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Abstract

The receptors of the innate immune system detect specific microbial ligands to promote effective 

inflammatory and adaptive immune responses. Although this idea is well appreciated, studies in 

recent years have highlighted the complexity of innate immune detection, with multiple host 

receptors recognizing the same microbial ligand. Understanding the collective actions of diverse 

receptors that recognize common microbial signatures represents a new frontier in the study of 

innate immunity, and is the focus of this Review. Here, we discuss examples of individual bacterial 

cell wall components that are recognized by at least two and as many as four different receptors of 

the innate immune system. These receptors survey the extracellular or cytosolic spaces for their 

cognate ligands and operate in a complementary manner to induce distinct cellular responses. We 

further highlight that, despite this genetic diversity in receptors and pathways, common features 

exist to explain the operation of these receptors. These common features may help to provide 

unifying organizing principles associated with host defence.

The detection of microorganisms by the innate immune system is a fundamental aspect of 

mammalian biology. Microbial detection not only indicates potential threats to the host but 

also provides training for immune homeostasis in major physiological systems such as the 

gastrointestinal tract1,2. Bacteria, whether pathogens, commensals or somewhere on the 

spectrum between the two, produce pathogen-associated molecular patterns (PAMPs) that 

are recognized by multiple classes of pattern-recognition receptor (PRR)3. These PAMPs are 

molecules that, when detected by the host, signify the presence of infectious non-self 

material. PAMP detection leads to inflammatory responses that help to eliminate the 

invading microorganism.

Some of the most inflammatory PAMPs, such as lipopolysaccharide (LPS), lipoproteins, 

peptidoglycan and flagellin, are molecules that are derived from the bacterial cell wall. 

Bacteria can also be detected through their nucleic acids (BOX 1), although this aspect of 

innate immune detection is not the focus of this Review. Cell-wall-associated PAMPs have 

long been known to induce inflammation after their detection by Toll-like receptors (TLRs). 
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However, we now know that TLRs are but one subset of a wider family of immune 

surveillance factors that detect and respond to these ligands4.

In this Review, we discuss a collection of structurally diverse PRRs that recognize the same 

bacterial cell wall component. These PRRs then induce various signalling pathways that 

depend on structurally diverse signalling components. We discuss how, despite this diversity, 

themes have emerged that transcend the specific structures of individual regulatory factors. 

These themes include the ability of diverse PRRs to detect common PAMPs, the ability of 

diverse proteins to assemble into conceptually similar signalling organelles upon PAMP 

detection and the ability of diverse enzymes in these organelles to promote inflammation. 

We therefore propose that, akin to the unifying power of the concepts of PAMPs and PRRs3, 

common features of the signalling pathways of the innate immune system also exist.

Themes of innate immune signalling

In this section, we describe the best-defined pathways of the innate immune system — those 

that promote inflammatory gene expression or inflammatory cell death (that is, pyroptosis). 

Although these two processes (transcription and pyroptosis) are distinct, they are united by 

common cell biological themes, which result in an inflammatory cell state that is aimed at 

controlling infection. Here, we focus nearly exclusively on PRRs and receptor-proximal 

factors that detect extracellular and intracellular bacteria, and introduce the diversity of 

signalling proteins that detect these microorganisms while highlighting common principles 

that are associated with their mechanisms of action.

Pathways that promote inflammatory gene expression.

TLRs were first identified as homologues of the Drosophila melanogaster Toll receptor, 

which regulates development and immunity in the fruitfly5,6, and they are the founding 

members of a large collection of PRRs that recognize PAMPs (BOX 2). These receptors are 

transmembrane proteins that localize to the plasma or endosomal membranes. Long leucine-

rich repeat (LRR) regions mediate protein–protein or protein–PAMP interactions in the 

extracellular and lumenal spaces. These distinct subcellular sites correlate with the nature of 

the PAMPs recognized by individual TLRs. Extracellular TLRs typically detect microbial 

cell-wall-associated PAMPs, whereas endosomal TLRs usually detect PAMPs that are not 

displayed on the microbial surface, predominantly nucleic acids (BOX 2).

Although all cell-surface-localized TLRs detect PAMPs that are present in the bacterial cell 

wall, the mechanisms by which productive ligand–receptor interactions occur differ. In this 

discussion, we define productive ligand–receptor interactions as the ability of the TLR to not 

only bind ligand but also to promote inflammatory gene expression. The simplest mode of 

interaction seems to be between TLR5 and subunits of flagellin, which may occur directly 

and without the aid of additional host factors7,8. TLR2 and TLR4, by contrast, require 

interactions with other host proteins to interact productively with their microbial ligands9–13. 

TLR2 recognition of di- or triacylated lipoproteins requires the actions of TLR6 or TLR1, 

respectively12,13. The cell-surface proteins CD14, CD36 and mannose-binding lectin (MBL; 

also known as MBP) also promote productive TLR2 recognition in a ligand-specific 

manner14. Unlike TLR2, TLR4 does not require interactions with other TLRs to 
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productively interact with its microbial ligand LPS, but it does depend on LPS-binding 

protein (LBP), CD14 and MD214. Thus, whereas some TLRs can detect their ligand directly 

(for example, TLR5), others require the actions of other TLRs (for example, TLR2) or 

additional PAMP-binding proteins (for example, TLR2 and TLR4). Of these interactions, the 

interactions between proteins that bind LPS have been best defined. LBP forms a complex 

with the outer membrane of Gram-negative bacteria (or LPS micelles) and somehow alters 

the membrane to allow CD14 to extract a monomer of LPS15. CD14 then transfers LPS to a 

heterodimer of MD2–TLR4, which results in crosslinking of two TLR4 molecules9,16,17. 

TLR4 crosslinking is the first step in the inflammatory process16,17. This unidirectional flow 

of LPS from LBP to MD2–TLR4 is explained by the increasing affinity of each LPS 

receptor for its ligand9. This complex mode of LPS extraction and detection ensures that 

cells respond robustly to a single bacterium. It is unclear whether similar sensitivity explains 

why TLR2 recognition and signalling requires additional host factors. Likewise, it is unclear 

whether any host factors (so far unidentified) facilitate flagellin recognition by TLR5. 

Answers to these unknowns will allow us to determine whether the apparent heterogeneity 

of the mechanisms of PAMP detection can be explained by a common fundamental need for 

signalling sensitivity. Despite this diversity of mechanisms of PAMP detection by TLRs, 

ligand binding commonly results in receptor crosslinking (or dimerization), which activates 

the signalling activities of these receptors18.

Although dimerized TLRs display no intrinsic enzymatic activities, they activate enzyme-

dependent cellular responses through interactions with downstream effector proteins. The 

signalling events that TLRs induce lead to the production of various immunoregulatory 

factors, with the major classes of secreted proteins being pro-inflammatory cytokines and 

interferons (IFNs)14. All TLRs induce cytokine expression through the activity of nuclear 

factor-κB (NF-κB) and activator protein 1 (AP1) transcription factors14. By contrast, IFNs 

are only induced by endosome-localized TLRs through the action of IFN regulatory factor 

(IRF) family transcription factors14. These cytokines and IFNs then elicit numerous cellular 

responses, including the recruitment of phagocytes and neutrophils and the activation of 

dendritic cells, which initiate adaptive immunity14,19.

TLR-induced signals are mediated by the actions of two classes of effector proteins, which 

are known as signalling adaptors (myeloid differentiation primary response protein 88 

(MYD88)20 and TIR domain-containing adaptor protein inducing IFNβ (TRIF)21,22) or 

sorting adaptors (Toll/interleukin-1 receptor domain-containing adaptor protein 

(TIRAP)23,24 and TRIF-related adaptor molecule (TRAM)25)14. These factors contain Toll/

interleukin-1 (IL-1) receptor (TIR) domains, which allow inter action with TLRs (or each 

other) to initiate inflammatory responses. Sorting adaptors always act upstream of signalling 

adaptors, and survey the inner leaflet of the plasma and endosomal membranes for the 

presence of activated (dimerized) TLRs. This surveillance activity is mediated by the unique 

ability of sorting adaptors to interact with acidic phosphoinositides or to be myristoylated26. 

Each of these activities positions sorting adaptors for rapid response to activated TLRs. The 

most commonly used sorting adaptor is TIRAP23,24, which uses its promiscuous 

phosphoinositide-binding domain to detect active TLRs at the plasma membrane and 

endosomes27. On TLR detection, TIRAP promotes the assembly of a large oligomeric 

complex called the myddosome, which consists of the signalling adaptor MYD88 and 
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several IL-1 receptor-associated kinase (IRAK) family serine/threo-nine kinases27–29. 

