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1. ABSTRACT

While initial studies of Toll-like Receptor (TLR) signaling
mainly focused on genetic analysis of signal transduction,
recent work has highlighted the importance of
understanding the basic cell biology underlying receptor
function. Nowhere is this issue more important than in the
study of the nucleic acid-sensing TLRs. These receptors
face the unique challenge of distinguishing microbial
nucleic acids from similar host-derived molecules. The
physiological cost of not making this distinction can be
readily observed in studies of autoimmunity, a cause of
which is often the inappropriate detection of self nucleic
acids. In this review, we highlight recent research that has
revealed myriad ways in which mammalian cells control
the function of nucleic acid-sensing TLRs. A theme is now
emerging whereby these receptors are subject to sequential
regulatory mechanisms that control protein transport to
their sites of signal transduction, as well as their access
microbial nucleic acids.
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2. INTRODUCTION

The human body is equipped with a powerful set
of tools for defending itself against various
microorganisms, such as viruses, bacteria, and parasites.
Although this repertoire of defense mechanisms evolved to
recognize and neutralize pathogens, there are instances
when the immune system goes awry and triggers an
inappropriate response in the absence of an infection. In
these instances, the body’s immune system recognizes self
molecules and inappropriately attacks its own cells and
tissues. This misdirected immune response is the cause of
various autoimmune conditions, such as lupus, rheumatoid
arthritis, and type I diabetes (1-3). Considering these severe
consequences, it is not surprising that the immune system
has evolved a way to discriminate self from non-self. This
ability to differentiate foreign molecules from self
molecules is mediated by several families of innate immune
receptors, known as Pattern Recognition Receptors (PRRs)
4. These receptors recognize highly conserved
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components of pathogens, such as lipopolysaccharides,
lipopeptides, and nucleic acids (5).

Of the nucleic acid-sensing PRRs, the Toll-like
receptor (TLR) family is the best characterized group. Ten
human TLRs and 13 murine TLRs have been identified;
however, only TLR3, TLR7, TLR8, & TLRY9 detect RNA
or DNA in both species (5). TLR3 activates immune cells
in response to double-stranded RNA, TLR9 detects
unmethylated CpG motifs in bacterial and viral DNA, and
TLR7 recognizes single-stranded RNA (6-9). TLRS8 has
also been reported to play a role in sensing single-stranded
RNA in humans, but until recently, this receptor was
thought to be nonfunctional in mice (6, 10). Now it is
known that murine TLRS is required for sensing A/T-rich
DNA (11). It is worth noting that other sensors, such as
AIM2 and RIGI, participate in the recognition of nucleic
acids; however, discussion of these additional sensors is
beyond the scope of this review (see (12, 13) for detailed
reviews).

Binding of the various ligands to their respective
receptors initiates a signal transduction cascade.
Interestingly, not all of the nucleic acid-sensing TLRs
utilize the same signaling pathway nor are all responses the
same in different cell types (14). The cytoplasmic domains
of TLRs contain a Toll-interleukin 1 receptor (IL-1R)
homology domain (TIR domain) that serves as a platform
to recruit TIR domain containing adaptor proteins, such as
MyD88 and TRIF (14). The particular adaptor used
determines which signaling pathway will be activated. In
the case of TLR3, the adaptor, TRIF, is used to activate
TBK1 (TANK-binding kinase 1) and IKK-alpha (IkappaB
kinase-alpha, which phosphorylate and activate the
transcription factor, IRF3 (14, 15). TRIF also interacts
with TRAF6 and RIP1 to activate NF-kappaB and MAPKs
in order to induce the transcription of proinflammatory
cytokines (16, 17). These TLR3 signaling pathways appear
to function in all cell types. In contrast to TLR3, TLR7,
TLR8, and TLRY signal through the adaptor molecule,
MyDS88 (18). MyD88 recruits the IRAK family of protein
kinases and TRAF6 to initiate a signal transduction cascade
that culminates in the activation of NF-kappaB to induce
proinflammatory cytokines (18). In addition to the NF-
kappaB-dependent pathway, another MyD88-dependent
pathway exists in plasmacytoid dendritic cells (pDCs). In
pDCs, MyD88 interacts directly with the transcription
factor, IRF7, to induce type I interferons (19). Although
there are differences in the mechanism of signal
transduction, the outcome of TLR signaling is virtually the
same for all nucleic acid-sensing TLRs. Ultimately, the
activation of IRF and NF-kappaB transcription factors
induces the transcription of various genes, leading to an
inflammatory response.

