recently pointed to mitochondrially-derived signals, ranging
from reactive oxygen species (ROS) to mtDNA to ATP, as direct ligands nucleating the
NLRP3 inflammasome [35–39]. In combination with the colocalization of NLPR3 and ASC
to mitochondrial organelle clusters during inflammasome activation [39] these data suggest
that cellular damage is sensed by the mitochondria and desequestration of molecules from
this organelle might directly program the cell for inflammation (inflammasome) or death
(apoptosome) (Box 1–2).

Text box 1

The canary in the coalmine and NLRP3 inflammasome activation

It has already been proposed that the NLRP3 inflammasome “monitors the activity of the
mitochondrion” [30], but perhaps more specifically, mitochondria monitor the integrity
and homeostasis of the cell; in this way, mitochondria act as a “canary in a coal mine” to
sense the integrity of the cell and then orchestrate the cellular response to perturbations,
whether metabolic changes, inflammation (e.g., inflammasome) or death (e.g.,
apoptosome). Because mitochondria likely originated from a prokaryotic symbiotic
relationship within the eukaryotic cell [117], it is plausible that during evolution
mitochondrial molecules with non-eukaryotic motifs would have been preferentially
selected to serve as DAMPs to nucleate the inflammasome response. Identification of the
direct ligand(s) that binds and activates NLRP3 will be crucial to our molecular
understanding of NLR regulation and inflammasome formation.

Text box 2

Apoptosome

A cytosolic pathway parallel to inflammasome activation exists in the cell to regulate
apoptosis. A mitochondrial-sequestered molecule, cytochrome c, is released into the
cytosol and recognized by Apaf-1, which can then form a platform for caspase-9
activation called the apoptosome [118]. Subsequent activation of execution caspases
ultimately results in apoptosis. Although the cellular outcome is significantly different,
the apoptosome and inflammasome have numerous similarities; the “somes” in both are
multimolecular platforms that result in activation of caspase enzymes, many of the
domains of Apaf-1 are shared and central to NLR function and the upstream triggers of
both are possibly released mitochondrial molecules.
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This model suggests that NLRP3, and perhaps other NLRs as well, sense a pattern of cell
stress rather than the actual agonists, analogous to the Guard Theory of plant immunity,
which is based on resistance molecules with significant homology to NLR molecules (i.e.,
NB-LRR R proteins) [40]. It further suggests that NLRs should induce an immunological
response distinct from TLR-induced activation to specify the detection of a different type of
immune insult, in this case cell disruption rather than the presence of microbes. Indeed,
triggering of NLRs regulates a wide range of cellular programs from the modulation of
signalling cascades (e.g., NOD2) to gene expression (e.g., CIITA) to autophagy (e.g.,
NLRP4) (Box 3) to cellular migration (e.g., NLRP10). As will be discussed below, many of
these cellular effects distinguish NLRs from other PRRs and might allow for distal
communication of the presence of host damage to the adaptive immune system.

Text box 3

NLRs and autophagy

Eukaryotic cells use a fundamental process called autophagy to degrade macromolecular
structures in the cytoplasm. In DCs, the autophagic machinery has been shown to be
crucial in transporting cytoplasmic antigens (such as HSV-2) to MHC Class II, thus
regulating CD4+ T cell responses [119]. Both NOD1 and NOD2 were reported to induce
autophagy in response to bacterial infections like Shigella flexneri by directly interacting
with the autophagic protein ATG16L1 or indirectly through RIP2-kinase activation [120,
121]. Certain NLRs like NLRP4 have also been found to inhibit the initiation and
maturation of autophagy by associating with Beclin-1 and class C vacuolar protein-
sorting complex [122]. Finally, autophagy has been found to negatively regulate NLRP3
inflammasome activation, and this is believed to be a result of defective mitochondrial
clearance by autophagic processes [31].