Functionally, the myddosome and the inflammasome (described later in this Review) are 

supra-molecular organizing centres (SMOCs), which coordinate all inflammatory and 

immunoregulatory activities that are induced on microbial detection30. The myddosome and 

inflammasome are only assembled when needed and are not present in resting cells. All 

TLRs (except TLR3) are expected to assemble a myddosome on microbial detection, 

although experimental evidence of myddosome assembly has only been reported for TLR4 

and TLR9 (REF. 27).

Myddosome-induced inflammatory gene expression proceeds from the plasma membrane 

and endosomes, whereas signals that lead to IFN production proceed from endosomes 

exclusively14. IFNs are produced by the activity of both TLR signalling adaptors (MYD88 

and TRIF), although TRIF is most commonly associated with this response. The 

mechanisms of TRIF function are poorly defined, but it is thought that TRIF recruits TNF 

receptor-associated factor 3 (TRAF3) and downstream kinases that form a SMOC called the 

triffosome, which consequently activates IRFs26. Because TRIF-dependent IFN expression 

occurs only from endosomes, it is likely that the putative triffosome is assembled on these 

organelles. TRIF detects endosomal TLRs either directly (as in the case of TLR3) or 

indirectly through TRAM (as in the case of TLR4)25,31,32. However, TRIF does not 

assemble the sole SMOC that initiates IFN signalling. In plasmacytoid dendritic cells, 

endosomal TLR7 and TLR9 can form distinct endosome-associated myddosomes that signal 

through TRAF6 and IRF7 to generate IFNs14. Based on this collective knowledge, it seems 

that common principles associated with TLR signalling include the need for PAMP-induced 

receptor dimerization to promote downstream cellular responses, and the need to induce the 

assembly of SMOCs (the myddosome or the putative triffosome) to induce inflammation. As 

described below, these themes transcend the study of TLRs and also apply to PRRs that 

survey the cytosol.

Pathways that promote pyroptosis.

As well as being detected by TLRs outside the cell, bacteria are detected by PRRs in the 

cytosol. Although the regulators and effector responses differ between the systems that 

survey the extra-cellular and cytosolic environments, both systems detect the same PAMPs 

and signal through SMOCs to induce their unique cellular responses. A common set of 

SMOCs that are assembled in response to cytosolic PRRs are collectively known as 

inflammasomes33 (BOX 3). In contrast to the myddosome, the inflammasome does not 

induce transcriptional responses. Rather, this SMOC induces inflammation by promoting the 

release of pre-existing IL-1 family cytokines and other immunoregulatory factors34. An 

additional difference is based on the fact that most inflammasome-activating PRRs are 

present in the host cytosol, which is rarely accessed by non-pathogenic microorganisms. 

Consequently, inflammasomes are most commonly assembled during encounters with 

pathogens. TLRs at the cell surface, by contrast, cannot determine whether their cognate 

PAMP originated from pathogenic or non-pathogenic microorganisms. Despite these 

differences, myddosomes and inflammasomes promote inflammatory responses to control 

bacterial infection.
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Although the biochemical constituents of myddosomes and inflammasomes differ, the 

proteins in these complexes have common features. For example, both complexes contain a 

sensor molecule, an adaptor molecule and an enzyme. As described above, this set of 

molecules for the myddosome includes a TLR, the sorting adaptor TIRAP, the signalling 

adaptor MYD88, and IRAK family kinases. For inflammasomes, the sensors are most 

commonly NLRs (NOD-like receptors), the adaptor protein ASC, and the enzyme caspase 1 

(REF. 35). The network of SMOC-associated factors is modular: receptors other than the 

TLRs can induce myddosome assembly (for example, IL-1 receptor family members), and 

non-NLRs can induce inflammasome assembly (for example, the PRRs absent in melanoma 

2 (AIM2) or pyrin) (BOX 3). In addition, adaptor diversity exists, in that some PRRs do not 

require the ASC or MYD88 adaptors, but instead use NLR family CARD-containing protein 

4 (NLRC4) or TRIF to promote inflammation through caspase 1 or NF-κB14,34. Despite the 

diversity of proteins that comprise inflammasomes, they all share the feature of utilizing 

PRRs and adaptors, which converge on inflammatory caspases, such as caspase 1. Activated 

caspase 1 cleaves the latent cytokines pro-IL-1β and pro-IL-18 and the latent pore-forming 

protein gasdermin D (GSDMD) into their biologically active forms. Active IL-1β and IL-18 

are then released from cells after the pore-forming activity of GSDMD induces pyroptosis34. 

These IL-1 family cytokines are some of the most inflammatory signals produced by the 

innate immune system. Thus, signalling by myddosomes and inflammasomes initiates 

inflammatory programmes through diverse proteins that share common functional 

characteristics. Interestingly, studies in recent years have revealed additional PRRs that 

induce cellular responses to bacterial cell wall components36–40. These additional receptors 

do not induce myddosome or inflammasome assembly, yet they recognize the same 

microbial ligands as the PRRs that promote assembly of these SMOCs. In the next sections, 

we describe the specific collections of PRRs that recognize common PAMPs, thereby 

inducing diverse yet interconnected cellular responses to maximally promote inflammation.

Inflammatory signalling induced by LPS

Four receptors promote inflammatory responses to LPS.

Although TLR4 was long thought to be the only receptor that promotes cellular responses to 

LPS41, work in recent years has revealed several LPS responses that proceed independently 

of TLR4. These TLR4-independent responses include LPS-induced endocytosis by CD14 

(REF. 10), LPS-induced assembly of inflammasomes by caspase 11 (REFS 42,43) and LPS-

induced activation of reactive oxygen species (ROS) synthesis and phagocytosis by brain-

specific angiogenesis inhibitor 1 (BAI1)36,37. In this section, we describe the mechanisms 

underlying these responses to LPS, and highlight how each response may influence the 

activity of the others.

Detection of LPS in the extracellular space.

In the extracellular space, LPS is detected by the membrane-bound receptors CD14, the 

TLR4–MD2 heterodimer44 and the G-protein-coupled receptor BAI1 (REFS 36,37) (FIG. 

1). Of these receptors, TLR4 has attracted the most attention. TLR4 initiates two signalling 

cascades that are carried out by different SMOCs, namely the myddosome and the 

triffosome. At the plasma membrane, TIRAP senses activated TLR4 and assembles the 
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myddosome to induce pro-inflammatory cytokine production27,45. After being internalized 

in endosomes, TLR4 is detected by the sorting adaptor TRAM, which may seed the 

formation of the triffosome to induce IFN expression25,31,32. TRAM localizes to the plasma 

membrane and endosomes25,32, with the former location being the dominant site of TIRAP 

localization27,45. The overlapping membrane specificities of TIRAP and TRAM could 

facilitate the progression of TLR4 from TIRAP (and the myddosome) to TRAM (and the 

triffosome)14. The triffosome would be expected to complement myddosome activities, as 

TRIF and TRAM are required for prolonged activation of NF-κB and AP1 (REFS 31,46). 

Thus, the formation of SMOCs at the plasma and endosomal membranes initiates the 

production of inflammatory cytokines and IFNs downstream of activated TLR4.

CD14 is best known for its role in relaying LPS to TLR4, but recent studies have revealed 

that this PRR induces a cellular response — endocytosis — that is independent of (and 

upstream of) TLR4–TRIF signalling activity. Studies have shown that CD14 and LPS 

endocytosis proceeds normally in cells that lack TLR4 (REFS 10,47), whereas cells that lack 

CD14 cannot induce TLR4 endocytosis in response to LPS10,11. Thus, CD14 is necessary 

for internalization of the PRR (TLR4) and the PAMP (LPS). Because CD14-dependent 

endocytosis occurs before TLR4 signalling through the TRIF pathway, one must conclude 

that CD14 induces an endocytosis pathway upstream of TLR4 signalling, and that the dual 

actions of independent pathways activated by CD14 and TLR4 promote TRIF signalling. 

With its dual role in transporting PRRs and PAMPs, CD14 has been classified as a 

transporter associated with the execution of inflammation (TAXI)11. Multiple factors have 

been implicated in the regulation of CD14-dependent endocytosis, including the 

immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptors DNAX-

activation protein 12 (DAP12; also known as TYROBP) and FcεRIγ, the tyrosine kinase 

SYK, phospholipase Cγ2 and inositol-1,4,5-triphosphate receptors10,48. These factors 

collaboratively regulate CD14 endocytosis, as deletion or inhibition of individual factors 

diminishes but does not eliminate TRIF signalling, probably owing to delayed kinetics of 

TLR4 endocytosis10,48. Of the factors that regulate LPS-induced TLR4 endocytosis, MD2 is 

distinct. Whereas all of the aforementioned factors promote endocytosis of CD14 and TLR4, 

only MD2 is required for TLR4 endocytosis specifically11. CD14 endocytosis proceeds 

normally in MD2-deficient cells11. Thus, MD2 is not required for the process of LPS-

induced endocytosis, but is the cargo-selection agent for CD14-dependent endocytosis. Its 

role in TLR4 trafficking caused MD2 to be classed as a member of the TAXI family of 

proteins alongside CD1411. However, unlike CD14, MD2 has no known ability to signal 

independently of TLR4. We therefore consider MD2 to be an essential and specific 

component of the TLR4 pathway. Because the mechanisms of CD14 endocytosis are 

obscure, it is unclear whether an endocytosis-inducing SMOC exists to promote the 

movement of LPS and CD14–TLR4.