In the event of infection, this response is
necessary to clear the host of any invading microorganism
as well as to generate an adaptive immune response against
the invader (20). However, in the absence of an invader,
setting off these pathways through recognition of self
nucleic acids can have deleterious effects on the host. As
such, an immediate question that comes to mind is why
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such receptors would have evolved. The answer to this
question probably lies within the challenge of detecting
viruses (21). Most of the determinants recognized by TLRs
are prokaryotic-specific molecules essential to the integrity,
function, or replication of a particular class of microbes,
but viruses generally lack uniquely foreign features that
easily distinguish them from the host. For example, viral
proteins have a high mutation frequency, making them poor
targets for the innate immune system. Viruses also lack
their own unique metabolic systems and are dependent on
the host cells that they infect to reproduce. Since a virus
marshals the host machinery to replicate, the viral products
made do not have any distinguishing features that allow the
host to discriminate the virus from itself. Although no
unique viral product exists, the fact that viruses utilize the
host cell machinery to replicate has become their “Achilles
heel” since these pathogens cannot mutate structural
features of their genomes in order to take advantage of the
host’s replication system. As such, viral nucleic acids have
evolved as targets of numerous innate immune receptors.

Because pathogen and host nucleic acids have
very similar structures, it was initially proposed that unique
aspects of sequence or nucleotide modifications allow for
host/pathogen discrimination (22). However, increasing
evidence indicates that these differences are insufficient to
prevent activation of the nucleic acid-sensing TLRs in
response to self nucleic acids (23-25). Thus, activation of
nucleotide-sensing TLRs has to be tightly regulated to
mount an appropriate defense against microorganisms
without deleteriously responding to self-derived molecules.
This review highlights recent work that has furthered our
understanding of the key mechanisms that regulate the
activation of nucleic acid-sensing TLRs and prevent the
recognition of self-derived products by these receptors.

3. LOCATION, LOCATION, LOCATION:
REGULATION OF RECEPTOR
COMPARTMENTALIZATION

The distinct cell biology associated with the
immunostimulatory effects of nucleic acids had been
recognized even before knowing the receptors responsible
for detecting these ligands. Hacker et a/ reported that using
compounds that prevent endosomal maturation, such as
Chloroquine or bafilomycin A, block the effects of CpG-
DNA, indicating that cellular up-take via endocytosis and
endosomal maturation are necessary for the activation of
CpG-induced immune responses (26). These results
strongly suggested that signaling via oligonucleotides takes
place within the cell. Indeed, the nucleic acid-sensing
TLRs were subsequently identified and were shown to
localize within intracellular compartments (7).

Of the TLRs found within the cell, the
localization of TLRY has been studied the most extensively.
Several groups have reported that TLR9 predominantly
resides in the endoplasmic reticulum (ER) of resting cells,
but upon activation of CpG, TLRY is recruited to
endolysosomes (27, 28). The endolysosomal compartment
was demonstrated to be the site of ligand recognition and
signal transduction, as both TLR9 and MyD88 co-localize
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with fluorescently-tagged CpG in this intracellular location
(28, 29). For quite some time, it was assumed that TLR9
resided in the ER at steady state and that this receptor was
only recruited to endolysosomes after cells were stimulated
with CpG DNA. However, in light of recent data that
revealed a cleaved version of this receptor (see below), it is
now known that a pool of TLR9 constitutively resides in
endolysosomes (30, 31). This endolysosomal pool of
TLR9Y is most likely poised to initiate a rapid response to
endocytosed viral and/or bacterial DNA.