Beyond IL-1β
The primary cell type that bridges the innate and adaptive immune branches of the immune
system is the dendritic cell (DC), glibly called “nature’s dirty little secret” by Charles
Janeway because it acts as nature’s adjuvant [41] to translate immunologists’ “dirty little
secret” (the use of microbially-based adjuvants) [42] into productive adaptive immune
responses. This versatile group of cells can induce particular acute pro-inflammatory
cytokine responses but are also the master regulators of naïve T cell fate. During steady-
state, immature DCs continuously sample their environment for potential antigens. They
express low levels of co-stimulatory molecules on their surface, high levels of major
histocompatibility complex (MHC) class II molecules in endosomal compartments and have
enhanced endocytic capacities [43]. The complex maturation program that a DC must
undergo to productively prime a naïve T cell can be broken down to four discrete steps: i)
uptake of antigen that is followed by decreased phagocytic capacity; ii) processing and
presentation of antigen with enhanced surface expression of MHC II; iii) upregulation of
costimulatory molecules (the licensing signals for T cell priming); and iv) migration to the
draining lymph node (LN) where the APC interacts with naïve T cells.

TLR activation regulates multiple aspects of DC maturation including enhanced antigen
presentation, decreased phagocytic and macropinocytic capacity, and upregulation of the
LN-homing chemokine receptor CCR7 [3, 44]. Further MyD88-dependent activation of
nuclear factor kappa B (NF-κB) and mitogen-activated kinase (MAPK) signalling pathways
following TLR engagement leads to upregulation of co-stimulatory molecules such as CD80
and CD86 as well as production of pro-inflammatory cytokines such as IL-6 and tumor
necrosis factor alpha (TNFα, which are fundamental steps in the maturation of DCs [1, 3]
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(Figure 1b). Studies of both human and murine DCs have demonstrated that the NLRs
NOD1 and NOD2 can act in synergy with TLRs to induce enhanced cytokine production
from DCs, which in turn impacts T cell differentiation fate [45, 46]. In fact NOD1 and
NOD2 induce intracellular signalling cascades similar to the ones initiated downstream of
TLR stimulation in response to intracellular PAMPs such as MDP, in particular NF-kB,
through the adaptor molecule RIP2 kinase and possibly in conjunction with other NLRs such
as NLRP10 [47–49]. Administration of NOD1 and NOD2 ligands in vivo leads to the
recruitment and activation of “inflammatory” CD11bhi DCs, although this was not shown to
necessarily be a DC-intrinsic effect of NOD1 or NOD2 [50]. Using mixed bone marrow
chimeras, Magalhaes et al subsequently demonstrated that although NOD1 & NOD2 activity
in stromal cells was sufficient for inducing Th2 immunity in vivo, DC-intrinsic NOD
signalling was required to induce optimal and robust T cell responses and therefore it was
proposed that the DC responds to NOD ligands and is critical for antigen-presentation but
also requires “trans-activation” by stimulated non-hematopoietic cells [51]. Further, NOD1
and NOD2 ligands have been shown to enhance splenic DC cross-priming of CD8+ T cells
[52] although more recent work using in vitro generated DCs demonstrated an inhibitory
role of NOD1 and NOD2 ligands on DC cross-presentation [53]. Thus, certain NLRs clearly
impact DC-intrinsic signalling cascades that overlap with TLR-induced pathways as well as
inciting stimuli from the stroma, both of which tailor the DC-induced adaptive immune
response.

Although particular NLRs complement TLR-dependent DC activation, there is an emerging
trend of NLRs acting instead as negative regulators of immune signalling cascades such as
those critical to DC maturation (Figure 2, Table 1) [54]. It was recently demonstrated that
NLRC3 inhibited TLR-dependent NF-κB activation by preventing poly-ubiquitination of
TRAF6 [55]. Similarly, NLRP12 was found to inhibit TLR-induced activation of both the
canonical NF-κB pathway in monocytes [56] by limiting levels of hyperphosphorylated
IRAK1 [57] and the non-canonical NF-κB pathway by associating with HSP90 and inducing
proteolysis of NF-κB inducing kinase (NIK) [58, 59]. Other members of the pyrin-
containing subfamily of NLRs also negatively impact NF-κB activity through inhibition of
IKKα phosphorylation in the case of NLRP4 [60] or through as yet unidentified
mechanisms in the case of NLRP2 [61]. In addition to its inflammasome-mediated function
in colonic epithelium [62], NLRP6 has also been shown to negatively regulate NF-κB and
ERK pathways in hematopoietic cells [63]. Although the role of NLRX1 as a negative
regulator of NF-κB activation has been debated [64], separate studies have shown that it
impaired RIG-I and TLR-mediated activation of NF-κB by interacting with downstream
signalling molecules like the adaptor protein MAVS [65] and IKKβ respectively [66].