Although CD14 is the dominant receptor that promotes LPS and TLR4 endocytosis and 

signalling, the capture of whole bacteria is mediated by a distinct LPS receptor — BAI1 

(REFS 36,37). Interestingly, this receptor does not detect the lipid A moiety of LPS, which 

is detected by all other LPS receptors. Rather, BAI1 recognizes the core oligosaccharide of 

LPS36,37. BAI1 promotes the phagocytosis of Gram-negative bacteria specifically, and 

induces ROS production to facilitate bacterial killing. These responses to LPS — namely 
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phagocytosis and ROS production — are not often associated with CD14 or TLR4 

signalling, although definitive experimental evidence implicating or discounting their role is 

lacking36,37. Even though BAI1 detects a different LPS component from that detected by 

CD14 and TLR4 and elicits distinct responses, the signalling events associated with BAI1 

activation are similar to those of other PRRs. Akin to myddosome and inflammasome 

regulation, BAI1 recruits the engulfment and cell motility protein–dedicator of cytokinesis 

protein (ELMO–DOCK) adaptor complex and mediates the activation of an enzyme — the 

GTPase RAC1. RAC1 then promotes phagocytosis37, cytokine production and the assembly 

and activation of the NADPH oxidase on the phagosomal membrane36,37. The role of BAI1 

in Gram-negative bacterial detection is important, as depletion or chemical inhibition of 

BAI1 reduces phagocytosis, ROS production and bacterial clearance during infection in 
vivo36,37.

Cytosolic detection of LPS.

LPS can be detected inside the cell as well as in the extracellular space (FIG. 1). The 

delivery of LPS into the host cytosol is often associated with pathogens that disrupt 

phagosomal membranes. Key events that underlie how cytosolic LPS is recognized have 

been identified recently, namely the PRR and the SMOC. Intracellular LPS is detected by 

caspase 11, a member of the inflammatory caspase family49, and detection stimulates 

assembly of the non-canonical inflammasome (BOX 3). In a manner similar to LPS 

recognition by MD2–TLR4, caspase 11 binds the acyl chains of the lipid A moiety of 

LPS42,43,49. It is currently unclear how similar LPS detection by caspase 11 and MD2–

TLR4 is, and the answer to this question will require structural analysis of these interactions. 

Nevertheless, surface plasmon resonance demonstrates that caspase 11 has sub-nanomolar 

affinity for lipid A, which it binds through its caspase activation and recruitment domain 

(CARD)49. Activated caspase 11 then cleaves GSDMD50,51, and the pore-forming activity 

of the latter promotes pyroptosis and the release of mature IL-1β52–54.

Caspase 11 activation also results in the assembly of a canonical NOD-, LRR- and pyrin 

domain-containing protein 3 (NLRP3) inflammasome; caspase 1 then cleaves IL-1 family 

cytokines (and GSDMD) to maximally promote inflammation. Importantly, these caspase 

11-dependent events that initiate non-canonical and canonical inflammasomes occur in 

TLR4-deficient cells42,43. NLRP3 activation downstream of active caspase 11 is dependent 

on potassium efflux55, probably because of GSDMD-mediated membrane perturbation (a 

known activator of the NLRP3 inflammasome34). Some evidence also supports a role for 

caspase 11 in promoting pyroptosis without activating NLRP3 or NLRC4 inflammasomes 

upon the detection of cytosolic bacteria56. These data suggest that caspase 11-dependent 

pyroptosis and canonical inflammasome activation can be uncoupled56.

Altogether, we have described four independent signalling pathways that mediate cellular 

responses to LPS through the PRRs CD14, TLR4–MD2, BAI1 and caspase 11. These 

diverse PRRs sense LPS and initiate different cellular responses that ultimately converge at a 

similar end point — an inflammatory state that controls bacterial spread.
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Inflammatory responses to flagellin

Three receptors promote responses to flagellin.

LPS is present only on Gram-negative bacteria, but multiple (although not all) classes of 

bacteria use a flagellum for motility. As such, the detection of flagellar components by PRRs 

reports on encounters with Gram-positive and Gram-negative bacteria. The flagellin subunit 

of flagella is recognized by TLR5 in the extracellular space and by the NLRs neuronal 

apoptosis inhibitory protein 5 (NAIP5; also known as BIRC1E) and NAIP6 (also known as 

BIRC1F) in the cytosol7,57,58. On flagellin detection, these respective PRRs induce 

myddosome and inflamma some assembly to promote inflammation. Thus, although 

flagellin and LPS are distinct entities, common principles govern innate immune detection 

of these PAMPs.

Detection of flagellin in the extracellular space.

At the cell surface, flagellin is detected by TLR5 (REF. 7) (FIG. 2). TLR5 binds to a 

conserved site on the flagellin subunit that lies at the interaction interface between two 

adjacent flagellin subunits that are present in the flagellar apparatus8. No other host factors 

are known to promote productive interactions between TLR5 and flagellin. Although TLR5 

seems to act alone, the fact that the flagellin recognition motif is buried in the flagellar 

filament8 suggests that some form of flagellin extraction may be necessary for efficient 

detection.

Little is known about TLR5 signalling at the plasma membrane, although some evidence for 

SMOC formation downstream of PAMP recognition exists in that MYD88 is crucial for 

TLR5 signalling7, and some reports indicate that TIRAP is important in certain contexts59. 

For example, TIRAP seems to be required for optimal TLR5 signalling in intestinal 

epithelial cells59. Similarly, our understanding of the role of TRIF in TLR5 signalling is 

limited. Evidence suggests that TRIF signalling may occur downstream of TLR5 in 

intestinal epithelial cells60, which is supported by the observation that, in epithelial cells, 

flagellin can be internalized in a dynamin-dependent manner61,62. However, further analyses 

will improve our understanding of flagellin-dependent signalling and may yield unique 

biology. Indeed, a recent study suggests that TLR5 is transported to the plasma membrane 

by UNC93 homologue B1 (UNC93B1)63 (which is thought to be required only for 

endosomal localization of TLR3, TLR7 and TLR8 and TLR9), and this chaperoning is 

essential for normal TLR5 function64.

Cytosolic detection of flagellin.

In contrast to our limited understanding of flagellin-induced TLR5 signalling, much more is 

known about the detection of cytosolic flagellin. In mice, cytosolic flagellin stimulates the 

formation of an inflammasome containing the adaptor NLRC4 (BOX 3; FIG. 2). This 

inflammasome exhibits the classic features of canonical inflammasomes, including caspase 

1 activation and the release of IL-1β65,66. The PRRs that promote NLRC4 inflammasome 

assembly are NAIP5 and NAIP6, which bind flagellin directly57,58. NLRC4 contains a 

CARD that can recruit caspase 1 (REF. 57), thereby bypassing the need for ASC. However, 

there seems to be a role for ASC in NLRC4 activities, as macrophages that are deficient in 
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ASC do not elicit caspase 1 processing downstream of flagellin58,67, although this finding is 

controversial68.

The similarities between the flagellin-sensory and LPS-sensory systems extend beyond the 

use of multiple PRRs to induce myddosomes and inflammasomes. For example, as in LPS 

detection, different receptors detect different regions of flagellin. Detection of flagellin by 

the NAIPs occurs in a region of the bacterial protein that is distinct from that detected by 

TLR5 (REFS 69,70). The D0 domain of flagellin is required for assembly of the 

inflammasome67, and a flagellin mutant lacking D0 does not elicit caspase 1 processing or 

inflammatory cytokines67. By contrast, loss of the D0 domain does not affect flagellin 

binding to TLR5. The D1 flagellin domain seems to be the sole domain that directly 

interacts with TLR5, although the D0 domain is required for efficient signal transduction69. 

Moreover, flagellin detection occurs in the LRR regions of TLR5, which also exist in 

NAIPs, but NAIPs recognize flagellin through distinct α-helical domains of the nucleotide-

binding domain (NBD) instead71. Binding of flagellin to the NAIP NBD is required for 

NLRC4 to oligomerize71, which promotes caspase 1 recruitment57,67. Moreover, 

phosphorylation of NLRC4 advances inflammasome assembly67,72, although this has been 

disputed73.