Similar to TLR9, TLR7 and TLR8 are also
localized intracellularly (32, 33). TLR7 mediates ligand
recognition and signaling initiation from endolysosomal
compartments, as was shown for TLR9 (6). However, no
data regarding the location of ligand recognition or signal
initiation has been reported for TLR8. This lack of data for
TLRS results from the fact that TLR7 and TLR8 have been
primarily studied as one entity. TLR7 and TLRS share the
highest degree of sequence similarity among the TLR
family members involved in nucleic acid recognition (34).
Furthermore, human TLRS8 genetically complements
TLR7-deficient mouse cells (6). As such, TLRS had been
assumed to be the functional equivalent of TLR7. New
data, however, suggests that murine TLR8 plays its own
role in viral recognition by recognizing A/T-rich DNA
(11). More refined analysis of TLR8 will surely uncover
whether TLRS® initiates signaling from its intracellular
locale as has been reported for the other members of its
TLR subfamily.

In the case of TLR3, reports regarding the
localization of this receptor have varied greatly depending
on the cell type. TLR3 has been reported to localize to the
plasma membrane in human fibroblasts, while in human
monocyte-derived iDCs and epithelial cells, TLR3 is
primarily found in an intracellular site (35-38).  This
discrepancy in reported localization may reflect differences
in cell-type; however, it may also be a reflection of the poor
tools available to study the cell biology of TLRs. The most
widely used antibodies against the various TLRs were
generated against the ectodomain of these proteins where
there is considerable sequence homology between the
different TLRs. Thus, it is possible that another TLR was
visualized in the experiments that reported TLR3 at the
plasma membrane. Confirming the specificity of any
TLR3 antibody in TLR3 KO cells will be necessary to
provide a definitive answer to the question of TLR3
localization. Regardless of this technical issue, even if a
small pool of TLR3 exists at the cell surface, the majority
of this receptor is found within the cell, and this
intracellular pool appears to be responsible for signal
initiation (36). Interestingly, TLR3 has been shown to co-
localize with TLR7 as well as TLR9, suggesting that
nucleic acid recognition by different TLRs may occur
within the same endocytic compartment (33, 39). Despite
this co-localization with other intracellular TLRs, TLR3
does not unambiguously co-localize with any intracellular
marker. Late endosome, lysosome, Golgi, endoplasmic
reticulum, and mitochondria markers do not co-localize
with TLR3 (35, 36). Some TLR3-positive compartments
overlap with early endosomal markers as well as a marker
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for an acidic organelle (35, 36, 40), but because TLR3
localization does not definitively correspond to any
intracellular marker, the specific TLR3-containing
compartment has yet to be conclusively identified.
Needless to say, further work needs to be done to determine
the exact cellular compartment in which dsRNA is
recognized by TLR3 and whether this site of recognition is
shared with other nucleotide-sensing TLRs.

Regardless of whether these various intracellular
TLRs signal from the same subcompartment, it is clear that
this intracellular location is important for regulating the
access of these receptors to their respective ligands.
Microbial DNA is invisible for immune cells until
pathogenic DNA is exposed inside the endolysosomal
compartment during processes that affect the structure of
the pathogen. By sequestering the nucleic acid-sensing
TLRs within the cell, the host optimizes the chance of
encountering foreign molecules. Another added benefit of
this intracellular location is that this internal site safeguards
the nucleic acid-sensing TLRs against contact with self-
nucleic acids. The extracellular milieu is known to contain
self-DNA and self-RNA; thus, by placing these nucleic
acid-sensing TLRs inside the cell, the host has minimized
the chance of encountering self molecules. The importance
of this avoidance tactic was demonstrated by placing the
ectodomain of TLRY at the cell surface (41). When placed
at this inappropriate site, the ectodomain of TLR9 was able
to recognize mammalian DNA, indicating that there is
nothing inherent about host DNA that prevents TLR9 from
recognizing self DNA as a ligand (41). Thus, it seems that
the intracellular location controls access of these receptors
to different sources of nucleic acids.

Since these intracellular TLRs are capable of
recognizing host nucleic acids, what prevents host
molecules from entering TLR-containing endocytic
vesicles? Secreted DNases, such as DNase I, appear to
play an important role in degrading extracellular DNA (42),
but what regulates the exclusion of self-RNA remains
poorly defined. We speculate that secreted RNases may
serve an analogous role to DNase I, but further work needs
to be done to understand the exact mechanisms that
normally prevent self ligands from reaching intracellular
TLRs.

