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Abstract

Receptors of the innate immune system detect conserved determinants of
microbial and viral origin. Activation of these receptors initiates signaling
events that culminate in an effective immune response. Recently, the view
that innate immune signaling events rely on and operate within a complex
cellular infrastructure has become an important framework for understand-
ing the regulation of innate immunity. Compartmentalization within this
infrastructure provides the cell with the ability to assign spatial information
to microbial detection and regulate immune responses. Several cell biolog-
ical processes play a role in the regulation of innate signaling responses;
at the same time, innate signaling can engage cellular processes as a form
of defense or to promote immunological memory. In this review, we high-
light these aspects of cell biology in pattern-recognition receptor signaling
by focusing on signals that originate from the cell surface, from endosomal
compartments, and from within the cytosol.
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INTRODUCTION

Overview of Innate Immunity

The innate immune system detects the presence of microbes and initiates mechanisms to elim-
inate potentially infectious threats. Microbial detection is achieved through germline-encoded
pattern-recognition receptors (PRRs) that survey both the extracellular and intracellular space for
conserved microbial determinants that serve as indicators of infection (1). The model of microbial
pattern recognition was proposed by Charles Janeway Jr. and describes two features of innate
immunity: the ability to distinguish infectious nonself- molecules from self-molecules and the
ability to activate adaptive immune responses to the former (2). Since Janeway made his predic-
tion, investigators have shown that many microbial ligands, ranging from structural components
of bacteria, fungi, and viruses to biosynthetic molecules such as nucleic acids, activate PRRs and
induce the innate immune responses that protect us from infectious threats (3).

Most PRRs can be classified into one of five families based on protein domain homology. These
five families consist of the Toll-like receptors (TLRs), C-type lectin receptors (CLRs), nucleotide-
binding domain, leucine-rich repeat (LRR)-containing (or NOD-like) receptors (NLRs), RIG-I-
like receptors (RLRs), and the AIM2-like receptors (ALRs) (Table 1) (1). These families can be
separated into two main classes: membrane-bound receptors and unbound intracellular receptors.
The former class consists of the TLRs and CLRs, which are found at the cell surface or on endocytic
compartments. These receptors survey for the presence of microbial ligands in the extracellular
space and within endosomes. The NLRs, RLRs, and ALRs form the latter group in that they are
located in the cytoplasm, where they survey for the presence of intracellular pathogens.

A major component of a PRR-induced innate immune response is transcriptional, which leads
to the production of proinflammatory cytokines and interferons (IFN); these chemical messages
are critical for initiating innate and adaptive immune responses. PRR activation also initiates
nontranscriptional responses such as the induction of phagocytosis, autophagy, cell death, and
cytokine processing (5–7). These transcriptional and nontranscriptional innate immune responses
are linked to PRR-mediated microbial detection by tightly controlled signal transduction path-
ways. The coordination of these signaling pathways orchestrates immune responses, which contain
the spread of an initial infection and direct the appropriate adaptive response (8).

Table 1 Pattern-recognition receptor families

Family Members Shared domains Receptor locations
TLR 1–10 in humans, 1–9 and 11–13 mice LRR, TIR Cell surface, endosomal compartments
CLR Dectin-1, Dectin-2, . . . etc.

(reviewed in Reference 4)
C-type lectin Cell surface

NLR NOD1 (NLRC1), NOD2 (NLRC2),
NLRC3–5, NLRP1–9 and 11–14,
NAIP1, -2, -5, -6

Nucleotide binding, LRR Cytoplasm, plasma, and endosomal
membrane associated

RLR RIG-I, MDA5, LGP2 DExD/H helicase Cytoplasm
ALR AIM2, IFI16 PYRIN, HIN-200 Cytoplasm, nucleus (IFI16)

Abbreviations: AIM, absent in melanoma; ALR, AIM2-like receptor; CARD, caspase recruitment domain; CLR, C-type lectin receptor; IFI, interferon,
γ-inducible; LGP, laboratory of genetics and physiology; LRR, leucine-rich repeat; MDA, melanoma differentiation gene; NAIP, NLR family, apoptosis
inhibitory protein; NLR, nucleotide-binding oligomerization domain receptor; NLRC, NLR family CARD domain containing; NLRP, NLR family
PYD domain containing; NOD, nucleotide-binding oligomerization domain; RIG-I, retinoic acid–inducible gene I; RLR, RIG-I-like receptor; TIR,
Toll/IL-1 receptor/resistance; TLR, Toll-like receptor.
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Table 2 Adaptor proteins

Adaptor or adaptor set Receptor interaction Signaling interaction Localization
TIRAP/MyD88 TIR domain Death domain Cell surface, endosomal

compartments
TRAM/TRIF TIR domain TRAF binding, RHIM domain Cell surface, endosomal

compartments
MAVS CARD domain Proline-rich region, TRAF

binding
Mitochondrial, peroxisomal, and
mitochondria-associated
membranes

ASC PYRIN CARD domain Cytosol, mitochondria

Abbreviations: ASC, apoptosis-associated speck-like protein containing a CARD; CARD, caspase recruitment domain; MAVS, mitochondrial antiviral
signaling protein; RHIM, RIP homotypic interaction motif; TIR, Toll/IL-1 receptor/resistance; TIRAP, TIR-containing adaptor protein; TRAF, TNF
receptor–associated factor; TRAM, TRIF-related adaptor molecule; TRIF, TIR domain–containing adaptor-inducing IFN-β.

A common theme that has emerged in the study of innate immune receptor signaling is the
requirement for adaptor proteins that link receptors to an enzymatic signal. Adaptors integrate
a signal from more than one receptor and are therefore critical for the detection of numerous
ligands. In this way, the adaptors perform a function that is more critical than the function of
each receptor alone. Each adaptor or adaptor set contains domains that allow for protein-protein
interactions with an upstream receptor as well as a downstream signaling protein. Although not
every innate immune receptor requires the use of adaptor proteins for signaling, the cell biology
of several adaptors is an area of current research interest. The TLRs utilize a set of sorting and
signaling adaptors to engage the downstream enzymatic cascade. The TIR-containing adaptor
protein (TIRAP) and the protein myeloid differentiation primary response 88 (MyD88) comprise
one functional adaptor set for TLR signaling. A second set consists of the TIR domain–containing
adaptor-inducing IFN-β (TRIF) and the TRIF-related adaptor molecule (TRAM). The adaptor
protein for the antiviral RLR pathway was initially shown to localize to the outer membrane of
mitochondria and is referred to as the mitochondrial antiviral signaling protein (MAVS). Lastly, the
ASC [apoptosis-associated speck-like protein containing a CARD (caspase recruitment domain)]
is an adaptor for receptors that activate inflammasomes (Table 2).

In the 20 years since Janeway proposed his hypothesis, considerable progress has been made
in identifying the molecular components involved in pattern recognition. In fact, so much has
been identified that many innate immunity reviews limit their scope by focusing on a single PRR
family. However, common among these families is an emerging theme that cellular processes
and infrastructure can regulate and be regulated by receptor signaling. In this review, rather than
focus on a single receptor family, we discuss the intersection of cell biology with innate immune
signaling across receptor families. With this approach, we cannot be all-inclusive with the details
from each receptor-signaling pathway, but these have been reviewed elsewhere (9–13).

The Importance of Cell Biology in Pattern Recognition

The idea that innate pattern recognition occurs in the context of the cellular infrastructure has
two main implications. First, innate immune responses can be compartmentalized and regulated
by both the structural and dynamic features of a cell (14). Second, these receptors can induce
dynamic cellular processes that function as part of the immune response (Figure 1) (6, 7, 15).
Receptor location can be viewed as a structural restriction that dictates the type of ligand that
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Figure 1
Implications of cell biological processes on innate immune signaling. The trafficking of PRRs and the
location of innate immune signaling can regulate signal transduction and dictate the outcome of microbial
detection (a). � TLR4 undergoes trafficking to specialized regions of the plasma membrane to activate
MyD88-dependent signaling. � CD14 mediates the endocytosis of TLR4, which results in
TRIF-dependent signaling from the endosome. � RIG-I undergoes trafficking to the site of MAVS
signaling on mitochondria. � MAVS signaling from mitochondria induces a type I and III IFN response,
whereas signaling from peroxisomes induces the transcription of type III IFN only. Alternatively, innate
immune signaling can engage cell biological processes to control infection (b). � Dectin signaling can
induce phagocytosis as an effective means of microbial clearance. � NODs and TLRs recruit regulators of
autophagy to the site of bacterial entry for pathogen elimination. � Autophagosomes can deliver antigens of
intracellular pathogens for MHC-II presentation to coordinate adaptive immune responses.
	 Inflammasome activation induces a rapid form of cell death known as pyroptosis, which can limit the
replication of intracellular pathogens. 
 The RLR/MAVS signaling pathway can also induce cell death to
limit viral replication. (Solid lines indicate signal transduction; dotted lines indicate trafficking events.)
(Abbreviations: MAVS, mitochondrial antiviral signaling protein; MHC-II, major histocompatibility
complex class II; NOD, nucleotide-binding oligomerization domain; RIG-I, retinoic acid–inducible gene I;
TRIF, TIR domain–containing adaptor-inducing IFN-β.)

is accessible for detection. In addition, the location of a receptor may initiate a response with
functional implications specific for that site. For instance, Dectin-1 (dendritic cell–associated
C-type lectin 1) receptor activation at the cell surface can direct phagocytosis (5). This critical
aspect of innate immunity aids in pathogen clearance and antigen acquisition for adaptive immune
responses.