In mice and humans, the NLRC4 inflammasome also assembles on detection of the bacterial 

type three secretion system (T3SS)74; in mice, this occurs through the actions of the PRR 

NAIP2, which recognizes the T3SS rod component57, and the single NAIP orthologue in 

humans also recognizes the T3SS rod75. The T3SS and flagella exhibit structural and 

sequence homology76. By analogy, the rod protein is comparable to the flagellin monomer. 

Thus, despite being distinct PAMPs, the detection of flagellar and T3SS components by 

cognate PRRs and the assembly of NLRC4 inflammasomes display molecular symmetry.

Sensing lipoproteins

Three receptors promote responses to lipoproteins.

Lipoprotein PAMPs decorate the surface of Gram-positive and Gram-negative bacteria. 

Because hexa-acylated LPS is so inflammatory, lipoproteins play a minor part in the host 

response to Gram-negative bacteria, except when microorganisms alter their LPS to avoid 

detection (see below). In such cases, the detection of lipoproteins becomes more 

important77. Lipoproteins have a large role in the detection of Gram-positive bacteria, as 

they extend out from the surface of the peptidoglycan matrix that surrounds the bacterial 

cell. Lipoproteins are detected at the plasma membrane by TLR2-containing complexes78,79. 

Intracellular lipoproteins stimulate the formation of the NLRP7 inflammasome in human 

cells80, although an analogous mechanism has yet to be identified in murine cells.

Detection of lipoproteins in the extracellular space.

Different bacterial lipoproteins are sensed at the cell surface by distinct TLR2 

heterodimers12,13 (FIG. 3). Diacylated lipoproteins are detected by the TLR2–TLR6 

heterodimer, whereas triacylated lipoproteins are bound by TLR2–TLR1 (REFS 12,13). In a 

ligand-specific manner, productive TLR2–PAMP interactions also require the host factors 
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CD14 (REFS 81,82) and CD36 (REFS 14,83). Evidence exists for CD36 affinity for TLR2–

TLR6 complexes84. CD14 may signal predominantly with TLR2–TLR1 complexes81, 

although it can also affect TLR2–TLR6 signalling85. MYD88 and TIRAP are essential for 

inflammatory cytokine production downstream of lipoprotein stimulation86–88, suggesting 

that myddosomes form and are responsible for TLR2 signal transduction.

Stimulation of IFN by lipoproteins.

Myddosome-dependent cytokine production is the most well defined activity of TLR2, but it 

is less clear how bacterial lipoproteins stimulate an IFN response (FIG. 3). Early studies 

showed that TLR2 ligands induce type I IFNs, albeit at a much weaker level than that 

observed for LPS89,90. Under the conditions examined, these TLR2 and TLR4 ligands 

induced comparable amounts of mitogen-activated protein kinase (MAPK) activation89. This 

suggests that TLR2 and TLR4 signal at similar rates and ‘strengths’, but only TLR4 potently 

induces IFN90. Recent work has re-examined whether TLR2 activation elicits IFN77,91–96 

and found that IFNβ or IFN-stimulated genes can be induced downstream of viral91 or 

bacterial92 infection. Synthetic bacterial lipoproteins can also induce IFN expression93–95, 

although this finding has been challenged by studies using a comparable TLR2 (REF. 81) 

synthetic lipopeptide92. Regardless, the IFN response was low in comparison to known 

stimulators of IFN expression (and could even be due to TLR8 signalling92). Functional 

assays, such as the inhibition of viral replication, may clarify the physiological relevance of 

the low-level IFN production induced by TLR2.

If TLR2 does elicit IFN, this would probably occur after receptor endocytosis, as no known 

receptor can induce IFN production from the cell surface14. Several reports suggest that 

endocytosis is important for signalling downstream of lipoprotein stimulation83,91,97. Using 

chemical inhibition of endocytosis, the internalization of fluorescently labelled lipoproteins 

or lipoteichoic acid (LTA) was blocked83,97, with a concomitant decrease in inflammatory 

cytokine production97. Chemical inhibition of endocytosis or endosomal maturation 

eliminated the low-level IFNβ production induced by TLR2 during viral infection91. 

Although these studies support the PAMP-inducible movement of TLR2 into the endosomal 

network, it was not until recently that the tools became available to test this hypothesis 

directly. Monoclonal antibodies raised against endogenous TLR2, TLR1 and TLR6 detected 

the native proteins in primary macrophages and dendritic cells97. However, the cell-surface 

population of these receptors was unaltered after lipoprotein stimulation97. The seeming lack 

of TLR2 movement is in contrast to observations of TLR4, which moves rapidly into the cell 

within minutes of ligand stimulation10,11. It should be noted, however, that TLR movement 

was analysed in cells 2 hours post stimulation in REF. 97: thus, TLR2 could have been 

internalized and then re-populated at the cell surface, as is seen with CD14 (REF. 11). 

Alternatively, it is possible that a small subpopulation of TLR2 molecules could be 

endocytosed, which is undetectable by flow cytometry but could be sufficient to initiate low-

level IFNβ production.

If it is true that lipoproteins are internalized to elicit low-level IFN but the PRRs remain on 

the cell surface, how would the ligands be endocytosed? One possibility is that CD14 or 

CD36 mediates internalization of some TLR2 ligands83 in a process regulated by the SRC 
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and SYK kinases10,98. Another unknown associated with TLR2 signalling from 

endosomes99,100 is the identity of the corresponding SMOC. The lipoprotein–CD36 (or 

CD14) co-complex would probably need an adaptor protein to interact with TRIF or 

MYD88 to elicit IFNs (FIG. 3). Thus, although increasing evidence supports a role for 

TLR2 in promoting cytokine and low-level IFN expression, the underlying mechanisms and 

significance of these observations need to be further explored.

Cytosolic detection of lipoproteins.

In a similar way to other cell wall PAMPs, lipopeptides are ligands for multiple receptors, 

including those that promote inflammasome formation. For example, lipoproteins produced 

by Mycoplasma species80, Listeria monocytogenes80 and Staphylococcus aureus80,101 

stimulate the formation of an NLRP7 inflammasome, which is present in humans but not 

mice. This process is required for efficient antibacterial defence. NLRP7 may bind 

lipoproteins directly, as production of NLRP7, ASC, pro-caspase 1 and pro-IL-1β in 

HEK293 cells was sufficient to induce IL-1β release80. Lipoproteins stimulate ASC 

oligomerization, caspase 1 processing and ASC-dependent IL-1β release, all of which are 

hallmarks of inflammasomes, in immortalized and primary human cells80. These studies 

therefore suggest that NLRP7 recognizes synthetic bacterial lipoproteins and intact bacteria, 

and elicits an inflammasome-dependent response. Lipoproteins, at least in human cells, are 

therefore recognized by PRRs at the cell surface and inside the cell, and this recognition 

stimulates the assembly of diverse SMOCs.

In murine cells, there is some suggestion that lipo-proteins elicit the processing of caspase 1 

and release of IL-1β80,102,103. ASC-knockout macrophages secrete a reduced level of IL-1β 
in response to Pam3CSK4 (REF. 102). Similarly, LTAs, which are also recognized by TLR2, 

elicit ASC-dependent processing of caspase 1 and IL-1β secretion in murine 

macrophages104,105, suggesting the formation of an inflammasome. However, a murine 

intracellular sensor for lipoproteins has not been identified, and so far there is no definitive 

evidence of lipoprotein-induced inflammasome formation in murine cells. It therefore 

remains unclear whether lipo-proteins stimulate bona fide inflammasomes in mice. As we 

discuss below, SMOC formation in response to other Gram-positive PAMPs may bypass the 

need for lipoproteins to induce inflammasome formation.

Detection of peptidoglycan

Three receptors promote responses to peptidoglycan.

Peptidoglycan is the most abundant component of the Gram-positive bacterial cell wall and, 

along with its associated lipoproteins, is detected by the innate immune system. Unlike 

lipoproteins, however, peptidoglycan seems to be detected only in the cytosol. Nevertheless, 

the PRRs that sense peptidoglycan follow similar principles of PAMP detection and 

response to other PRRs. Peptidoglycan is composed of long glycan chains of repeating units 

of N-acetyl muramic acid (NAM) and N-acetyl glucosamine (NAG). These chains are then 

crosslinked with short pentapeptides that descend from NAM106. Various breakdown 

products of peptidoglycan stimulate an inflammatory response, including NAG and several 

dipeptide-containing products. These dipeptides are muramyl-dipeptide (MDP), which is 
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NAM covalently linked to the first two amino acids of the peptide chain (L-Ala-D-Glu), and 

iE-DAP, which is composed of the D-Glu-mDAP (meso-diaminopimelic acid) residues of the 

peptide chain. The NLRs nucleotide-binding oligomerization domain-containing protein 1 

(NOD1) and NOD2 recognize iE-DAP and MDP107, respectively. Recent work has 

identified a new factor, the metabolic enzyme hexokinase, which recognizes NAG and 

stimulates the assembly of the NLRP3 inflammasome108. These peptidoglycan-sensing 

receptors provide the final example we discuss of complementary sensory systems that 

operate through SMOCs to promote inflammation in response to a common PAMP.