The regulatory role of NLRs on TLR-induced signalling cascades is interesting given that
TLR signalling also induces the transcription of particular NLRs such as NLRP3 [67](Figure
1)a. We hypothesize that a TLR-NLR feedback loop might exist in which pathogen-induced
TLR signalling primes a cell for NLR responsiveness. However, only upon host damage
(i.e., release of DAMPs) would NLRs be activated and in turn inhibit the response to on-
going TLR ligation. Presumably this feedback loop limits collateral damage to the host but,
as will be discussed next, it might also initiate the transition from the early innate immune
response to the later adaptive lymphocyte-based immune response, which depends on a fully
licenced DC.

Unique functions of NLRs in dendritic cells
In addition to modulating TLR-induced stimulated pathways, NLRs control distinct and
unique pathways in DCs that are crucial for their ability to prime a naive T cell. One obvious
example of NLR regulation of the antigen presentation function of DCs is the transcription
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of MHC molecules (Figure 2 and Table 1). CIITA acts as a transcription factor to regulate
the expression of MHC class II, as well as several accessory molecules critical in the MHC
class II antigen-presentation pathway such as the invariant chain, HLA-DM and HLA-DO
[68]. DCs express a unique variant of CIITA that enhances its activity in regulating MHC
class II expression [69]. Furthermore, B cells, macrophages and DCs use distinct promoters
to regulate CIITA expression, indicating that a cell-specific regulation of MHC class II by
CIITA could determine when and how antigen is presented to CD4+ T cells [70]. Studies by
three separate groups demonstrated that NLRC5 regulates expression of MHC class I and
related molecules such as β2-microglobulin and Tap-1 in various cell types [71, 72],
although its role in regulating MHC class I within DCs has been questioned [73]. Beyond
regulation of gene transcription, multiple NLRs have been implicated in controlling T cell-
dependent adaptive immune responses, presumably through modulation of DC function.

The NLRP3 inflammasome has been found to be essential for immune processes ranging
from anti-tumour cytotoxic T cell responses, T cell mediated immune responses to contact
allergens and the adjuvant function of aluminium hydroxide during vaccination [74–77].
Although initially proposed to regulate DC maturation and migration, in part through the
secretion of IL-1β, the role of NLRP3 in DCs or the adaptive immune response is not
currently clear [76, 78–81]. It has been reported that DC migration to LNs is impaired
following vaccination with alum in NLRP3-deficient mice [82]; however, the same group
subsequently showed alum-induced inflammatory DC recruitment and allergic responses in
a NLRP3-independent but uric acid-dependent manner [83]. In murine models of multiple
sclerosis, CD4+ T cells primed with NLRP3- or ASC-deficient splenic DCs were unable to
migrate into the central nervous system (CNS) to cause disease [84], and NLRP3-deficient
mice had reduced paralysis secondary to a defect in Th1/Th17 induction [85]. In contrast,
another study found no role for NLRP3 in the activation of autoimmune T cells using the
same model systems [86]. Finally, the ion channel M2 of the influenza virus was shown to
activate the NLRP3 inflammasome in bone marrow-derived DCs [16], and a functional
inflammasome was required for DC and monocyte recruitment during infection [80], but it
was also demonstrated that T cell and antibody responses to influenza did not require
NLRP3 [80, 87]. Therefore, the role of NLRP3 in DC function or the regulation of adaptive
immunity is far from clear, and the wide variation in immune responses found by different
groups using the same genetically modified mice represents a major challenge to our
understanding of NLRP3 function. In contrast to NLRP3, the study of several other NLRs
has yielded some clearer themes related to the function of dendritic cells as APCs and NLR
activity.