Differences in receptor localization are among the most commonly described cell biological
features of innate immune signaling pathways. Correct receptor localization is one way to prevent
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inappropriate immune responses to self-molecules not associated with infection (16). Although
most PRR ligands fit within Janeway’s nonself category, some molecules, such as nucleic acids,
are inherent to the host as well. Detection of self-nucleic acids is a potentially dangerous situation
for the host; however, receptor compartmentalization has emerged as one mechanism to prevent
such responses. For example, the nucleic acid–sensing TLRs are compartmentalized within the
intracellular space, which limits activation by self-nucleic acids that are abundantly present in the
extracellular fluids of mammals (16, 17). Autoimmune disorders, such as systemic lupus erythe-
matosus, have been linked to self–nucleic acid detection by PRRs and highlight the importance of
regulatory mechanisms that restrict access of PRRs to self-encoded molecules (18). Therefore, the
compartmentalization of PRRs helps to classify molecules as nonself and prevent autoactivation.

In addition to compartmentalized nucleic acid detection, receptor localization has implications
for the type of response generated. Indeed, cytosolic PRRs activate responses that differ from
cell surface receptors. For example, microbe-induced cell death is a common feature of cytosolic
receptor detection but not generally a feature of cell surface signaling (7, 19). These differential
responses may have to do with the type of microbe commonly encountered at these locations.
Cell surface receptors survey for ligands in the extracellular space and therefore may encounter
both pathogenic and nonpathogenic microbes. Cytosolic receptors, in contrast, are activated only
when a microbe or virus accesses the host cytosol, a common feature of virulent pathogens. The
induction of cell death can be an effective means of limiting the replication of viruses and other
intracellular pathogens.

There are also implications for the localization of downstream adaptor proteins (Table 2)
and ligand-induced receptor movement. As mentioned above, PRRs cannot function as signaling
molecules alone, but rather require adaptor molecules to transmit a signal. The TLRs are the
best-characterized PRR family and provide an example of adaptor localization and site-specific
signaling. TLRs can activate different transcriptional responses depending on which adaptor set
is utilized (Table 2) (20, 21). TLR4 is unique in that it utilizes both adaptor pairs in a sequential
order. Following ligand binding, the receptor engages TIRAP/MyD88 to initiate signaling from
the cell surface and then undergoes endocytosis and engages TRAM/TRIF-dependent signaling
from endosomes (22, 23). This ligand-dependent movement of the receptor to a second signaling
location is a mechanism that regulates innate immune responses. Indeed, many of the innate
immune receptors (NLRs, RLRs, and ALRs) require ligand-dependent receptor movement to
activate an adaptor molecule to initiate signal transduction.

In addition to regulating immune responses by requiring receptor movement to specific sub-
cellular sites, the site of signaling itself dictates signaling outcomes. For example, TLR4-induced
MyD88-dependent signaling originates from the cell surface, whereas TRIF-mediated signaling
occurs from endosomes. The RLR adaptor MAVS provides another example of subcellular sig-
naling specificity. MAVS is resident on mitochondria, peroxisomes, and mitochondria-associated
membranes (MAMs) of the endoplasmic reticulum (24–26). However, the signaling events induced
from mitochondria and peroxisomes differ, resulting in the induction of two distinct transcriptional
profiles (25).

These examples highlight the importance of cell biology in innate immune responses and
demonstrate that these receptors and signaling events do not take place within a void. In the
following sections, we present our understanding of the cell biology of innate pattern recognition
as it pertains to signaling from three cellular locations. First, we explore the signaling that originates
at the cell surface. In a similar fashion to TLR4, we then translocate to the endosomal network to
discuss the signals that originate there. Finally, we explore signals that originate from within the
cytosol by discussing the biosynthetic sensing pathways that detect RNA, DNA, or nucleic acid
derivatives within the cytosol.
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SIGNALING FROM THE PLASMA MEMBRANE

Pathogens have a diverse set of replicative niches and life cycles that can range from the extracellular
space to specific subcellular compartments. However, even intracellular pathogens commonly
spend some time in the extracellular space, making this a critical location for pathogen detection
by the innate immune system. PRRs on the plasma membrane are positioned facing outward to
serve this purpose and detect structural components of foreign invaders.

TLRs are transmembrane glycoproteins characterized by an extracellular domain, a trans-
membrane domain, and an intracellular TIR domain. The extracellular domain is responsible for
ligand recognition and is characterized by a horseshoe-like structure with LRR modules (27).
These LRRs are present in the inner concave surface of the extracellular domain, and their vari-
ation between different TLRs is thought to provide ligand specificity (28–30). The TLRs recruit
and signal through different sets of adaptor proteins, and as mentioned above this can partially ex-
plain differences in transcriptional outcome. The receptors homo- or heterodimerize upon ligand
binding and recruit adaptor proteins (Table 2) via TIR-TIR interactions. The TLR intracellular
TIR domains are fundamental for signal transduction, and point mutations within these regions
completely abolish TLR-dependent cellular responses. We begin by discussing signaling from
the plasma membrane–associated TLRs—TLR1, -2, -4, -5, and -6—which recognize structural
components present on the external surface of microorganisms.

TLR4, MD-2, CD14, and LBP: The Lipopolysaccharide-Multireceptor
Complex

A prototype of the TLR family, TLR4 was the first member to be characterized functionally (31)
and is the only TLR that uses all four adaptor proteins in signaling. Here we focus on TLR4’s
ability to signal from the plasma membrane as part of the lipopolysaccharide (LPS)-multireceptor
complex. Several exogenous and endogenous ligands can activate TLR4 and members of the LPS-
multireceptor complex (Table 3). Depending on the ligand, coreceptors and accessory molecules
may also be required for binding and signaling. The best-described ligand, LPS, was used to
identify TLR4 mutations that rendered mice resistant to LPS-induced septic shock (32).

The TLR4 response to LPS requires a multireceptor complex consisting of LPS-binding
protein (LBP), CD14, and MD-2, which act sequentially to extract LPS from bacteria and promote
TLR4 signaling. LBP is a soluble molecule that can bind large LPS aggregates such as the bacterial
outer membrane. With the aid of albumin, LBP somehow facilitates the transfer of LPS monomers
to CD14 (56, 57). CD14 then transfers LPS to TLR4-bound MD-2, a process that dimerizes
TLR4 and promotes signal transduction (58, 59). This sequential process of LPS transfer is likely
important to ensure high sensitivity to the presence of bacteria. Indeed, it has been estimated
that enough LPS monomers can be extracted from a single bacterium to activate TLR4 signaling
on 1,000 macrophages (59). The mechanisms underlying the functions of MD-2 and CD14 have
attracted much attention in recent years. MD-2 is a beta-cup folded protein with a hydrophobic
pocket that can bind LPS with high affinity (30). MD-2 is required for TLR4 dimerization in
response to LPS and is therefore essential for all TLR4-dependent responses to bacteria (60, 61).