Cytosolic detection of peptidoglycan.

Cytosolic PRRs detect peptidoglycan breakdown products, including iE-DAP and MDP, that 

are released or transported out of phagosomes after the degradation of bacteria38 (FIG. 4). 

MDP can be transported across the endosomal membrane by the peptide transporters solute 

carrier family 15 member 3 (SLC15A3) and SLC15A4 (REF. 38), but invasive bacteria can 

also deliver these ligands to the cytosol as part of their infectious cycles107. Cell biological 

analysis revealed the endolysosomal membrane as the probable site of signal transduction 

downstream of peptidoglycan detection, as NOD1 or NOD2 colocalize there with their 

cognate adaptor protein receptor-interacting serine/threonine-protein kinase 2 (RIPK2; also 

known as RIP2)38,109.

Similarly to TLRs, the respective PAMPs of NOD1 and NOD2 are thought to interact with 

their LRR domains, and promote their oligomerization110,111. Oligomerized NODs then 

recruit the kinase RIPK2 through their CARDs. RIPK2 further oligomerizes111 and recruits 

multiple kinases, assembling a large complex that ultimately activates NF-κB39 or MAPK 

family kinases (extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) 

and p38)39,111. Whether this large complex represents a bona fide SMOC is unclear, as there 

are some conceptual disconnects between NOD-induced signalling complexes and other 

SMOCs. For example, whereas the adaptors present in other SMOCs are non-enzymes14,30, 

the NOD1 and NOD2 adaptor, RIPK2, is an enzyme39. Additionally, it remains unclear 

whether NOD1 and NOD2 bind to PAMPs directly, although recent studies suggest that they 

do109. On the basis of these disconnects, it is possible that NOD1 and NOD2 simply operate 

through an unconventional SMOC-dependent signalling pathway. Alternatively, it is possible 

that a conventional SMOC does exist, and that NOD1 and NOD2 do not serve as PRRs; 

rather, NOD1 and NOD2 may operate as adaptors that engage the enzyme RIPK2. This 

latter scenario would require a PRR upstream of an NLR, which is akin to the 

aforementioned NLRs NAIP5 and NAIP6 acting upstream of NLRC4 (REFS 57,58).

An alternative signalling pathway also exists for NOD1 and NOD2 activity. After sensing a 

ligand, activated NOD1 or NOD2 can recruit autophagy-related protein 16L (ATG16L) and 

downstream autophagic machinery to generate autophagosomes40. This alternative NOD 

signalling pathway enhances bacterial clearance but may also negatively regulate 

inflammation during infection40. Although many gaps exist in our knowledge of NOD-

dependent signalling, the current data suggests that PAMP detection by NOD1 and NOD2 

uses a SMOC-dependent pathway to induce inflammation and host defence.
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Peptidoglycan and inflammasome assembly.

Cytosolic MDP and NAG stimulate caspase 1 activation and elicit IL-1β 
production108,112,113, suggesting the formation of an inflammasome (FIG. 4). Indeed, recent 

work showed that NAG induces NLRP3 inflammasome assembly108. NLRP3 recognition of 

cytosolic peptidoglycan may compensate for the potential lack of or low-level murine 

recognition of cytosolic lipopeptides108,112,113. The NLRP3 inflammasome is a broad 

spectrum SMOC (BOX 3), and peptidoglycan is a recent addition to a long list of ligands 

that stimulate its formation34. Like most activators of NLRP3, NAG stimulates 

inflammasome formation indirectly, through a process mediated by the metabolic enzyme 

hexokinase. NAG binds directly to hexokinase as a competitive inhibitor and induces its 

dissociation from mitochondria. The disruption of hexokinase–mitochondria interactions 

leads to NLRP3 inflammasome assembly. Thus, NAG induction of inflammasome assembly 

requires an additional adaptor protein. It remains to be determined whether NAG induces 

NLRP3 inflammasome assembly in human cells, although it does elicit IL-1β secretion in 

human macrophages and dendritic cells108.

The peptidoglycan of Gram-positive bacterial cell walls is substantially thicker than in 

Gram-negative bacteria106. Thus, peptidoglycan is the most prevalent cell-wall-associated 

PAMP in Gram-positive bacteria, and innate recognition of peptidoglycan would be a more 

efficient method of sensing cytosolic Gram-positive bacteria than the recognition of 

lipoproteins or LTA. However, the level of IL-1β produced downstream of peptidoglycan is 

much lower than that of other classic activators of the NLRP3 inflammasome108. This 

finding is probably due to the unusual observation that NAG does not induce pyroptosis 

downstream of NLRP3 inflammasome assembly108, whereas other PAMPs do35.

Formation of the NLRP3 inflammasome in response to peptidoglycan suggests that, in mice, 

extracellular versus intracellular Gram-positive bacteria are recognized in distinct ways. 

Extracellular bacteria are detected by lipoprotein-sensing PRRs, whereas intra-cellular 

bacteria are detected by peptidoglycan-sensing PRRs. Gram-negative bacteria, by contrast, 

are recognized extracellularly and intracellularly by a single PAMP, LPS. There may be 

several reasons why diverse mechanisms evolved to detect Gram-positive bacteria. 

Lipoproteins extend from the surface of the cell beyond the peptidoglycan matrix, where 

they can be easily sensed by TLR2, TLR1 and/or TLR6. Peptidoglycan, by contrast, is 

biophysically excluded from cell-surface PRRs. Inside the cell, however, after phagosomal 

degradation of bacteria and the release or transport of degradation products into the cytosol, 

peptidoglycan fragments become accessible and are more ubiquitous than lipoproteins. 

Thus, it may be a combination of access as well as PAMP prevalence that led to the 

evolution of distinct PRRs and SMOCs for the detection of Gram-positive bacteria.

Innate detection of commensals and pathogens

PAMPs are generic microbial signatures that are associated with commensal and pathogenic 

organisms. Consequently, PRRs have evolved to recognize PAMPs without contextual 

information as to whether the bacteria are virulent or avirulent. Thus, the relationship 

between microorganism and mammalian host must be regulated to ensure an appropriate 

immune response. Some have proposed that host sensors detect additional evidence of 
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pathogenicity that helps to distinguish commensals and pathogens114,115. In addition, micro-

organisms can modulate their interactions with the host by structurally altering their PAMPs 

to diminish PRR recognition. This strategy is used by commensals and pathogens alike.

Pathogen evasion of cell surface and cytosolic sensing.

One common PAMP alteration is the modification of LPS. Because LPS is such a potent 

stimulant, modifications to the structure of LPS are prevalent among bacteria — including 

extracellular and intracellular pathogens and commensals11,41. Often, these are 

modifications to the phosphorylation status of the lipid A sugar head group or the number of 

its acyl chains41; both of these moieties affect LPS interaction with CD14 and, consequently, 

downstream interactions with TLR4 and MD2 (REFS 11,16,41). Many pathogens, such as 

Yersinia pestis116 and Shigella flexneri117, alter lipid A acyl chain composition to avoid 

TLR4 recognition, as these moieties bind inside the MD2-binding pocket41. Decreasing the 

number of acyl chains destabilizes the lipid A–MD2 interaction as well as the lipid A 

interaction with the second TLR4 monomer in the TLR4–TLR4 homodimer16,41. 

Decreasing the number of acyl chains also limits the detection of LPS intra cellularly. 

Francisella novicida, which dwells in the cytosol, evades caspase 11-mediated detection by 

enzymatically removing one lipid A acyl chain42. Similarly, caspase 11 recognizes Y. pestis 
under conditions in which its LPS is hexa-acylated but not when it is tetra-acylated42. Thus, 

a similar evolutionary strategy of altering LPS structures promotes efficient evasion of cell-

surface and cytosolic PRRs.

Pathogens also modify other PAMPs that are recognized by cell surface TLRs70. For 

example, Helicobacter pylori flagellin is non-stimulatory in comparison with flagellin from 

other gastrointestinal bacterial pathogens, such as Salmonella enterica subsp. enterica 
serovar Typhimurium (S. Typhimurium)118. Whereas purified S. Typhimurium flagellin 

potently induces pro-inflammatory IL-8 production and p38 phosphorylation in gastric 

epithelial cells, purified H. pylori flagellin elicits neither response118. H. pylori flagella are 

crucial for bacterial survival in the gastrointestinal tract119, which indicates that flagella are 

produced during infection but that adaptations to evade detection have evolved. These data 

suggest that structural changes to flagellin, perhaps locally at the site of TLR5 binding, 

promote immune avoidance by diminishing PRR detection, and this is another strategy used 

by pathogens and commensals70 to promote stable mammalian–microbial relationships. 