NLRs and dendritic cell migration
Dendritic cell capture and presentation of antigen is not enough to prime a T cell; the
activated DC must be in the appropriate place to interact with an antigen-specific T cell, the
lymph node (Box 4). DC maturation in peripheral tissues is accompanied by a coordinated
change in expression of multiple chemokine receptors (e.g., reduced CCR1, CCR2, CCR5
and CXCR1 with concomitant up regulation of CCR7 and CXCR4) [88]; of these receptors,
CCR7 is the most crucial determinant of DC homing to the LN following peripheral
activation, yet it is not sufficient to ensure DC exit from peripheral tissues [44, 89]. In fact
relatively little is known about the molecular regulation of DC release from inflamed tissues
prior to chemokine-directed movement. Recent data from a number of groups including our
own suggest that certain NLRs, rather than TLRs, might regulate key aspects of this poorly
characterized biological process.
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Text box 4

From infection to immunity

Naïve T cells remain relatively quiescent during their surveillance of secondary lymphoid
organs unless they recognize cognate antigen in the context of MHC on the surface of a
matured APC (predominantly dendritic cells) in the lymph node. DCs are a class of
professional APCs that contribute to the generation of immunity as well as to the
maintenance of peripheral tolerance. DCs can be broadly classified into plasmacytoid DC
(pDC) and conventional DC (cDC) subsets, and the latter can be further segregated into
lymphoid-resident DCs and tissue-resident DCs. DC subsets are extremely diverse in
function varying in their anatomic location, expression of markers, gene expression
profiles, cytokine production, PRR expression, antigen uptake, processing and
presentation capabilities, migratory capacities and in their ability to elicit distinct T cell
programs [123]. During steady state, immature DCs continuously sample their
environment for potential antigens. They express low levels of co-stimulatory molecules
on their surface, high levels of MHC class II molecules in endosomal compartments and
have enhanced endocytic capacities. Upon exposure to a pathogen, DCs undergo a
maturation process which includes a substantial decrease in phagocytic capacity,
increased surface expression of MHC class II (signal 1 for T cell priming) and co-
stimulatory molecules (signal 2 for T cell priming) along with a concomitant production
of cytokines as well as enhanced migration to draining lymph nodes. In the LNs, mature
DCs present these antigens along with costimulatory molecules to naïve T cells thus
initiating the first step in adaptive immunity i.e., T cell priming [3].

We recently discovered that NLRP10, a unique NLR that lacks an LRR and does not appear
to form an inflammasome, plays an unexpected but important role in DC emigration [90].
NLRP10-deficient mice had impaired CD4+ helper T cell priming as a result of reduced DC
migration to draining LNs during immunization with a wide variety of adjuvants at multiple
sites [90]. NLRP10 deficiency solely within the DC is sufficient to inhibit migration out of
inflamed tissues without affecting the expression and function of CCR7; however, the
mechanism by which tissue emigration is impaired remains to be determined (Figure 1b).
Further, caspase-1-deficient DCs fail to appropriately migrate during influenza infection and
therefore CD8+ T cell priming is impaired [87]. Caspase-11, another inflammasome-related
caspase, directly interacts with regulators of cofilin to modulate actin depolymerization and
its loss results in migration defects in vivo and in vitro of multiple cell lineages [91].
Ippagunta and colleagues demonstrated that the inflammasome adaptor molecule ASC
controlled F-actin polymerization in dendritic cells by regulating the levels of DOCK2, a
guanine nucleotide exchange factor that modulates Rac, thereby influencing DC antigen
uptake and movement [92]. However, in a recent addendum, the investigators found that the
ASC-deficient mice employed in their investigations had defective expression of DOCK2
for unclear reasons, and that this defect was not consistently seen in ASC-deficient mice
from other facilities [93]. Therefore, the role of ASC in DC migration remains unclear.
Despite this, from the study of particular NLRs or related molecules important for
inflammasome function such as caspases, there appears to be a role for NLRs in controlling
various aspects of cell movement. Obviously, DC migration is a fundamental step in the
initiation of T cell priming and it is interesting that this one step in the DC maturation
program might require a second level of regulation perhaps through NLR activity.