4. GOOD THINGS COME IN SMALL PACKAGES:
REGULATION BY PROTEOLYTIC CLEAVAGE

Lysosomes contain a large variety of hydrolytic
enzymes that degrade proteins and other substances (43).
Due to their potent degradative properties, many lysosomal
enzymes are synthesized in the ER as proproteins. Only
upon delivery to their lysosomal compartment are these
harsh digestive proproteins converted into their active form.
By delaying the activation of these proproteins until they
reach the lysosome, the cell prevents these destructive
enzymes from functioning in inappropriate cellular
locations. Similarly, intracellular TLRs are also
synthesized as proproteins that are activated by a cleavage
event in the endolysosomal compartment in order to
prevent the activation of these receptors in inappropriate
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locations (31, 44). Considering the negative
immunological consequences of activating a TLR
inappropriately and the potential of recognizing host
nucleic acids in other locations within the cell, this form of
regulation makes sense. Despite being conceptually
pleasing, the discovery of a cleaved form of any nucleic
acid-sensing TLR was not made until very recently.

Biochemical analysis of TLR9 led to the
identification of its processed form (31, 44). This form of
TLRO consists of approximately half of the ectodomain, the
transmembrane domain, and the entire cytoplasmic domain
of the full-length receptor. Although both full-length and
processed forms of the receptor are capable of binding CpG
oligonucleotides, it appears that only the cleaved form of
the receptor is functional (31, 44). First, a retrovirus
encoding the processed form is sufficient to complement
cells mutant for TLR9 (44). Second, conditions that
prevent receptor proteolysis, such as relocalization of full-
length TLRO to the cell surface or treatment of cells with
protease inhibitors, interfere with the ability of this receptor
to respond to CpG ligands (31, 44). Lastly, MyD88
selectively interacts with the truncated form following CpG
stimulation (31). Taken together, these data indicate that
cleavage of endosomal TLRY is an additional regulatory
event necessary for limiting signal transduction to the
appropriate cellular compartment.

The exact lysosomal protease (s) involved in the
cleavage events remain to be identified, but several lines of
evidence point to the involvement of a cathepsin. First,
cathepsin B and cathepsin L were functionally cloned as
molecules required for TLR9 responses in a
complementation screen using a cell line defective for
TLRY signaling (45). Overexpression of cathepsin S and
cathepsin F were also able to confer CpG responsiveness
on this same cell line (45). Second, pharmacological
inhibition of various cathepsins has been reported to block
TLRO signaling in numerous cell types (44-46). Lastly,
several recombinant cathepsins were shown to cleave full-
length TLRO to generate the processed form of the receptor
in vitro (31, 44). Taken together, these data strongly
implicate this class of lysosomal proteases as being
responsible for cleaving TLR9; however, none of these
individual proteins has been undeniably identified as the
protease solely responsible for this processing event. It has
been argued that multiple cathepsins are capable of
processing TLR9 and the role of any individual protease in
this cleavage event is redundant (31, 44). This line of
reasoning is supported by the greater inhibitory potency of
the broad spectrum inhibitors over specific inhibitors as
well as the fact that mice deficient for individual cathepsins
display varying phenotypes from having no defects at all to
having partial impairment of TLR9 signaling (31, 44, 46).
It is also possible that multiple cathepsins are actually
involved in the processing of TLRY since at least two
cleavage events occur. As such, identifying which
particular member (s) of the cathepsin family is required
for TLRY signaling poses a difficult challenge.