Similarly, intracellular detection of flagellin differs between avirulent and virulent bacteria. 

Flagella derived from S. Typhimurium and non-pathogenic E. coli, although similarly 

recognized by TLR5, differentially stimulate assembly of the NLRC4 inflammasome. 

Nonpathogenic E. coli flagellin induces minimal activation of caspase 1, whereas S. 

Typhimurium flagellin elicits robust caspase 1 processing, resulting in higher levels of IL-1β 
and cell death120. The specific structural reasons underlying this differential assembly of the 

NLRC4 inflammasome remain undetermined, but many bacteria have evolved mechanisms 

to evade intracellular flagellin recognition.

PAMPs have also evolved to evade detection by other PRRs in the cytosol. Bacillus anthracis 
encodes an N-acetyl glucosamine deacetylase that removes the acetyl group from the NAG 

constituent (detected by hexokinase) that stimulates assembly of the NLRP3 
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inflammasome108. NAG inhibits hexokinase, whereas the deacetylated glucosamine does 

not, and thus does not induce NLRP3 inflammasome formation108. However, in vitro 
reacetylated NAG elicits NLRP3-dependent IL-1β secretion at a level similar to NAG108. 

Peptidoglycan deacetylation can also promote PRR recognition. The gene oatA in S. aureus 
encodes a peptidoglycan acetyl-transferase that acetylates NAM, resulting in a diacetylated 

muramic acid. This modification mediates resistance to host lysozyme121 and also promotes 

evasion of NLRP3 detection113. Mutant bacteria that no longer express oatA, and thus 

generate monoacetylated NAM, elicit substantially higher levels of IL-1β and IL-18 in 

comparison with wild-type bacteria, and are consequently cleared faster113. Thus, pathogens 

that avoid PRR detection by changing their peptidoglycan acetylation status limit 

inflammation and bacterial clearance. Altogether, these data indicate that, for Gram-positive 

bacteria, structural adaptation of peptidoglycan (their pre dominant PAMP) may be an 

effective method of avoiding detection. Indeed, for clinically important bacterial pathogens, 

such as Mycobacterium tuberculosis, modifications to peptidoglycan facilitate bacterial 

survival during infection106.

Commensal manipulation of PRR signalling.

Similar to pathogens that must evade PRR detection for survival in the host, commensal 

organisms must manipulate PRR detection to maintain host colonization. Recent work 

showed that the prominent gut symbiont Bacteroides thetaiotaomicron (B. theta) encodes a 

phosphatase, LpxF, that removes a phosphate from the lipid A sugar122. 

Monophosphorylated LPS induces less TLR4 signalling due to decreased electrostatic 

interactions with CD14 (REFS 41,123). Consequently, TLR4 dimerization, myddosome 

formation and inflammatory gene expression is inefficient11.

In addition to changing their cell wall structures to avoid PRR detection, bacteria, including 

commensals, encode various factors that actively interfere with innate immune signal 

transduction124,125. The best-studied example of commensal perturbation of innate immune 

signalling is from the gut commensal Bacteroides fragilis. B. fragilis produces a capsule 

sugar called polysaccharide A (PSA) that is a crucial regulator of the relationship between 

B. fragilis and the host. PSA induces the proliferation of forkhead box P3 (FOXP3)+ 

regulatory T cells and the production of the anti-inflammatory cytokine IL-10 (REFS 

126,127) to facilitate the residence of B. fragilis in the gastrointestinal tract. To exert these 

effects, PSA putatively signals through TLR2126,127. There is some evidence that TLR2 is 

expressed on CD4+ T cells and is functional128,129, although it remains unclear how TLR2 

would sense PSA presented on dendritic cells or whether the canonical TLR pathway is 

functional. Nevertheless, TLR2 seems to be required for dendritic-cell- and self-mediated 

induction of IL-10 release from T cells127, which is in concordance with the known 

requirement for TLR signalling in IL-10 production130.

Overall, commensals and pathogens have evolved multiple mechanisms to actively perturb 

or avoid PRR detection at the cell surface and the cytosol. These adaptations highlight the 

importance of PRR recognition of PAMPs in mediating appropriate mammalian–microbial 

relationships — for defence or mutualism.
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Limitations and future outlook

In this Review, we discussed several themes that transcend the specifics associated with any 

given signalling pathway of the innate immune system. These themes include the detection 

of individual PAMPs by various PRRs, the use of SMOCs to activate unique cellular 

responses and the ability of these systems to promote inflammation. Although the specific 

regulators of these responses differ from pathway to pathway, the fundamentals seem to be 

fixed. The organization of the pathways of the innate immune system may not be 

constrained by protein structure, but by system organization.

Despite our attempts to provide some unifying features of the immune signalling pathways, 

our understanding of how well individual PRRs adhere to signalling paradigms is far from 

complete. Indeed, there are large gaps in our knowledge of most aspects of innate immune 

signal transduction. Filling these gaps will require tool development and a concerted effort 

to pair host or bacterial genetics with biochemical and cell biological assays to robustly 

define molecular steps downstream of PRRs.

One major benefit and limitation of our current approach to studying innate immunity is the 

use of minimalist experimental systems with a purified PAMP in a single cell type. Although 

these minimalist systems are crucial for understanding the essential requirements for PAMP 

sensing and SMOC formation, they do not necessarily recapitulate PAMP detection in 

physiological contexts. For example, many of the experimentally used TLR2 ligands are 

chemically synthesized instead of naturally purified forms. Do these synthetic versions 

stimulate TLR2 signalling at physiological levels? In addition to the potential 

inconsistencies that arise from using purified or synthetic ligands, some evidence points to 

discrepancies in signal transduction from PAMPs that are encountered in the context of a 

whole bacterium as opposed to PAMPs encountered in isolation. For example, why is ASC 

required for NLRC4 inflammasome assembly upon bacterial infection but is not required for 

inflammasome assembly in response to purified flagellin67,68,131,132? It could be that 

encountering flagellin on the surface of a bacterium requires more efficient signal 

transduction, which ASC may promote in certain contexts. Thus, although synthetic and 

purified ligands are valuable for determining the molecular mechanisms of signalling, future 

studies will benefit from physiological experiments that test the minimal signalling 

requirements defined in simplified systems.

Moreover, PAMP detection by extracellular and intracellular PRRs underlies important 

processes of mammalian development, homeostasis and protection from infection1,2,14. 

Although our understanding of these complex molecular pathways continues to expand, 

there are also gaps in our knowledge of how these processes are regulated spatiotemporally 

and in complex organismal systems. Mammalian cells encounter a milieu of microbial 

molecules, particularly in the complex environments of the human gut, lung or skin, where 

cells naturally encounter simultaneous signals from pathogens and commensals. How do 

cells integrate these mixed signals? Are the signals even integrated? Our understanding of 

innate immune signalling is rudimentary in complex microbial eco systems. Single-cell 

analyses will be useful in deciphering how cells sense and respond in a mixed signal 

environment. This extends not only to how host cells detect different types of bacteria but 
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also to the metabolites produced by bacteria — many gut commensal metabolites are 

immunomodulatory133. Discovering how these metabolites regulate innate immune cell 

function in the presence of commensal or pathogenic bacteria would improve our 

understanding of cellular responses in a more physiological context.
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Glossary

Pyroptosis
A form of cell death that is inflammatory and is executed by the inflammatory caspase 1 and 

caspase 11, as opposed to the apoptotic caspases (for example, caspase 8). During 

pyroptosis, the plasma membrane blebs, the cell lyses and pro-inflammatory cytokines are 

released.

Myddosome
A supramolecular organizing centre that forms to initiate Toll-like receptor (TLR)-dependent 

inflammatory responses. It is comprised of Toll/interleukin-1 receptor domain-containing 

adaptor protein (TIRAP) bound to the TIR domain of the TLR, to which myeloid 

differentiation primary response protein 88 (MYD88) binds. The interleukin-1 receptor-

associated kinase (IRAK) kinases IRAK4 and IRAK2 or IRAK1 then associate to initiate a 

pro-inflammatory signalling cascade. The myddosome can form at the plasma or endosomal 

membrane.

Inflammasome
A supramolecular organizing centre that forms to initiate inflammatory responses to 

cytosolic bacterial products. It is formed by a pattern-recognition receptor, the adaptor 

protein ASC and caspase 1. It results in the production of interleukin-1β and cleavage of 

gasdermin D.