Arthur et al. demonstrated that NLRP12-deficient mice had decreased migration of DCs and
neutrophils to CCR7 chemokine gradients accompanied by reduced T cell driven
inflammation in a model of skin contact hypersensitivity [94] (Figure 1b). However, in a
subsequent study using different models of allergic airway disease, the same group showed

Krishnaswamy et al. Page 7

Trends Immunol. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that there was no difference in allergen-specific CD4+ T cell responses between NLRP12-
deficient and wild-type (WT) mice, suggesting that only a subset of DCs is affected by the
loss of NLRP12 [95]. Indeed, Langerhans cell movement from the skin appears to be
defective in NLRP12-deficient mice [94], whereas NLRP10-deficient mice have a targeted
defect in a DC subset that specifically primes naïve CD4+ T cells, the tissue migratory
CD11b+ DCs [90]. Perhaps different DC subsets differentially respond to immune insults
through the use of distinct NLRs, thereby tailoring the type of lymphocyte-driven adaptive
immune response to the inciting agent (Box 4). Although the molecular pathways regulated
by NLRs and inflammasomes in DCs are not well defined, an interesting functional theme
for these molecules is emerging; the shared domain structures within the NLR family are
used in disparate processes many of which control aspects of dendritic cell function,
including MHC transcription and modification of TLR-induced maturation and migration
(Table 1). Therefore, the original paradigm that TLR stimulation induces a DC maturation
program sufficient for T cell priming seems to be incomplete.

PRR cooperation model
Determination of the migration fate of mature DCs from sites of inflammation is clearly a
step that must be carefully regulated to avoid responses to innocuous antigens such as self-
molecules or allergens. One major function of the NLRs might be to orchestrate DC
movement and thereby regulate one critical aspect of productive innate-adaptive interactions
that the TLRs do not [87, 90, 91, 95]. Although TLR activation has been shown to be
sufficient for induction of adaptive immunity, the requirement for NLRs in these studies
were not addressed [96–98]. It is well-accepted that expression of essential surface
molecules for T cell priming are readily upregulated by TLR stimulation including MHC,
CCR7 and costimulatory molecules; however, this DC maturation program might be
incomplete in that a mature DC in the tissue would not be able to prime a naïve T cell in the
LN (Figure 1b). For particular NLRs such as NLRP3, TLR stimulation is also necessary to
prime the cell for responses to NLR ligands but again is not sufficient to induce NLR
activity (Figure 1a). Therefore TLR stimulation would prime the DC for responsiveness both
in the induction of a DC maturation program as well as situating an NLR to respond to
damage. By fully licensing a DC for T cell priming the subsequent detection of DAMPs by
NLRs would thereby fundamentally shift the nature of the immune response from primarily
innate in nature to one that is adaptive. This “division of labor” between the NLRs and TLRs
might act as a dual level of regulation to ensure that the powerful adaptive branch of the
immune system is only activated upon foreign (e.g. PAMPs) and pathogenic (e.g., release of
DAMPs) insults (Figure 1b).