CD14 was the first membrane protein identified as interacting with LPS, and it displays a
dimerized structure that strongly resembles the TLR4 extracellular domain (62). This recep-
tor can be released as a soluble factor or be anchored on the plasma membrane by glycosyl-
phosphatidylinositol (GPI). The anchored pool of CD14 is localized to discrete regions enriched
in cholesterol, called lipid rafts, which are important for protein trafficking and endocytosis and
are believed to be sites of plasma membrane signaling (63). TLR4 is not found within these rafts
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Table 3 Ligands of the LPS-multireceptor complex

Name Origin Components involveda Reference(s)
LPS Gram-negative bacteria TLR4, LBP, CD14, MD-2 See body of text
Taxol Taxus brevifolia TLR4, MD-2 33
Fusion protein Respiratory syncytial virus TLR4, CD14 34
Env protein Murine Moloney leukemia virus TLR4 35
HSP60 Chlamydia pneumoniae TLR4, MD-2 36
Cleaved fibrinogen Aspergillus oryzae proteinase, thrombin TLR4 37
HSP60/70 Endogenous TLR4, MD-2 38, 39
Type III repeat extra domain A Fibronectin TLR4, MD-2 40
Polysaccharide Hyaluronic acid, heparan sulfate

proteoglycan
TLR4 41, 42

Hyaluronan Endogenous TLR4 (TLR2) 43
Biglycan Extracellular matrix TLR4 (TLR2) 44
HMGB1 Endogenous TLR4 45, 46
Beta-defensins Endogenous TLR4 47
Minimally modified LDL Endogenous TLR4, MD-2, CD14 48
Oxidized LDL Endogenous TLR4 (TLR6, CD36) 49, 50
Oxidized PAPC Endogenous TLR4, CD14, LBP 51
Surfactant protein A Endogenous TLR4 52
Mrp8, Mrp14 Endogenous CD14, TLR4, MD-2 53
Feutin A Endogenous TLR4 54
Cold-inducible RNA-binding
protein

Endogenous TLR4, MD-2 55

aThe components in parentheses are not part of the LPS-multireceptor complex, but they can additionally detect the ligands listed.
Abbreviations: HMGB, high-mobility group protein B; HSP, heat shock protein; LBP, LPS-binding protein; LDL, low-density lipoprotein; LPS,
lipopolysaccharide; PAPC, 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine; TLR, Toll-like receptor.

prior to microbial encounters, but it does undergo LPS-induced movement to these sites. Thus,
TLR4 movement to CD14-enriched lipid rafts is one example of subcellular receptor movement
that promotes PRR signaling. The regulation of this movement is not well understood, however,
and requires further investigation.

As a GPI-anchored protein, CD14 lacks an intracellular tail and was originally considered inca-
pable of independently transducing an intracellular signal. However, recent studies have revealed
two CD14-dependent signaling pathways that are activated by LPS, independent of TLR4 sig-
naling. One pathway leads to calcium influx and gene regulation via nuclear factor of activated T
cells (NFAT) activation (64–66), whereas the other controls endocytosis and moves TLR4 from
the plasma membrane into endosomes (67–69). The second pathway controls LPS uptake and
TLR4 internalization through a process dependent on immunoreceptor tyrosine-based activa-
tion motif (ITAM) adaptors, the tyrosine kinase Syk, PLCγ2, and the IP3 receptor (Figure 2)
(67–70). This process of receptor endocytosis is critical for regulating TLR4-mediated type I
IFN production (discussed in more detail in the following section), which specifically occurs from
endosomes (23, 71), and it also explains previous reports that CD14 is required for LPS-mediated
IFN production (72). In addition to CD14, other factors such as CD11b, Rab11a, and Arf6 can
regulate TLR4 trafficking, in conjunction with or independently of CD14 (73–76). Functional
studies have revealed that the primary function of CD14 in controlling TLR4 signaling from
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endosomes is to deliver the receptor to this compartment. This conclusion is supported by the
finding that defects in TLR4 endocytosis associated with CD14 deficiency can be bypassed in
dendritic cells (DCs) through the use of particulate LPS preparations, such as beads or intact
bacteria (67). Under these conditions, TLR4 also signals via TRIF to induce IFN expression.
CD14 can therefore be considered a bona fide microbe-inducible trafficking factor that regulates
all cellular activities induced by TLR4 from the plasma membrane and endosomes. In conclusion,
the movement of TLR4 to its second site of signaling within endosomes is a highly regulated cell
biological process that provides a node of control for immune responses induced by this receptor.

TLR4 signal transduction itself requires adaptor proteins (Table 2) that can be subdivided
into two groups: the sorting and the signaling adaptors. The sorting adaptors TIRAP and TRAM
lack a signaling domain but can recruit the signaling adaptors MyD88 and TRIF. Together they
initiate the signaling pathways that lead to the activation of NF-κB, adaptor protein (AP)-1, and
IFN regulatory factor (IRF) 3, the major transcription factors regulating the TLR4-mediated
gene expression response. TLR4 signaling and adaptor engagement are sequential, starting at
the plasma membrane with CD14-dependent movement of LPS to TLR4 and the initiation of
TIRAP/MyD88 signaling, followed by CD14-dependent receptor movement and TRAM/TRIF
signaling from endosomes (67).

TLR4 Signal Transduction from the Plasma Membrane

TLR4-mediated MyD88-dependent signaling requires proper localization of the sorting adaptor
TIRAP (22, 77–81), which is targeted to regions enriched with PI(4,5)P2 (PIP2), such as
membrane ruffles and lipid rafts. TIRAP also contains a TIR domain that facilitates interaction
with MyD88 and TLR4 to mediate signaling (77, 78). It is possible that TIRAP and MyD88
are prepositioned on lipid rafts poised for signal transduction and awaiting ligand-induced
TLR4 movement to the region. In support of this, genetic targeting of TIRAP outside of
PIP2-reach regions completely blocks TLR4 signaling (22, 81). Furthermore, ARF6, which
regulates PI(4)P5K activity and PIP2 production (82), is required for proper TIRAP distribution
and MyD88-dependent TLR4 signaling (22).

TLR4 signaling from the plasma membrane utilizes MyD88 and culminates in the activa-
tion of NF-κB and AP-1 through the spatial regulation of the ubiquitin-dependent kinase TAK1
(Figure 2). With the exception of TLR3, all TLRs use MyD88 for signal transduction, which
highlights the importance of this adaptor. MyD88 interacts with TIRAP or with TLRs directly
through a C-terminal TIR domain, whereas an N-terminal death domain is required for interac-
tion with IL-1 receptor–associated kinase (IRAK) family members and signal transduction. Upon
TLR4 activation, MyD88 oligomerizes to form a large signaling platform called a myddosome,
which incorporates 6–8 MyD88 molecules, TIRAP, and members of the IRAK family (81, 83, 84).
IRAKs contain two known functional domains: an N-terminal death domain for interaction with
MyD88 and other IRAKs and a central domain with Ser/Thr kinase activity. IRAK4 is the first
member of the family to be recruited to the myddosome, and its kinase activity is essential for signal
transduction and activation of IRAK1 and IRAK2 (85, 86). Upon IRAK4 phosphorylation, IRAK1
and IRAK2 interact with MyD88 and TNF receptor–associated factor 6 (TRAF6) and regulate
NF-κB activation (86–88). TRAF6 is an E3 ubiquitin ligase that functions with Uev1A:Ubc13
to generate K63-linked polyubiquitination chains (89). The linear ubiquitin assembly complex
can bind these K63-linked chains and generate M1-linked chains to form K63/M1-linked hy-
brid chains (90). These hybrid chains recruit preassembled kinase complexes containing TAK1,
TAB1, TAB2, and TAB3. Spatial regulation of this complex controls the activation of IκB kinase
(IKK) and mitogen-activated protein kinase (MAPK) signaling to control the transcription factors
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Figure 2
TLR4 signals from the plasma membrane and endosomes. TLR4 requires translocation to lipid rafts
enriched with TIRAP for signaling from the plasma membrane. This facilitates interactions with MyD88
upon ligand binding for the formation of the myddosome containing MyD88, TIRAP, and IRAKs. The
IRAKs recruit the E3 ubiquitin ligase TRAF6, which interacts with a complex formed by TAB1, TAB2,
TAB3, and TAK1. This complex regulates NF-κB activation via IKKs. TAK1 release into the cytoplasm
also directs MAPK activation. CD14 controls the movement of TLR4 from the plasma membrane into
endosomes through the activation of ITAM, Syk, and PLCγ2. From endosomes, TLR4 interacts with the
sorting adaptor TRAM and the signaling adaptor TRIF to sustain NF-κB activation and to induce
IRF3-mediated type I IFN production. TRIF-dependent NF-κB activation may proceed via the proteins
RIPK1, TRADD, and the caspase-8 complex. IRF3 activation controls type I IFN production and requires
TRAF3 recruitment to TRIF. TRAF3 then interacts with TANK (or TANK-related proteins) to recruit
IKKγ, IKKε, and TBK1, which activate IRF3. (Solid lines indicate signal transduction; dotted lines indicate
trafficking events.) (Abbreviations: FADD, Fas-associated protein with death domain; IKK, IκB kinase;
IRAK, interleukin-1 receptor-associated kinase; IRF, IFN regulatory factor; ITAM, immunoreceptor
tyrosine-based activation motif; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-κB;
PLCγ2, phospholipase Cγ2; RIPK1, receptor-interacting serine/threonine-protein kinase 1; TAB,
TAK1-binding protein; TAK, TGF-β-activated kinase; TANK, TRAF family member–associated NF-κB
activator; TBK, TANK-binding kinase; TIRAP, TIR-containing adaptor protein; TRADD, TNF receptor
type 1–associated death domain; TRAF, TNF receptor–associated factor.)
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NF-κB and AP-1, respectively (91). First, the IKK complex consisting of IKKα, IKKβ, and
NEMO (NF-κB essential modulator, also known as IKKγ) is recruited to the TAK1-containing
complex via the ubiquitin-binding domain of NEMO (92, 93). Once associated, TAK1 directly
phosphorylates IKKβ, inducing IKK complex activity and releasing NF-κB from its inhibitor,
IκBα (91). Second, the activation of MAPK signal transduction requires cIAP-mediated TRAF6
and TAK1 translocation to the cytoplasm to promote TAB2/TAB3-dependent TAK1 oligomer-
ization (94, 95). From the cytosol, TAK1 acts as a MAPKKK and directs AP-1 activation. Thus, the
translocation of TAK1 from the membrane to cytosol regulates gene expression and is another ex-
ample of cell biological control of innate immune signaling by ligand-induced protein movement.