Supramolecular organizing centres
(SMOCs). Multi-protein complexes that are assembled on detection of microorganisms, 

either at the plasma membrane or on intracellular organelles. These large complexes activate 

enzymes that initiate inflammatory responses to promote host defence.

Triffosome
A putative supramolecular organizing centre that assembles on the endosomal membrane in 

response to activated Toll-like receptor 4 (TLR4) and TLR3. Its main constituent is TIR 

domain-containing adaptor protein inducing IFNβ (TRIF), which through TNF receptor-

associated factor 3 (TRAF3) or TRAF6 can activate interferon regulatory factor 3 (IRF3) or 

IRF7, respectively, for interferon production. Apart from TRIF-related adaptor molecule 

Kieser and Kagan Page 17

Nat Rev Immunol. Author manuscript; available in PMC 2019 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(TRAM), which bridges TRIF to TLR4, the adaptor molecules used to assemble the 

triffosome remain unknown.

Inflammatory caspases
This group of caspases is composed of caspase 1, caspase 11 and caspase 12. These 

proteases are involved in the inflammasome pathway and promote an inflammatory form of 

cell death (pyroptosis). Caspase 1 cleaves immature pro-interleukin-1β (pro-IL-1β) and pro-

IL-18 to their mature forms. Caspase 1 and caspase 11 cleave gasdermin D, which is 

required for pyroptosis. Caspase 4 and caspase 5 are the human homologues of caspase 11. 

Inflammatory caspases are distinct from apoptotic caspases, which promote the programmed 

cell death pathway called apoptosis and include caspase 2, caspase 3 and caspase 6 to 

caspase 10.

Flagellum
A helical filament that extends from the bacterial cell surface. It promotes bacterial 

movement and is often essential for flagellated pathogens to be able to colonize their 

respective hosts.

Lipoteichoic acid
(LTA). A polymer found in the cell wall of Gram-positive bacteria that is embedded in the 

bacterial plasma membrane by a glycerol head group. Attached to the head group are long 

chains of either ribitol or glycerol phosphate. It is a Toll-like receptor 2 ligand.

Pam3CSK4
A synthetic lipoprotein containing three palmitoyl (Pam) chains that are glycerol-linked to 

the short peptide CSKKKK (CSK4). It is a classic ligand for Toll-like receptor 2 (TLR2)–

TLR1 activity. Pam2CSK4 stimulates TLR2–TLR6.
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Box 1 |

Extracellular and intracellular sensing of microorganisms beyond TLRs and 
NLRs

In addition to Toll-like receptors (TLRs) and NOD-like receptors (NLRs), other pattern-

recognition receptors (PRRs) sense extracellular and intracellular pathogen-associated 

molecular patterns (PAMPs)4,14. Complex carbohydrates, which are a major component 

of bacterial cell walls and exist on fungal and viral surfaces, can be detected by C-type 

lectin receptors (CLRs), a large family of soluble or membrane-bound receptors134. 

Many CLRs opsonize microorganisms and promote their phagocytosis14. Several CLRs 

induce supramolecular organizing centre (SMOC) formation and pro-inflammatory 

signalling after binding PAMPs. For example, dectin 1, dectin 2 and macrophage-

inducible C-type lectin (MINCLE; also known as CLEC4E) use SYK and additional 

adaptors at the plasma membrane to promote the assembly of multi-protein complexes 

that induce cytokine production through nuclear factor-κB (NF-κB) activation134–136. 

Evidence also shows that dectin 1 activation elicits interleukin-1β (IL-1β) in response to 

Candida albicans and multiple mycobacteria through a non-traditional caspase 8 

inflammasome. In this instance, SYK recruits caspase 8 and the adaptor protein ASC to 

promote inflammasome formation137. Therefore, at least a subset of CLRs use SMOCs to 

activate an inflammatory response. Intracellular sensing of microorganisms extends 

beyond cell-wall-associated PAMPs. Microbial nucleic acids are recognized by diverse 

PRRs, including endosomal TLRs, RIG-I like receptors (RLRs) and cyclic GMP–AMP 

synthase–stimulator of interferon genes (cGAS–STING). These factors also utilize 

SMOCs to initiate inflammation. Multiple endosomal TLRs recognize viral or bacterial 

nucleic acids, including TLR3, TLR7 and TLR8, and TLR9. TLR3 recognizes double-

stranded RNA from viral genomes and directly interacts with TIR domain-containing 

adaptor protein inducing IFNβ (TRIF) to initiate pro-inflammatory cytokine production 

through NF-κB or interferon (IFN) expression through IFN regulatory factor 3 

(IRF3)14,138. TLR7 and TLR8 recognize single-stranded RNA and are likely to use 

myddosomes to stimulate an NF-κB-mediated cytokine response or an IRF7-driven IFN 

response14. TLR9 detects non-methylated cytosine-guanine (CpG) motifs in DNA, a 

hallmark of bacterial and viral genomes139. As for TLR7 and TLR8, TLR9 uses 

myddosomes to promote inflammation14. TLR3, TLR7 and TLR9 all undergo proteolytic 

cleavage to initiate inflammation140,141. Murine TLR13 is the only nucleic-acid-binding 

TLR that recognizes bacterial RNA specifically, as this PRR binds to a specific sequence 

in bacterial ribosomal RNA142.

RLRs, which sense cytosolic microbial RNAs, use SMOCs after PAMP detection. The 

RLRs include retinoic acid-inducible gene I protein (RIG-I; also known as DDX58), 

melanoma differentiation-associated protein 5 (MDA5; also known as IFIH1) and 

probable ATP-dependent RNA helicase DHX58 (also known as LGP2). On PAMP 

binding, RIG-I and MDA5 engage the adaptor mitochondrial antiviral-signalling protein 

(MAVS) — which oligomerizes in a manner analogous to ASC — to recruit ubiquitin 

ligases and the inhibitor of NF-κB kinase (IKK) family member TANK-binding kinase 1 

(TBK1)143,144. These enzymes promote NF-κB, IRF3 and IRF7 activation. Thus, RLR 
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signalling generates NF-κB-dependent cytokines and IFNs and promotes the expression 

of IFN-stimulated genes138,145. DHX58 lacks signalling domains but promotes IFN 

responses to viral infection146, perhaps because it potentiates MDA5 interaction with 

RNA147. Although RLRs are predominantly viral sensors, they also participate in 

antibacterial responses148.

Nucleic acids are also recognized by cGAS and STING149,150. Unlike many PRRs, 

cGAS itself is an enzyme. Nevertheless, parallels with canonical PRR signalling exist in 

the cGAS–STING pathway. On detection of cytosolic DNA (derived from bacterial or 

viral infection or even self151), cGAS synthesizes cyclic GMP–AMP (cGAMP) from 

GTP and ATP. cGAMP binding by the adaptor STING results in the formation of a 

signalling complex that elicits an IFN response via the kinase TBK1 (REF. 151). Thus, 

cGAS ensures that IFN pathways are initiated on sensing of cytoplasmic DNA and uses 

an adaptor and a signalling complex to induce this response. Although the role of cGAS–

STING in antiviral immunity is well established, it is increasingly clear that cGAS also 

induces IFN production after detecting bacterial DNA, including from Mycobacterium 
tuberculosis and other pathogens151.
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Box 2 |

Pattern-recognition receptors sense host-derived molecules

During infection, host cells are damaged, leading to the release of host-specific molecules 

termed danger-associated molecular patterns (DAMPs), which are also detected by 

pattern-recognition receptors (PRRs). Classically, Toll-like receptors (TLRs) have been 

thought to be the predominant sensor of DAMPs, but emerging evidence suggests that 

DAMPs induce inflammasome assembly as well — both canonical152 and non-

canonical153. This observation suggests that multiple signalling pathways evolved to 

recognize not only signatures of microbial infection but also signatures of dysbiosis: 

including aberrant host physiology and host tissue disruption that occurs with many 

microbial infections. The use of the same cellular pathways for PAMPs and DAMPs 

might be evolutionarily advantageous, as it avoids the cost of developing and maintaining 

a second system, but it raises many questions about self–non-self discrimination.