There are numerous “two-hit” or “two-signal” models in biology, from cancer development
to inflammasome triggering (Figure 1a) to T cell activation [22, 99, 100]. Here we propose a
two-hit model of innate instruction of adaptive immunity, in which TLR activation primes a
DC to mature (like releasing one’s foot from the brake of a car), whereas NLR activation
licenses the DC to take those signals to awaiting naïve T cells in the lymph node (like
putting one’s foot on the gas pedal of said car) [101]. Both steps are required, just as in other
models, to ensure specificity of the response, particularly if the response is metabolically
costly and potentially dangerous to the host [102]. For example, aspiration of a small
amount of Gram-positive mouth flora into the sterile lower airways in the absence of
significant tissue damage should induce a rapid but localized innate immune response that
limits bacterial spread. Conversely, DAMP activation of particular NLR family members
through crush injuries or burns should not induce a T cell response, as the target could be a
self-molecule. However, streptococcal lobular pneumonia with significant bacterial burden
as well as host tissue damage might require more than a phagocytic and cytokine-induced
innate inflammatory response in the lung. Under these circumstances, DCs can employ all
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the requisite machinery of antigen processing and migration to induce a distal T cell
response in the lymph nodes. Elegant studies by Garaude et al. recently provided support for
this theory using flagellin-expressing tumor cells; they demonstrated that although TLR5-
mediated recognition of flagellin by macrophages was crucial for rapid clearance of the
tumor cells, both TLR5 and NLRC4 signalling in the DC led to activation and efficient
antigen presentation to tumor-specific CD4+ and CD8+ T cells [103]. As highlighted earlier,
NLR and TLR cooperation during an immune response has been well described; in the case
of NOD1 and NOD2, which induce overlapping signalling cascades with many TLRs,
synergistic immune cell activation appears to fine-tune or augment the innate immune
response [104, 105]. By contrast, our PRR cooperation model relies on the sensing of two
distinct classes of immune activators, PAMPs versus DAMPs, generating a fundamental
shift in the type of immune response from innate to adaptive.

The PRR cooperation model is not novel but instead is a merging of two “old” theories
about the regulation of immunity, the Janeway Pattern Recognition Theory [42] and the
Matzinger Danger Theory [106]. Just as we began with a description of PAMPs and
DAMPs, these two theories fundamentally rely on the detection of PAMPs (C. Janeway)
versus DAMPs (P. Matzinger) and diverge in their interpretation of the importance of self
versus non-self discrimination in the generation of adaptive immune responses. As has been
previously described, both models explain pieces of the observed rules of immunity [107],
but in combination with other existing models such as the Missing Self [108] and Guard
Hypothesis [40], we believe a holistic description of the rules governing immunity can be
described. This is however not a failsafe mechanism; PRRs detect an incredible range of
molecules, and it is therefore plausible that a two-hit PRR requirement could be
inadvertently fulfilled even if disadvantageous to the host, most notably with the
development of autoimmunity. Clearly more work must be done to determine whether a
PRR cooperation model can indeed account for when an adaptive immune response is
appropriately (or inappropriately) generated, but the formation of a molecular understanding
of the immunological pathways governing this process will certainly advance our ability to
positively or negatively intervene in human immune responses.

Concluding remarks
Our understanding of the NLRs has grown exponentially over the past 10 years, as NLRs
have been shown to have crucial functions in a wide variety of disease processes [22].
However, for many of the 22 known human NLR family members, their triggers and
physiologic function remain unknown. Debate exists about which NLRs form true
inflammasomes, the direct ligand regulating activity of many NLRs including NLRP3
(Figure 1a) and the function of inflammasomes in an array of adaptive immune responses
ranging from vaccination with the adjuvant aluminum hydroxide to generation of influenza
immunity. However, emerging studies are starting to define on a molecular level the
regulation and activity of the NLRs and this will greatly aid in the answering of many of
these questions. Further, other studies have suggested a new and perhaps unexpected role for
NLRs in fine-tuning dendritic cell-dependent induction of adaptive immunity (Table 1).
These findings in particular have led us to speculate on how the growing list of pattern
recognition receptors of the innate immune system tailor an appropriate adaptive immune
response to the wide array of immunological insults. As different PRR families typically
induce different sets of inflammatory programs, the integration of combined PRR triggering
could be one mechanism by which an appropriate immune response is tailored [104, 105].