Plasma Membrane Signaling by Other Toll-Like Receptors

Because TLR4 is the best-characterized member of the TLR family, most of the signal transduction
information from other plasma membrane TLRs is inferred from TLR4 biology. Nevertheless,
some peculiarities and specific behaviors of TLR1, TLR2, TLR5, and TLR6 merit mention.

TLR2 mainly acts as a heterodimer in association with other TLRs (96), and its function
depends on its TLR-binding partner, any coreceptor involved in the recognition process, and the
type of bound ligand. TLR2 associates with TLR1 or TLR6 and utilizes CD14 and CD36 as
major coreceptors (97, 98). This receptor complex flexibility allows TLR2 to recognize a diverse
set of ligands (Table 4) (29, 99).

At physiological ligand concentrations, TLR1, TLR2, and TLR6 require TIRAP for signaling
via MyD88 (79, 80, 106). The formation of different heterocomplexes of TLRs is not believed to
have major consequences on signal transduction, although several differences have been described
between TLR2/TLR1 and TLR2/TLR6 signaling capacity (107, 108). Similar to TLR4, these
TLR heterocomplexes signal from lipid rafts (109) and utilize coreceptors. CD36 is believed to
be a major coreceptor for TLR2/TLR6 heterodimers (97), whereas CD14 appears to be involved
mainly in TLR2/TLR1 signaling (98). Although the relevance of the signaling capacity of CD14
has never been directly associated with TLR2/TLR1 signaling, the capacity of CD36 to initiate a
signaling pathway has been associated with cargo and receptor uptake (110, 111). CD36 is a trans-
membrane protein that utilizes Fc receptor-γ (FcRγ) to induce internalization by Syk activation.
Although TLR2/TLR1 and TLR2/TLR6 endocytosis is generally associated with downregulat-
ing receptor activity, TLR2 internalization has also been associated with type I IFN production
(112, 113) in a cell type–dependent manner. Specifically, CD11b+Ly6C+ inflammatory mono-
cytes induce TLR2-mediated type I IFN production in response to viral ligands. In contrast to
TLR4, this process is MyD88-dependent and TRIF-independent.

Table 4 Ligands detected by TLR2 complexes

TLR2 complex Ligand Reference(s)
TLR2/TLR1 E. coli–based synthetic lipopeptides Pam3CSK4 100
TLR2/TLR6 E. coli–based synthetic lipopeptides Pam2CSK4 100
TLR2/TLR6 Mycoplasma fermentans–derived lipopeptide MALP-2 100
TLR2/TLR6 Mycoplasma salivarium–based lipopeptide FSL-1 100
TLR2/TLR1 Human (and mouse) cytomegalovirus 101, 102
TLR2/TLR1 Herpes simplex virus 103
TLR2/TLR1/TLR6 Herpes simplex virus, endogenous ligands 104, reviewed in 105
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TLR5 recognizes flagellin (114, 115), a major antigenic target of flagellated gram-negative and
gram-positive bacteria. TLR5 is expressed on neutrophils, monocytes, DCs (116), and epithelial
cells (117). Interestingly, intestinal epithelial cells regulate TLR5 signaling such that responses
occur only when flagellin is detected from the basolateral cell surface (117).

Similar to other TLRs, TLR5 dimerizes in response to ligand binding and requires correct
plasma membrane localization for its function (118). Localization of this receptor relies on the
multispanning membrane protein Unc93B1, which also controls trafficking of endosomal TLRs
(discussed in the following section) (119). Although TLR5 requires MyD88 for signaling (114),
the role of other adaptors is not as clear; however, TIRAP is involved in proper TLR5 signaling
in epithelial cells (120). In support of a requirement for TIRAP, TLR5 signaling is reduced in
the absence of PTEN, a phosphoinositide-3-phosphatase that regulates PIP2 production. This
suggests that proper distribution of the sorting adaptor is necessary for TLR5 signaling. Interest-
ingly, some MyD88-independent activities have also been described for TLR5, such as flagellin
uptake for MHC class II presentation and CD4+ T cell activation (121).

Dectins

Hundreds of CLRs form a heterogeneous group that recognizes a wide range of microorganisms.
All CLRs share a characteristic C-type lectin-like domain (CTLD) and can be either soluble or
membrane bound. The CTLD was originally identified as a double-loop domain able to bind
calcium and carbohydrates. However, CTLD-bearing proteins have since been shown to bind
other types of ligands, and today the CLR family is subdivided into 17 different groups (I-XVII)
based on structure (4). Most of the CLRs act as opsonins without directly activating an NF-κB
signaling cascade and are not discussed in this review. However, subgroups of these receptors
initiate a proinflammatory response and promote skewing of T cell immune responses. Generally,
this is achieved through a signaling cascade that relies on the function of a complex consisting
of the CARD9/Bcl-10/MALT-1 proteins. Here we focus our attention on the PRR function of
Dectin-1 and Dectin-2 because they are the best-characterized CLRs with PRR features.

Dectin-1 (Human CLEC7A; mouse Clec7a) is a receptor expressed by DCs, macrophages, neu-
trophils, and monocytes. Dectin-1 is a type II transmembrane protein containing an extracellular
atypical CTLD that does not require calcium for ligand binding. The intracellular tail of Dectin-1
possesses a modified ITAM called hemITAM. The canonical ITAM domain contains a tandem re-
peat YxxL/I, whereas the intracellular tail of Dectin-1 possesses only one YxxL motif (122). Upon
ligand binding, Dectin-1 promotes ligand uptake by phagocytosis and the initiation of a signaling
cascade that regulates gene expression and cytokine production. The major ligands for Dectin-1
are fungal β-1,3-glucans, and both mice and human studies confirmed a crucial role for this re-
ceptor in antifungal defense (123, 124). Other than fungi, Dectin-1 also recognizes secretory IgA,
mucins, and β-glucans from other microorganisms such as Listeria and Mycobacterium (125–127).

Similar to TLR4, this receptor also undergoes ligand-induced movement into lipid rafts where
signaling occurs (128). Dectin-1 signaling requires receptor dimerization and initiates a Syk-
dependent and a Syk-independent cascade (Figure 3). Syk-dependent signaling controls MAPK
activation, canonical and noncanonical NF-κB activation, and NFAT activation. These pathways
are initiated by recruitment of Syk to the intracellular hemITAM domains of Dectin-1 following
its phosphorylation by Src family kinases (SFKs) (129). NFAT and canonical NF-κB activation
require PLCγ2 activity (130), which hydrolyzes membrane PIP2 into inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG). IP3-induced calcium release from the endoplasmic reticulum
regulates a calcium-release-activated calcium (CRAC)-mediated calcium influx for NFAT activa-
tion (131). Both IP3 and DAG act as second messengers able to regulate the canonical NF-κB
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Figure 3
Dectin-1 signaling controls NF-κB and NFAT activation. Upon ligand binding, the hemITAM domain of
Dectin-1 is phosphorylated by Src family kinases (SFKs), which recruit the signaling kinase Syk. This
requires trafficking of the phosphatases CD45 and CD148 away from the forming phagosome. Syk activation
can control PLCγ2 activity to induce the formation of IP3 and DAG. IP3-mediated Ca2+ release from the
endoplasmic reticulum induces a CRAC-dependent Ca2+ influx and consequent NFAT activation. Ca2+ and
DAG also regulate PKCδ activation, which controls canonical NF-κB activation following induction of a
CARD9/Bcl-10/MALT-1 complex. In parallel, Syk also controls noncanonical NF-κB activation through
NIK. (Solid lines indicate signal transduction; dotted lines indicate trafficking events.) (Abbreviations:
CARD, caspase recruitment domain; CRAC, calcium-release-activated calcium; DAG, diacylglycerol; IKK,
IκB kinase; IP3, inositol 1,4,5-trisphosphate; ITAM, immunoreceptor tyrosine-based activation motif;
NFAT, nuclear factor of activated T cells; NIK, NF-κB-inducing kinase; PKC, protein kinase C.)