Despite there being conflicting reports (31, 44),
TLR?7 has also been shown to undergo proteolytic cleavage,
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suggesting that proteolysis is a general regulatory feature
shared by nucleic-acid sensing TLRs (31).  Although
proteolytic degradation has been suggested to negatively
regulate a number of TLRs (47), to date, no data has been
reported regarding a cleavage event that activates TLR3 or
TLRS8. TLR7, TLR8, and TLRY share high sequence
homologies (34); thus, it is likely that TLRS is regulated in
a similar fashion as TLR9. TLR3, on the other hand, does
not appear to be regulated in this manner. Along with
structural studies, mutational analysis has demonstrated
that residues within the N-terminal region of the
ectodomain of TLR3 are necessary for ligand binding,
suggesting that full-length TLR3 is the active form of this
receptor (48, 49). The fact that all other nucleic acid-
sensing TLRs appear to be cleaved raises the question as to
why this level of regulation is not extended to TLR3. It is
possible that because TLR3 recognizes dsRNA (a molecule
that is rarely found within mammalian cells) this additional
regulatory mechanism is not needed to prevent TLR3 from
recognizing self ligands. In this sense, dsSRNA should be
viewed more like a prokaryotic PAMP in that it is unique to
the microbe as compared to ssSRNA or DNA, which are
highly abundant in mammalian cells. However, it is also
possible that TLR3 is cleaved, but since the ectodomain of
the full-length receptor is much smaller than the other
nucleic-sensing TLRs, this cleavage event has gone
undetected. Consistent with this hypothesis, TLR9 appears
to be cleaved in at least two sites, as a slightly larger “pre-
C-terminal fragment” has been identified for TLR9 (31,
44). Drawing a parallel to TLR3, this “pre-C-terminal
fragment” may correlate to the full-length receptor of
TLR3, which when cleaved leads to the active form of the
receptor. If such a cleavage event occurs for TLR3, one
would expect the protease activity of cathepsins to be
required for TLR3 responses. Indeed, cathepsin inhibitors
suppress the immunological effects of polyl:C treatment in
splenic B cells (45). This finding suggests that cathepsins
are required for TLR3 signaling, but further work needs to
be done to determine how these proteases affect TLR3
responses and if cleaved form of this receptor exists.

Why such a processing event would be
evolutionarily necessary for TLR activation remains
unclear. As stated above, it is possible that cells have
evolved this compartmentalized cleavage in order to
prevent receptors that leak out to the cell surface from
erroneously responding to self nucleic acids. However, this
control step would only account for newly synthesized
receptors that were mislocalized to the plasma membrane
during biosynthetic transport to endolysosomes. Once the
receptor is cleaved in the endocytic compartments of the
cell, it may also be delivered to the plasma membrane
mistakenly. In this instance, the risk of self-recognition
returns. This latter possibility diminishes the “fail-safe”
means of preventing self nucleic acid recognition by
compartmentalized cleavage events. Another possible
reason for the need for this cleavage event is to prevent
mistaken dimerization-induced signaling during
glycosylation in the ER or Golgi compartment while en
route to endolysosomes. However, this potential risk does
not uniquely apply to nucleic acid sensing TLRs, and thus
is unlikely to explain this unique level of regulation of
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these receptors. Future work that specifically addresses the
functional “costs and benefits” of using TLRs as
proproteins must be undertaken before an evolutionary
basis for this intriguing level of regulation is explained.

5. THE CELLULAR NAVIGATION SYSTEM:
REGULATION BY RECEPTOR TRAFFICKING

The intracellular localization of nucleic acid-
sensing TLRs is clearly important for recognition of viral
DNA and RNA, but the mechanism by which these
receptors are positioned within cells has only recently
begun to be elucidated. Most research on the trafficking of
intracellular TLRs has focused on TLR9 with the
assumption that the other intracellular TLRs are subject to
similar regulatory mechanisms. While this assumption
awaits experimental verification, we will use TLR9 as a
reference to explain the trafficking of all endosomal TLRs.

Although recognition of DNA by TLR9 occurs in
endolysosomes, the majority of TLR9 is found in the
endoplasmic reticulum at steady state (27, 28). Initial
studies of the carbohydrates on the full length protein of
TLRY revealed that that this mature protein lacked
modifications that are consistent with transit through the
Golgi. Based on these findings, it was suggested that a
special unconventional mechanism existed that bypassed
the Golgi complex to transport TLR9 from the ER to early
endosomes (28). Attempts to determine the mechanistic
details by which this unusual transport took place led to the
identification of a processed form of the receptor (see
discussion above). Analysis of the carbohydrates on this
processed form indicated that the cleaved receptor passed
through the Golgi (31, 44). This discovery negated the
hypothesis that an unconventional mode of transport exists
and supported a model in which TLRY traffics to the
endolysosome via a conventional secretory pathway.
Indeed, recent work has confirmed that full length TLR9 is
sorted in the ER, traffics through the Golgi, and is then sent
to the endolysosome where it is processed to initiate
signaling (30, 31).