We propose that a combination of two categorically different “hits” of molecules that are
foreign with molecules released by damaged host cells (loosely categorized as PAMP and
DAMP, respectively) would be sufficient to fulfil the tenets of a PRR cooperation model for
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adaptive immunity (Figure 1b). It is this latter, more dangerous and metabolically costly
immune response that seems to require the interplay of multiple innate immune receptor
pathways. Although there are some studies to support this model [90, 103], much more work
will be needed to dissect the relative roles of the different PRRs in regulating innate versus
adaptive immune responses.
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Glossary

Adaptive immunity otherwise known as acquired immunity, is a T and B lymphocyte-
mediated response against encountered antigens that generates
immunological memory. The generation of memory T cells and B
cells helps the body initiate robust and rapid responses on
subsequent encounters with the pathogen

Autophagy cell intrinsic process leading to the endosomal degradation of
macromolecules (microautophagy) and cell organelles
(macroautophagy). Autophagic processes contribute to antigen
presentation as well as activation of DCs via involvement of TLR
signalling cascades

CARD domain caspase activation and recruitment domains are present on many
PRRs, notably NLRs, ASC and caspases. One function of CARD
domains is to facilitate inflammasome formation by homotypic
domain interactions to create large protein complexes

Cross presentation presentation of extracellular antigens by MHC class I molecules
to CD8+ T cells to elicit immune responses. Cross presentation
plays a major role in initiating an immune response against
viruses and tumors

Damage-associated
molecular patterns
(DAMP)

a broad group of molecules endogenously expressed that possess
the ability to initiate an inflammatory response. These molecular
patterns arise from stress to cells such as damage or heat-shock

Danger model proposed by Polly Matzinger, it states that antigen presenting
cells respond to endogenous danger signals from cells undergoing
stress in order to initiate adaptive immunity

Guard theory first proposed to deal with plant immunology, it is the theory that
the immune system responds not only to the direct detection of
pathogens but also to consequences of pathogenesis such as
cytoskeletal disruption or endocytic trafficking

Human leukocyte
antigen (HLA)

cell surface molecules responsible for presenting molecular
epitopes to leukocytes. This antigen presentation is critical to the
priming of lymphocytes by dendritic cells. In non-humans these
molecules are referred to as MHC (see below)

Inflammasome multimolecular complex required for processing precursors of
pro-inflammatory cytokines and pyroptosis. The composition of
oligomers is dependent on which PRRs are activated in response
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to PAMPs or DAMPs. A typical inflammasome contains a
caspase (caspase 1 or 11), ASC and an NLR molecule

Innate immunity is a body’s ability to quickly respond to a broad spectrum of
pathogens. This is a general response to categories of insults, for
example classes of pathogens expressing particular PAMPs (see
below). Unlike the adaptive immune system, the response to
pathogens does not confer long-term protection through the
generation of long-lived clonal cells. Also in contrast to adaptive
immunity, the innate receptors responding to particular insults are
germline encoded rather than generated through DNA
recombination, as is the case of lymphocyte receptors

Major
histocompatibility
complex (MHC)

cell surface molecules responsible for presenting molecular
epitopes to leukocytes. This antigen presentation is critical to
priming T cells by dendritic cells. Three major classes exist and
are designated MHC class I, II or III. In humans these molecules
are referred to as HLA (see above)

Missing self theory proposed theory of how cells of the immune system “recognize”
the absence of the expression of a normal host molecule. The
paradigm was established to describe the inhibition of natural
killer (NK) cell activation to host tissue; when tumors or viral
infections result in the loss of surface inhibitory molecules such
as MHC, NK cells destroy the altered host cell. This paradigm in
fact applies to a number of other immunologic detection methods
of the innate immune system including the constitutive inhibition
of complement activation on the surface of host cells and the
macrophage inhibitory receptor SIRPα

Pathogen-associated
molecular patterns
(PAMP)

exogenous molecules of pathogen-origin (viral, fungal or
bacterial) that are composed of foreign (non-self) motifs and
typify groups of pathogens (e.g., the expression of
lipopolysaccharide on all Gram-negative bacteria). An alternative
name for PAMPs has arisen due to the existence of molecules that
stimulate innate immune receptors on microbes that are
commensal rather than pathogenic – microbe associate molecular
patterns (MAMPs)