pathway by activating protein kinase C δ (PKCδ) (132). PKCδ phosphorylates CARD9 to induce
the formation of a complex with Bcl-10 and MALT-1. This recruits and activates a TRAF6-
TAK1 complex for NF-κB activation (133). Additionally, the paracaspase activity of MALT-1 is
particularly important for activation of the NF-κB subunit C-Rel (134). Syk also mediates the
noncanonical activation of the NF-κB subunit p52-RelB through NF-κB-inducing kinase (NIK)
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(135). Dectin-1 also controls a Syk-independent pathway that represses the functions of the non-
canonical NF-κB pathway (135). Upon receptor activation, Raf-1 induces the phosphorylation of
the p65 subunit of NF-κB and the subsequent formation of a p65-RelB dimer that inhibits the
formation of the p52-RelB complex.

The induction of phagocytosis by Dectin-1 signaling assists in microbial killing. However,
although Dectin-1 can bind soluble ligands, only particulate ligands can induce Dectin-1 signal-
ing. This feature may help to differentiate ligands directly associated with a microbe and those
released from a distance (136). Signaling and phagocytosis require cell surface rearrangement of
the phosphatases CD45 and CD148 away from Dectin-1 within the forming phagosome. Dectin-
1-mediated internalization also requires tyrosine kinase activity and the Rho GTPases Cdc42
and Rac1 (137). Additionally, Dectin-1 activates PLCγ2, which is a regulator of phagocytosis
and may contribute to the Dectin-1-mediated phagocytic process (130, 138, 139). This receptor
also controls phagosome maturation and MHC class II loading through Syk-mediated release
of reactive oxygen species (ROS), which induces LC3 association with phagosomes (140–142).
Finally, FYCO1, a protein usually associated with autophagy, is required for the maturation of
Dectin-1-Syk-ROS-induced LC3 phagosomes (143). This maturation step is an important point
of regulation for the Dectin-1 response that limits signal duration and ROS production. Thus, an
intricate link between phagocytosis and signaling exists for the function and regulation of Dectin-1
signaling.

The fine regulation of canonical and noncanonical NF-κB activation controls the release of cy-
tokines that favor Th1 and Th17 responses (135, 144). Among these cytokines, IL-1β production
merits discussion. Whereas the expression of pro-IL-1β can be triggered by the signaling and NF-
κB activation described above, the processing and activation of this cytokine require the activity
of caspase-8, which complexes with ASC, CARD9, Bcl-10, and MALT-1 following Dectin-1 acti-
vation (145). Interestingly, although ligand binding is necessary for Dectin-1-mediated caspase-8
activity, internalization is not required. The physiological relevance of this observation is less clear
considering that Dectin-1 phagocytic activity is fundamental for its signaling.

Dectin-2 (human CLEC6A; mouse Clec4n) is the prototype receptor of the Dectin-2 family
of CLRs that consists of Mincle, DCAR, BDCA-2, Dectin-3 (also called CLECSF8, MCL, or
Clec4d), and DCIR. All the members of this CLR family, with the exception of DCIR, contain
a short intracellular tail with no signal transduction capabilities. Therefore, Dectin-2 and most
of the other receptors of this family associate with the ITAM-bearing molecule FcRγ for signal
transduction to occur. Despite this distinction between Dectin-1 and -2 in terms of ITAM usage,
the downstream signaling pathways induced by these receptors are quite similar. Dectin-2 binds
α-mannans of fungal cell walls (146); however, it can also recognize other pathogens such as
Schistosoma mansoni and Mycobacterium tuberculosis (127).

Similar to findings for Dectin-1, Dectin-2 receptor internalization and signaling require the
action of SFKs, which target the ITAM residues of FcRγ for phosphorylation. However, Dectin-2
recognizes α-mannans on the surface of hyphal Candida albicans in association with Dectin-3 (147).
Dectin-3 forms heterodimers with Dectin-2, conferring a higher sensitivity for fungal detection.
The molecular mechanism of this increase in sensitivity is not known, but Dectin-3 is able to recruit
both the adaptor FcRγ and another FcRγ-like adaptor protein, FcεRIγ, which may facilitate signal
transduction.

SIGNALING FROM ENDOSOMES

As mentioned above, TLR4 signaling continues from a second location within the endocytic
network. Professional phagocytes of the innate immune system routinely use the endocytic process
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to engulf and degrade foreign particles once they reach the hydrolytic lysosomal environment.
In addition, many pathogenic microorganisms use the endocytic pathway for their own purposes;
bacteria alter and reside within endosomes, whereas viruses may use the lowered pH as a signal to
induce membrane fusion and gain access to the cytosol. For these reasons, the endocytic pathway
is an ideal location for innate immune receptors to reside, as they are well positioned to detect
ligands revealed during hydrolytic degradation or viral entry.

TLR4 Signal Transduction from Endosomes

The second site of TLR4 signaling from endosomes controls two important responses: a late wave
of NF-κB activation and the production of type I IFN. The delayed wave of NF-κB activation
can be demonstrated from cells deficient in MyD88 or TIRAP in response to LPS (79). Thus,
TRAM and TRIF control the TLR4-driven late wave of NF-κB activation and type I IFN pro-
duction (148, 149). The sorting adaptor TRAM contains a bipartate N-terminal localization signal
containing a myristate group and a polybasic motif that control trafficking between the plasma
membrane and endosomes (23, 150). The presence of TRAM in endosomes is absolutely required
for TRAM/TRIF signaling, yet TRAM movement from the plasma membrane to endosomes is
independent of CD14-mediated TLR4 movement to endosomes. It has been speculated that once
it reaches endosomes, TIRAP is displaced from the TIR domain of TLR4 by TRAM, allowing
for the TRIF-dependent pathway to be engaged (23, 151, 152).

The mechanism by which TRIF-dependent late-stage NF-κB activation occurs is unclear,
but several studies have demonstrated biochemical or functional interactions between TRIF and
RIPK1, TRADD, and caspase-8 that promote NF-κB activation (Figure 2).

TRIF also controls IRF3-mediated type I IFN production through the recruitment of TRAF3.
TRAF3 interacts with TANK or TANK-related proteins (153) to recruit the kinases TBK1 and
IKKε for IRF3 activation, thus regulating type I IFN production (154–156). The complete tran-
scriptional response induced by TLR4 from endosomes requires late-stage activation of NF-κB
and type I IFN production (157, 158).

Endosomal Signaling by Other Toll-Like Receptors

All TLRs induce NF-κB activation, but many can trigger alternative pathways that culminate
in the activation of IRFs and the production of type I IFN. The triggering of IFN expression is
accomplished in several ways. As described above, TLR4 initiates a TRIF-dependent pathway from
endosomes through the sorting adaptor TRAM. TLR3 also activates TRIF-dependent signaling,
but unlike TLR4, this process does not require TRAM (Figure 4) (159). Instead, the TIR domain
of TLR3 has high affinity for the TIR domain of TRIF (160, 161) and is capable of direct binding.
The reason for a differential requirement for TRAM is unclear, but it could be related to the
need for TLR4 to engage different signaling adaptors in different compartments. Interestingly, a
single point mutation in the TIR domain of TLR3 is sufficient to alter the specificity from TRIF
to MyD88 (162).