Recent evidence suggests that DAMPs can also modulate the activity of a PRR bound to 

its canonical PAMP. Analysis of caspase 11 binding to PAMPs and DAMPs demonstrated 

that the recognition of oxidized phospholipids — a type of DAMP that can be derived 

from the host cell membrane — modulates caspase 11 signalling processes. Analysis of 

caspase 11 binding to a mixture of oxidized phospholipids (oxidized 1-palmitoyl-2-

arachidonyl-sn-glycero-3-phosphorylcholine (oxPAPC)) demonstrated that oxPAPC and 

lipopolysaccharide (LPS) bind distinct domains153. LPS interacts with the caspase 

activation and recruitment domain (CARD) of caspase 11, whereas oxPAPC binds its 

catalytic domain. Some reports suggest that oxidized phospholipids stimulate TLR4-

dependent inflammatory signalling153, although oxPAPC was originally defined as an 

LPS antagonist154. Indeed, oxPAPC does not induce TLR4 endocytosis, pro-

inflammatory cytokine production or myddosome formation in macrophages or dendritic 

cells153. Thus, host-derived oxidized phospholipids may instead modulate LPS-induced 

inflammatory processes by altering caspase 11 activity.

oxPAPC elicits interleukin-1β (IL-1β) release in primed dendritic cells (but not in 

macrophages)153, and a recent report demonstrated that a particular oxidized 

phospholipid, phosphatidylcholine (POVPC), stimulates IL-1β release in 

macrophages155. IL-1β release after oxPAPC and POVPC treatment requires the NLR 

family pyrin domain-containing protein 3 (NLRP3) inflammasome153,155. Interestingly, 

LPS and/or oxPAPC induces the release of IL-1β from living dendritic cells. By contrast, 

primed cells treated with ATP or LPS readily undergo pyroptosis153. Thus, caspase 11 

represents the first example of a PRR that has multiple activation states depending on 

whether PAMPs or DAMPs are bound, and these have different functional consequences.
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Box 3 |

Canonical and non-canonical inflammasomes

The spectrum of canonical inflammasomes consists of different pattern-recognition 

receptors (PRRs) that sense diverse pathogen-associated molecular patterns (PAMPs). 

Despite this diversity, all of these systems use the sensor–adaptor–enzyme chain to effect 

innate immune responses. The range of sensors allows flexible host responses to various 

microbial insults, and efficiency is maintained by channelling the activation of these 

diverse PRRs through the same effector molecules: the adaptor protein ASC and the 

enzyme caspase 1. Well-studied canonical inflammasomes include the NLR family pyrin 

domain-containing protein 1 (NLRP1) and NLRP3 inflammasomes, the neuronal 

apoptosis inhibitory protein 5 (NAIP5)- and NAIP6-dependent NLR family CARD-

containing protein 4 (NLRC4) inflammasomes (see main text), and the absent in 

melanoma 2 (AIM2) and pyrin inflammasomes, which have been expertly reviewed 

elsewhere34,35. Recent reports suggest that NLRP6, NLRP7 (see main text) and NLRP12 

also form canonical inflammasomes34,35. NLRP1 responds to the lethal toxin of Bacillus 
anthracis, and the NLRP3 inflammasome is the most promiscuous inflammasome 

described so far, responding to ATP, potassium efflux, crystalline particles and other 

molecules. The AIM2 inflammasome assembles on recognition of double-stranded DNA 

from viruses or bacteria156, whereas the pyrin inflammasome indirectly senses 

microorganisms through bacterial toxin- or effector protein-mediated manipulation of 

RHO GTPases. The NLRP6 inflammasome has been reported to form in intestinal 

epithelial cells and may have a role in regulating the microbiota34, and the NLRP12 

inflammasome responds to Yersinia species and has a role in bacterial clearance157. 

These canonical inflammasomes consist of diverse NLR family PRRs, yet all (except the 

NLRC4 inflammasome in certain instances) use the ASC adaptor to recruit caspase 1 to 

process interleukin-1 (IL-1) family cytokines and gasdermin D (GSDMD) to effect 

downstream responses.

The non-canonical inflammasome consists of the PRR caspase 11 in mice (or caspase 4 

and caspase 5 in humans), culminating in the activation of GSDMD after 

lipopolysaccharide binding34. The non-canonical inflammasome also converges on 

caspase 1 for IL-1β production through the NLRP3 inflammasome (see main text and 

FIG. 1).
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Figure 1 |. Four receptors induce five lipopolysaccharide response pathways to promote 
inflammation.
Lipopolysaccharide (LPS) is sensed at the plasma membrane initially by LPS-binding 

protein (LBP), which helps CD14 to extract this pathogen-associated molecular pattern 

(PAMP) from bacterial cell walls. CD14 then delivers LPS to Toll-like receptor 4 (TLR4)–

MD2, prompting the dimerization and activation of TLR4, a process that leads to 

myddosome assembly. CD14 then delivers dimerized TLR4 to endosomes to promote TIR 

domain-containing adaptor protein inducing IFNβ (TRIF) signalling through the putative 

triffosome. Both pathways result in inflammation. Brain-specific angiogenesis inhibitor 1 

(BAI1) also detects LPS at the plasma membrane and uses the engulfment and cell motility 

protein–dedicator of cytokinesis protein–RAC1 (ELMO–DOCK–RAC1) complex to 

promote phagocytosis, leading to reactive oxygen species (ROS) production and induction of 

inflammation. LPS that has reached the cytosol is bound by caspase 11, initiating formation 

of the non-canonical inflammasome and, in turn, pyroptosis. Caspase 11 activity also 

stimulates the formation of the canonical NLR family pyrin domain-containing protein 3 

(NLRP3) inflammasome (solid arrow), which elicits interleukin-1β (IL-1β) processing and 

release. AP1, activator protein 1; IRF3, interferon regulatory factor 3; NF-κB, nuclear 

factor-κB.
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Figure 2 |. Three receptors stimulate two pathways to induce inflammatory responses to flagellin.
Flagellin, a subunit of the bacterial flagellum, is bound by Toll-like receptor 5 (TLR5) at the 

cell surface. Activated TLR5 is likely to stimulate cytokine production through the 

formation of a myddosome. TLR5 might be internalized after binding flagellin to elicit 

interferons (IFNs) through TIR domain-containing adaptor protein inducing IFNβ (TRIF), 

but further analysis is needed to determine whether this occurs and, if so, whether it is 

functionally important. Intracellular flagellin is bound by the pattern-recognition receptors 

(PRRs) neuronal apoptosis inhibitory protein 5 (NAIP5) and NAIP6, which induce assembly 

of the NLR family CARD-containing protein 4 (NLRC4)-dependent inflammasome. The 

secondary ASC adaptor is sometimes used by the NLRC4 inflammasome, although it may 

not always be required. AP1, activator protein 1; IL-1β, interleukin-1β; NF-κB, nuclear 

factor-κB.
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Figure 3 |. Three receptors and pathways induce inflammatory responses to lipoproteins.
Lipoproteins are detected at the plasma membrane by Toll-like receptor 2 (TLR2), TLR1 

and TLR6, which form heterodimers. Their recognition of lipoproteins is assisted by the co-

receptors CD14 and CD36. TLR2 heterodimers induce pro-inflammatory cytokines through 

a myddosome. Whether a robust interferon (IFN) response occurs downstream of TLR2 

activation remains controversial (indicated by question marks), but it might occur through 

internalization of ligand bound to the CD14 or CD36 co-receptor, which would require an 

unidentified adaptor to interact with TIR domain-containing adaptor protein inducing IFNβ 
(TRIF) (indicated by a question mark). Alternatively, the TLR bound to ligand might be 

internalized, which could stimulate IFNs through the triffosome. Further experimentation is 

required to determine whether a robust IFN response occurs downstream of TLR2 (see main 

text). Intracellular lipoproteins stimulate the formation of an NLR family pyrin domain-

containing protein 7 (NLRP7) inflammasome in human, but not murine, cells, leading to 
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interleukin-1β (IL-1β) release and inflammation. AP1, activator protein 1; IRF3, interferon 

regulatory factor 3; NF-κB, nuclear factor-κB.
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Figure 4 |. Three receptors and pathways induce inflammatory responses to peptidoglycan.
Intracellular peptidoglycan is detected by several pattern-recognition receptors (PRRs), 

including nucleotide-binding oligomerization domain-containing protein 1 (NOD1) and 

NOD2, which use a receptor-interacting serine/threonine-protein kinase 2 (RIPK2)-based 

putative supramolecular organizing centre (SMOC) to promote inflammation. NOD1 detects 

the iE-DAP dipeptide, whereas NOD2 detects muramyl dipeptide (MDP), both of which are 

peptidoglycan degradation products. Another peptidoglycan degradation product, N-acetyl 

glucosamine (NAG), indirectly induces assembly of the NLR family pyrin domain-

containing protein 3 (NLRP3) inflammasome. NAG binds to the metabolic enzyme 

hexokinase and induces its dissociation from the mitochondrial membrane. This dissociation 

stimulates formation of an NLRP3 inflammasome through an unknown mechanism (dashed 

arrow). AP1, activator protein 1; IL-1β, interleukin-1β; NF-κB, nuclear factor-κB.
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