Pattern recognition
theory

proposed by Charles Janeway, it lays the framework for how the
innate immune system communicates with and regulates adaptive
immunity. It is based on the principle of pattern recognition of
PAMPs through non-clonal receptors expressed by leukocytes
and other cells

Pattern recognition
receptor (PRR)

an umbrella term referring to receptors capable of detecting
molecular patterns facilitating immune responses. Families of
these receptors include (but are not limited to) TLRs, NLRs,
RLRs, ALR, and CLRs. Again, alternative terms exist to define
molecules that respond to innate immune triggers but don’t
necessarily act as receptors; pattern recognition molecules (PRM)
refer to the larger group of secreted and membrane-bound
molecules that induce innate immune responses
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Reactive oxygen
species (ROS)

chemically reactive molecules containing oxygen typically
released as an innate response during infection, damage or
temperature shock. ROS induce oxidative stress in the molecules
it reacts with and in bacteria can cause cell death through
membrane disruption
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Future Questions

1. How do NLRs regulate dendritic cell movement during immune responses?

2. What is the direct activating ligand of NLRP3?

3. Synergistic activation of which PRR sets elicit an effective adaptive immune
response to a particular pathogen?

4. Do differential expression patterns of NLRs regulate subset-specific functions of
dendritic cells?

5. How is an immune response appropriately tailored to an invading pathogen
(e.g., a PAMP) versus a self-molecule released during cell death (e.g., a DAMP)
if many of the downstream signalling cascades overlap?
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Figure 1. Two-step models of DC activation for (a) inflammasomes and (b) T cell priming
(a) TLR induced (or cytokine induced) NLRP3 and pro-cytokine transcription is a licensing
signal for NLR inflammasome activity (“Signal 1”). Even so, TLR signalling is not
sufficient to enable inflammasome nucleation and function. In the case of NLRP3, we
propose that inflammasome activation requires a second signal that induces cell damage
(“Membrane Disruptor”) resulting, through unknown pathways, in the release of a
motochondrially-sequestered molecule (“?”). We propose that this endogenous ligand then
directly induces NLRP3 inflammasome activation with one of the well-established sequelae
of IL-1β and IL-18 secretion. This model is not restricted to inflammasome activation in
DCs. LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; ASC, apoptosis-associated
speck-like protein containing a CARD. (b) Similar to the two-signal model of T cell
activation, we propose a two PRR model of DC activation in which neither PAMPs nor
DAMPs alone are sufficient to induce a fully licensed DC for T cell priming. PAMP-
induced DC maturation upregulates most of the requisite molecules to effectively prime a
naïve CD4+ T cell including costimulatory molecules, MHC class II and CCR7 surface
expression (“Activated DC”). It should be noted that this step has been shown to be
mediated by more than TLRs and particular NLRs that induce inflammatory signalling
cascades can also regulate DC activation. A fully licensed DC requires a second signal
initiated by the detection of a damaged host (DAMP). For example, without activation of
NLRs such as NLRP10 and NLRP12, the dendritic cell is unable to migrate to draining
lymph nodes even if the DC is activated, thus preventing unnecessary lymphocyte priming.
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PAMP, pathogen associated molecular pattern; DAMP, damage associated molecular
pattern.
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Figure 2. Beyond IL-1β
Apart from inflammasomes, NLRs play different roles in modulating DC function. Certain
NLRs regulate signalling cascades initiated by other pattern recognition receptors like TLRs
and RIG-I/MDA-5. NOD1/2 activation synergistically amplifies TLR-mediated activation of
NF-κB thus leading to enhanced DC maturation. Other NLRs negatively regulate NF-κB
activation by TLRs and RIG-I/MDA-5. NLRP12, NLRX1 and NLRP4 have been shown to
bind and inhibit the activity of specific proteins involved in inflammatory signalling
cascades. NLRP2 and NLRP6 have also been shown to impair NF-κB activation but the
exact mechanism is yet to be elucidated. Additionally, NLRs like CIITA and NLRC5 can
control dendritic cell maturation by transcriptional regulation of MHC Class I and Class II
respectively.
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