In addition to producing NF-κB-mediated cytokines, endosomal TLRs also induce IFN ex-
pression in a cell type–specific manner. In particular, TLR7 and TLR9 trigger MyD88-dependent
IFN production in plasmacytoid DCs (pDCs) (163, 164). Unlike TLR4-driven IFN production,
pDCs do not use the TRAM/TRIF pathway. Instead, these cells initiate an alternative MyD88-
dependent signaling pathway that activates the transcription factor IRF7 (Figure 4) (165). How-
ever, as in the TLR4 pathway, the production of IFN is spatially segregated from proinflammatory
cytokines. Although both signaling pathways initiate from endosomes, pDCs from mice deficient
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Innate immune signaling from endosomes. (a) NOD receptors associate with endosomal membranes, where they are positioned to
encounter PAMPs, as microbes escape from endosomes or as they are pumped out by transporters such as SLC15A3. NOD signaling
activates RIPK2, which triggers proinflammatory cytokine production through NF-κB and MAPK activation. (b) TLR3 responds to
double-stranded RNA and triggers an enzymatic signaling cascade through the adaptor protein TRIF. Unlike TLR4, TLR3 does not
require the adaptor TRAM, but it can similarly activate IRF3 to produce type I IFN and ISGs, as well as NF-κB, to produce
proinflammatory cytokines. (c) Other endosomal TLRs principally activate NF-κB through the adaptors MyD88 and TIRAP. In pDCs,
TLR7 and -9 trigger IFN and ISG production through the activation of IRF7. (Abbreviations: IFN, interferon; IRAK, interleukin-1
receptor-associated kinase; IRF, IFN regulatory factor; ISG, IFN-stimulated gene; MAPK, mitogen-activated protein kinase; MDP,
muramyl dipeptide; NOD, nucleotide-binding oligomerization domain; PAMP, pathogen-associated molecular pattern; pDC,
plasmacytoid dendritic cell; RIPK2, RIP2 kinase; TIRAP, TIR-containing adaptor protein; TRAF, TNF receptor–associated factor;
TRIF, TIR domain–containing adaptor-inducing IFN-β.)

for the adaptor complex AP-3 cannot produce IFN, but they do maintain their ability to pro-
duce proinflammatory cytokines (166). This suggests that TLR7 and -9 initiate distinct signaling
pathways that originate from two distinct endosomal compartments, dubbed NF-κB endosomes
and IRF7 endosomes because of their role in activating these distinct transcription factors (166).
The bifurcation of signaling is also demonstrated by differential requirements for downstream
signaling components. For example, IRF7 activation in pDCs requires IRAK1, whereas IRAK2
knockout cells have enhanced IRF7 activation (167). The reverse is true for NF-κB signaling;
IRAK2 knockout cells cannot induce NF-κB activation, whereas IRAK1 knockouts have increased
NF-κB signaling activity (168). These data suggest that distinct myddosomes activate distinct tran-
scription factors and that these myddosomes may compete for upstream or downstream signaling
resources.
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The precise nature of the endosomes that permit TLR7/9 signaling is unknown, but several
lines of evidence provide insight. The data from AP-3 knockout mice described above suggest two
possibilities. First, signaling from the NF-κB endosome may occur early in the endocytic pathway,
with AP-3 being required for the receptor to move to a later endosome for IRF7 activation.
However, TLR9-mediated IRF7 activation occurs early in the endosomal pathway, and TLR9
signaling in macrophages proceeds normally when the sorting adaptor TIRAP is restricted to early
endosomes (81, 169). Thus, a second possibility is that AP-3 delivers some component necessary
for IRF7 signaling to a specific endosome, and without this component, only NF-κB activation is
achieved. TRAF3 appears to be one such regulator controlled by AP-3, as artificially directing this
ubiquitin ligase to membranes rich in 3′ phosphoinositides is sufficient to restore IFN production
in AP-3 knockout cells (166). As the study of inter-endosome trafficking is technically complex,
new technologies may need to be developed before a clear view of site-specific TLR signaling in
endosomes can be achieved.

Regulation of Endosomal TLR Activity and Localization

Although TLR4 resides at the plasma membrane and migrates to endosomes upon ligand binding,
many TLRs reside in and encounter their ligands from within endosomes. These TLRs predomi-
nantly recognize nucleic acid ligands, which are liberated from bacteria or viral capsids due to the
hydrolytic activity of the endolysosomal compartment. Nucleic acids are a common feature of all
pathogens and therefore ideal targets of PRRs. Yet recognition of nucleic acid is also problematic
because there is little to distinguish self-RNA and -DNA from nonself. One solution to this ap-
parent conundrum is to recognize particular chemical motifs that are not present on self-nucleic
acids. For example, TLR9 predominantly recognizes unmethylated CpG DNA motifs, which are
uncommon in the mammalian genome (170). Similarly, the ligand for TLR3 is double-stranded
RNA, which is indicative of some viral genomes and replication intermediates but not often the
product of mammalian cells (171).

As discussed above, an alternative (or supplement) to a strategy of chemical specificity is to
restrict ligand recognition to particular subcellular locations in which self-nucleic acids are unlikely
to be present. For this reason, nucleic acid recognition by TLRs is restricted to endolysosomal
compartments through cell biological regulation. The clearest example of this regulation has been
demonstrated for TLR3, -7, and -9. As already mentioned, TLR9 recognizes unmethylated CpG
DNA motifs, whereas TLR7 is specific for single-stranded RNA and TLR3 for double-stranded
RNA. However, these TLRs are synthesized in an inactive state and must be proteolytically cleaved
to become active (172, 173). TLR cleavage is a multistep process, requiring multiple endosomal
proteases, including asparagine endopeptidase and cathepsins (174, 175). This requirement may
decrease the likelihood of detecting extracellular self-DNA by ensuring that endosomal TLRs
function only within an endocytic compartment and not from the plasma membrane.

The transport of TLRs to endosomes is also tightly controlled and requires interaction with
a multipass transmembrane chaperone called Unc93B1 to exit the endoplasmic reticulum (176,
177). Unc93B1 travels with TLRs to their final destination and interacts with numerous accessory
molecules to mediate transport, but the route taken by each TLR is unique. For TLR9, this
requires Unc93B1-mediated transport to the cell surface, where interaction with AP-2 mediates
endocytosis and trafficking to endolysosomes (178). Once TLR9 enters the endocytic network, it is
converted to the active form, as described above. Alternatively, Unc93B1-bound TLR7 associates
with AP-4 in the Golgi complex, which delivers the receptor directly to endosomes without an
intermediate cell surface step. It is unclear whether these differential trafficking patterns serve
some regulatory purpose, but individual point mutants of Unc93B1 can uniquely abolish AP-2
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binding or TLR7 binding (178). This indicates that trafficking for each TLR may be regulated
through unique binding to Unc93B1.

NOD1/2 Signaling from Endosomes

NOD1 and NOD2 are the prototypical members of the NLR family of PRRs (179). Both are
cytosolic proteins containing a series of C-terminal ligand-binding LRRs, a central NACHT do-
main, and a single (NOD1) or tandem (NOD2) N-terminal CARD domains. Both receptors detect
components of bacterial outer membranes or cell walls, such as γD-glutamyl-meso-diaminopimelic
acid (iE-DAP) or muramyl dipeptide (MDP) (180–182). Upon ligand binding, NODs associate
with the kinase RIPK2 via CARD domain interactions, resulting in the formation of a signaling
complex that mediates NF-κβ and MAPK activation (183, 184).

Though translated in the cytosol and lacking defined localization domains, NOD1 and NOD2
signaling occur in close association with endosomal membranes, as suggested by evidence (185–
188) (Figure 4). The first indication of this came from the characterization of a Crohn’s
disease–associated NOD2 variant, NOD2 3020insC, with impaired responsiveness to MDP (185).
Whereas wild-type NOD2 displays colocalization with the plasma membrane in epithelial cells, a
C-terminal truncation redistributes the hypomorphic variant to the cytosol. Furthermore, treat-
ment of epithelial cells with bacterial outer membrane vesicles, a potent source of iE-DAP, caused
recruitment of NOD1 and the signaling kinase RIPK2 to endosomes, and this recruitment cor-
related with cytokine production (186). A separate study showed that the endosomal transporter
SLC15A3 was required to translocate the NOD2 ligand MDP into the cytoplasm in DCs (187).
NOD2 also associates with SLC15A3 at phagosomal membranes containing MDP or Salmonella,
and MDP-containing phagosomes associate with NOD1, NOD2, and RIPK2. Taken together,
these data suggest that NOD1/2 are regulated by recruitment to endosomal membranes and that
this is the site of signal transduction for these receptors.

Independent of their role in NF-κB activation, NOD1 and NOD2 can also direct autophagy
to eliminate intracellular bacterial pathogens. Recruitment of the autophagy protein ATG16L1
to the site of bacterial entry at the plasma membrane requires functional NOD alleles (188). This
incorporation of intracellular bacteria within autophagosomes is impaired in cells expressing the
Crohn’s disease–associated NOD2 variant described above.

SIGNALING FROM THE BIOSYNTHETIC PATHWAY

As noted above, receptors at the plasma membrane and within endocytic compartments are poised
to encounter both nonpathogenic and pathogenic microbes. However, two key features of the
biosynthetic pathway help limit responses to true pathogens. First, these receptors are positioned
within the cytosol (or nucleus), a location commonly accessed by pathogens to manipulate the host.
Second, these receptors recognize foreign nucleic acids. Because active infections generate nucleic
acids as a form of gene expression or replication, these molecules serve as markers of biosynthesis
indicating an active infection. Several PRRs cooperate to survey this compartment and coordinate
effective immune responses to viral, prokaryotic, and eukaryotic intracellular infection. Here we
cover some of the cell biological features within the biosynthetic pathway.

RLR Signaling

The RLRs consist of three DExH/D box helicases [retinoic acid-inducible gene-I (RIG-I),
melanoma differentiation gene 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2)],
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which detect the presence of foreign RNA within the cytosol (189, 190). RLRs are generally de-
picted as cytosolic proteins at steady state, but they may be poised at specific locations within the
cytosol where viral entry and/or replication take place. To distinguish foreign RNA from endoge-
nous RNA, these receptors detect features common to viral genomes and replication intermedi-
ates, including 5′ triphosphate RNA, long double-stranded RNA, and sequences specific to viral
genomes such as the poly-uridine region of hepatitis C virus (191–196). These receptors are critical
for host defense against RNA viral infection; however, they also function in defense against some
DNA viruses and bacterial pathogens (197). The CARD domain–containing receptors RIG-I and
MDA5 activate the adaptor MAVS through CARD-mediated interactions (24, 198–200). How-
ever, prior to MAVS interaction, RIG-I undergoes K63-linked ubiquitin modification by the E3
ubiquitin ligases tripartite motif-containing 25 (TRIM25) and RIPLET (also known as RNF135)
(Figure 5) (201–203). Once activated, MAVS undergoes CARD-dependent self-polymerization,
creating prion-like aggregates that are important for signal transmission (204). MAVS polymeriza-
tion recruits a set of ubiquitin ligases (TRAF2, -5, and -6) required for the activation of TBK1 and
the IKK complex (205). The kinases regulate the transcription factors NF-κB, IRF3, and IRF7, cul-
minating in the expression of IFN, proinflammatory cytokines, and IFN-stimulated genes (ISGs).

Like the TLRs, RIG-I also undergoes ligand-induced translocation to specific sites of sig-
naling. Following detection of viral RNA, RIG-I moves to sites of signaling on the limiting
membranes of mitochondria, peroxisomes, and the MAM where the adaptor MAVS is located
(24–26). The protein chaperone 14-3-3ε regulates this process of translocation by delivering
RIG-I and TRIM25 to membrane-bound MAVS (Figure 5) (206). Correct localization to the
aforementioned membranes is an absolute requirement for MAVS function and is dependent on
its C-terminal transmembrane domain. Variants of MAVS lacking this domain are incapable of
inducing an IFN signal, although they contain the necessary regions for interaction with down-
stream signaling proteins (24, 25). Taken together, these data suggest that MAVS signaling is
regulated by receptor recruitment as well as by proper membrane localization.

The location from which MAVS signals dictates differences in antiviral gene expression. Sig-
naling from the mitochondrial membrane induces the expression of type I and type III IFN genes,
resulting in the subsequent expression of ISGs. In contrast, peroxisomal signaling induces the
expression of ISGs independently of type I IFN, relying exclusively on type III IFN production
(25, 207). An interesting feature of mitochondrial and peroxisomal biology is that these organelles
interact at the MAM, a specialized subdomain of the endoplasmic reticulum (26, 208). There-
fore, the MAM also participates in immune responses by providing a synaptic interface between
mitochondria and peroxisomes.

The interaction of mitochondria and peroxisomes at the MAM demonstrates the dynamic
nature of these organelles. Changes in the mitochondrial network have been observed following
RLR activation, and mitochondrial dynamics appear to regulate or be regulated by RLR signaling
(209). Mitochondrial fusion is one such event that plays a role in MAVS signaling, as demonstrated
in cells deficient for Mitofusin 1 and 2 (MFN1, MFN2) (209–211). Given that the MFNs promote
mitochondrial fusion, MFN-deficient cells have a fragmented mitochondrial network. However,
IFN signaling was reduced in their absence during viral infection, indicating a link between the
regulation of mitochondrial dynamics and RLR signaling outcome. One way in which fusion
could regulate MAVS signaling is through its effects on inner mitochondrial membrane potential,
a critical source of energy for ATP synthesis (212). Indeed, dissipation of membrane potential
using the drug carbonyl cyanide m-chlorophenylhydrazone (CCCP) suppressed RLR-mediated
IFN production (211). In contrast to its role in organelle fusion, MFN2 has been implicated
as an inhibitor of MAVS signaling (213). However, this occurs through direct protein-protein
interactions between MAVS and MFN2.
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The biosynthetic pathway: nucleic acid detection from within the cytosol. (a) The RLRs detect pathogen-derived RNA within the
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endoplasmic reticulum and Golgi apparatus. Several possibilities have been proposed for IL-1β release that include routes through
lysosomal compartments, multivesicular bodies, or pores created during pyroptotic cell death. (Solid lines indicate signal transduction;
dotted lines indicate trafficking events.) (Abbreviations: AIM, absent in melanoma; cGAMP, cyclic di-GMP/AMP; cGAS, cyclic
GMP-AMP synthase; IFI, interferon, γ-inducible; IFN, interferon; IKK, IκB kinase; MAVS, mitochondrial antiviral signaling protein;
MDA, melanoma differentiation gene; RIG-I, retinoic acid–inducible gene I; STING, stimulator of IFN gene; TBK, TANK-binding
kinase; TRAF, TNF receptor–associated factor; TRIM25, tripartite motif-containing 25.)

In addition to regulatory effects of mitochondria, regulation of peroxisome physiology can also
have an effect on antiviral signaling, as observed in cells derived from patients with Zellweger
syndrome, a peroxisome biogenesis disorder. Deficiencies in Pex19, which regulates peroxisome
biogenesis and delivery of membrane proteins to the organelle, result in cells that lack distinct per-
oxisomes and in the development of Zellweger syndrome (214). Interestingly, these cells contain
mitochondria with mistargeted peroxisomal membrane proteins and have a heightened antiviral
response to reovirus infection (207). These data support the conclusion that changes in mitochon-
drial and peroxisomal organelle physiology can regulate MAVS signaling.

The catabolic process of autophagy, which is utilized for the maintenance of cellular health,
degrades intracellular components at baseline levels but is also commonly induced in response
to cellular stresses such as organelle dysfunction and viral infection. In the context of RLR
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signaling, autophagy is implicated as a negative regulator controlling IFN production (215). Sev-
eral mediators of this process have been identified and include ATG5, ATG6, COX5B, NLRX1,
and TUFM (216–218). Interfering with these regulators inhibits the formation of autophago-
somes, resulting in higher levels of IFN production and viral replication. How autophagy func-
tions to regulate RLR signaling requires further characterization, yet some proposed mechanisms
include the removal of damaged mitochondria, the degradation of aggregated MAVS complexes,
and the reduction in ROS.

Most research on RLR signaling has focused on IFN production, but the RLR pathway can
also limit viral replication by initiating cell death (19, 219, 220). Control of cell death is MAVS
dependent and requires correct localization of the adaptor. However, the induction of cell death
does not require the CARD domain and is independent of MAVS-induced IFN signaling, which
has been inferred from the characterization of N-terminal deletion mutants and a naturally en-
coded MAVS variant, miniMAVS (19, 221). Both the mutant and the variant lack the N-terminal
CARD domain required for IFN production yet can still induce cell death. Although caspase acti-
vation is required, the specific form of cell death induced (apoptosis, necrosis, etc.) remains to be
characterized (19, 222). Several proteins with known cell death function (TRADD, caspase-8, and
VDAC1) interact with MAVS and regulate antiviral cell death (223–225). TRADD interacts with
MAVS and recruits the proapoptotic proteins FADD and RIPK1 (198, 223). The detailed mecha-
nism by which MAVS induces this process has yet to be determined; however, the induction of cell
death independent of a CARD domain suggests that the process does not require polymerization
of MAVS.

Interestingly, MAVS-dependent cell death can be induced in the absence of the RLRs. Ac-
cording to a recent study, MAVS-mediated cell death requires the kinases MKK7 and JNK2 but
is independent of RIG-I and MDA5 (220). In addition, MAVS-dependent vesicular stomatitis
virus–induced cell death does not require the CARD domain of MAVS (225). If MAVS-mediated
cell death does not require its CARD domain or the upstream RLRs, this suggests that MAVS
can detect viral infection directly or that other cell death–inducing receptors exist.

STING-Dependent Signaling

The search for cytosolic receptors that recognize DNA has implicated a bewildering number
of genes with reported involvement in regulating the IFN response to this nucleic acid (226).
Although further verification and characterization are needed for many of these genes, it is well
established that STING (stimulator of IFN genes, also known as TMEM173, MPYS, MITA, and
ERIS) plays an important role in this response (227–229). STING activates TBK1- and IRF3-
mediated IFN production, contributing to the defense against viral and intracellular bacterial
pathogens (230). Compared to other PRR signaling molecules, STING may function uniquely as
both an adaptor and a receptor. As an adaptor, STING is required for antiviral responses emanating
from proposed DNA receptors including IFI16 and DDX41 (231, 232), although the mechanisms
by which these processes occur are unclear. The best understanding of STING functions derives
from its ability to directly bind to cyclic dinucleotides (CDNs), which are second-messenger
signaling molecules commonly produced by bacteria (233–238). Although CDN synthesis has
been considered a unique feature of bacterial species, the recently identified mammalian enzyme
cGAS can synthesize the CDN cyclic di-GMP/AMP (cGAMP) (239, 240). In the presence of DNA,
cGAS utilizes ATP and GTP to produce cGAMP, which binds with high affinity to STING and
activates IFN signaling more effectively than the bacterial-derived CDNs. Thus, it is likely that
during infections with DNA viruses, cGAS produces cGAMP that directs STING to induce an
antiviral cellular state.
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STING is a multispanning transmembrane protein that is predominantly localized on the en-
doplasmic reticulum at steady state. Reports of STING on mitochondria and the MAM may be
due to the dynamic interactions between these organelles as described above (228, 230). Following
activation, STING undergoes trafficking to poorly defined vesicles or puncta via the Golgi appa-
ratus (Figure 5) (230, 241). This trafficking event relies on ATG9a and VPS34, suggesting that
autophagy may play a role in the regulation of STING (241, 242). Following STING movement,
signaling occurs from these puncta through the activation of TBK1 and IRF3. Blocking move-
ment of STING using Brefeldin A (BFA) or by siRNA-mediated knockdown of VPS34 inhibits
the STING-dependent IFN response to cytosolic DNA and highlights the importance of this
regulatory trafficking step (242).

Although the translocation of STING requires autophagy-related genes, there is a limited un-
derstanding of the role of autophagy in STING-dependent signaling. For example, the association
between autophagy and STING activation has yet to be demonstrated with the formation of classic
double membrane–bound autophagosomes. Additionally, ATG9a-deficient cells display a height-
ened response to DNA, indicating that autophagy is required to limit this signaling pathway (241).
However, activation of STING by Mycobacterium tuberculosis DNA has been implicated in the re-
sistance to infection through the induction of autophagy. Specifically, STING, TBK1, and ATG5
are important for limiting bacterial replication by targeting M. tuberculosis to autophagosomes
(243). However, these experiments investigated bacterial infection rather than the response to pu-
rified ligand, so in addition to STING activation, other signals may contribute to autophagosome
formation. Future studies are required to clearly define whether autophagy intersects with STING
signaling as a form of regulation or as a defense mechanism against intracellular pathogens.

AIM2-Like Receptor Signaling

The ALRs participate in the detection of intracellular DNA. These receptors each have a PYHIN
domain allowing for protein-protein interactions and a DNA-binding HIN-200 domain. The
founding member of this family, AIM2, interacts with the adaptor ASC and promotes inflamma-
some formation following the detection of intracellular DNA (244–246). A more diverse set of
functions has been attributed to a second member, IFI16, including the activation of STING-
dependent IFN production and inflammasome formation (231, 247). Inflammasomes are mul-
tiprotein complexes that initiate an innate immune response characterized by the secretion of
proinflammatory cytokines (IL-1β, IL-18) and a rapid form of cell death (pyroptosis) that con-
tributes to inflammation (7). In addition to responding to intracellular DNA, inflammasomes are
activated in response to several microbial patterns or danger signals. Discussing the numerous
stimuli and regulators of inflammasome formation is beyond the scope of this review, but they
have been reviewed extensively elsewhere (7, 248).

Generation of the proinflammatory cytokines IL-1β and IL-18 is a hallmark of inflammasome
activation and a key component of the immune response to many viral and bacterial infections.
However, the secretion of these cytokines is poorly defined. Protein secretion into the extracellular
space usually depends on conventional transport through the endoplasmic reticulum and Golgi
apparatus. However, IL-1β and IL-18 are part of a class of leaderless cytokines that do not
contain the N-terminal signal sequence required for conventional protein trafficking. Instead,
these cytokines are produced in an inactive form that must undergo processing by activated caspase-
1 prior to secretion by nonconventional mechanisms (Figure 5) (249). Inflammasome formation
provides a molecular scaffold for active caspase-1 to cleave the leaderless cytokines into their
active form. It is not clear how these active cytokines are secreted, but there is some evidence that
IL-1β is compartmentalized within vesicles and could be released through lysosome exocytosis or
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exosome release from multivesicular bodies (250–253). Another possibility is that these cytokines
are released during inflammasome-mediated pyroptotic cell death (254). This form of cell death
is hypothesized to result from osmotic pressure generated by membrane pore formation (255).
Therefore, pore formation and/or cell death could also be involved in the release of these cytokines
into the extracellular space. Understanding the cell biology regulating IL-1β/IL-18 release as well
as pyroptosis will provide further insight into the immune response triggered by ALR-mediated
inflammasome activation.

The second ALR to be identified, IFI16, has since been the focus of much attention in the
study of antiviral defense (231). Several viruses, including herpes simplex virus (HSV), Kaposi’s
sarcoma–associated herpesvirus (KSHV), cytomegalovirus, and HIV, are detected by IFI16 (231,
247, 256–258). Similar to other DNA receptors that activate STING or the inflammasome, IFI16
was originally classified as a cytoplasmic sensor. However, the subcellular localization of IFI16
has been found within the cytosol as well as the nucleus, depending on cell type (259). As several
DNA viruses complete a portion of the replication cycle within the nucleus, it seems fitting that
receptors identifying these viruses might also be found within the nucleus. Detection of KSHV
and HSV1 by IFI16 occurs within the nucleus; however, signaling ultimately occurs in the cytosol
through inflammasome or STING activation (Figure 5) (247, 260, 261). Thus, ligand-induced
movement of IFI16 (or another regulator) to a cytosolic site of signaling is required to initiate
antiviral defenses against herpesviruses. The identification of IFI16 acetylation sites that control
its subcellular distribution provides some insight into the regulation of this receptor (260). This
may allow IFI16 to function as both a nuclear and cytosolic sensor of foreign DNA. A major
question that these findings highlight is that of how nuclear DNA sensors distinguish between
self- and foreign DNA.

CONCLUDING REMARKS

This review was conceived with the goal of highlighting common cell biological properties that
influence the activity of the innate immune system in mammals. The fact that numerous geneti-
cally distinct PRR families depend on microbe-induced protein trafficking pathways underscores
the fundamental importance of these processes in signaling pathway design. As modern methods
of scientific inquiry become more specialized, it is important for the field to continue to remem-
ber that signaling pathways within our cells did not evolve in a vacuum. Rather, all signaling
pathways evolved to operate in the context of other cell biological processes that may be occur-
ring simultaneously. As such, the fields of innate immune and protein/membrane trafficking have
much to teach each other, and we hope that the ideas presented herein will help spur increased
cross-disciplinary investigations.

FUTURE DIRECTIONS

1. The ability of endosomal TLRs to induce IFN production in pDCs highlights cell type–
specific differences in innate immune signal regulation. The extent of this signaling
diversity and its implications for in vivo infection will be of future interest.

2. Do signals originating from a specific subcellular location require something inherent to
that site, or does the site of signaling simply act as a scaffold that can be reconstituted in
any location?
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3. What are the cell biological aspects of inflammasome formation and function? It is under-
stood that active inflammasomes are large multiprotein complexes, but much remains to
be characterized in how these signaling complexes interact with the cellular infrastruc-
ture. It is becoming clear that the NLRP3 inflammasome can monitor mitochondrial
dysfunction, and some reports implicate mitochondria as a site of NLRP3 inflamma-
some formation.

4. The cellular process of mRNA translation is emerging as a regulator of gene function.
Recently, it has been reported that the MAVS transcript encodes two variants with distinct
function. As the importance of translational control becomes more evident, it will be of
interest to identify how this process controls other aspects of innate immunity during
infection.
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