Even though recent work has debunked the
hypothesis that a novel transport pathway exists for
endosomal TLRs, there are unique components involved in
the trafficking of these receptors. One such molecule is
UNCO93B1. This gene was first identified in a forward
genetic screen that sought to find genes that disrupt various
immune processes (50). The identified UNC93B1 mutant
mice (termed ‘3d’) display defects in TLR3, TLR7, and
TLRY signaling and have increased susceptibility to
infection by a variety of pathogens (50). Studies of
UNC93B1 revealed that this 12-membrane-spanning
protein specifically binds to TLR3, TLR7, TRL9, and
TLR13 in the ER (51). Despite the initial claims that
UNC93B1 did not control the transport of intracellular
TLRs (50), the interaction of UNC93B1 with TLR7 and
TLRY is necessary for the delivery of these receptors to
their signaling compartment as neither TLR7 nor TLR9 can
leave the ER in cells of 3d mice (52). Further analysis of
the role of UNC93B1 in TLR signaling revealed that
UNCO93B1 travels along with TLR7 and TLR9 to the

2064

endolysosome; however, this polytopic membrane protein
is not required for ligand recognition nor is it needed for
the initiation of signaling events by TLRs (52). The fact
that UNC93B1 is dispensable for ligand recognition and
signal transduction suggests that UNC93B1’s sole role in
TLR signaling is to traffic these intracellular receptors to
their site of activation. In support of this finding,
aberrantly locating UNC93B1 to the cell surface also
directs TLRY to the plasma membrane (52). This key
finding establishes that UNC93B1 is both necessary and
sufficient to determine the intracellular location of nucleic
acid-sensing TLRs.

Interestingly, the studies of UNC93B1 not only
shed light on who the nucleic acid-sensing TLRs traffic to
their intracellular location, but this work also provides
clues about the most poorly characterized member of the
Toll-like receptor family, TLR13. Based on its interaction
with UNC93B1 (51), it is very likely that TLR13 is located
within endosomes. Since other intracellular TLRs are
nucleic acid sensors and are mainly involved in the
recognition of viruses, it is also likely that TLR13 plays a
similar role in virus detection. In support of this
hypothesis, TLR13 1is highly expressed in plasmacytoid
dendritic cells, which are known to produce copious
amounts of interferons in response to viral infection (53).
Interferons have also been reported to increase the
expression of TLR13, suggesting a positive feedback loop
to maximally respond to a viral infection (53). It is likely
that TLR13 recognizes viral nucleic acids, but the question
regarding which one (s) remains to be addressed. The
sensors of ssDNA (TLR9), dsDNA (TLRS8), ssRNA
(TLR7) and dsRNA (TLR3) have already been accounted
for, so what could TLR13 detect? Of the known nucleic
acid sensing TLRs, TLR3 is the most enigmatic. It was the
first TLR identified that detects RNA, but its role in
numerous RNA virus infections is minimal (54). Thus,
perhaps another TLR detects dsRNA that complements the
role of TLR3 in viral infections. We speculate that TLR13
may serve such a function.

In addition to UNC93B1, gp96 and PRAT4A
have also been reported to regulate the trafficking of TLRs
(55, 56). However, unlike UNC93B1, which appears to be
specific for the trafficking of only intracellular TLRs, gp96
and PRAT4A appear to be master regulators for the
trafficking of all TLRs. Gp96 is an ER paralog of the
Hsp90 family that acts as an ER chaperone protein for
multiple protein substrates, including immunoglobulin
chains, some integrins, and TLRs (56). Macrophages
lacking gp96 are hyporesponsive to ligands for all TLRs,
indicating gp96 is essential for signaling via TLRs found at
both the plasma membrane and within endosomes (56).
Similarly, PRAT4A deficient cells have impaired cytokine
production in response to ligands from all TLRs, with the
exception of TLR3 (55). Because PRAT4A is involved in
the trafficking of all other TLRs, it is a bit confusing that
only TLR3 would not require this molecule for its
localization. It is possible that the observed response in
PRATA4A deficient cells following polyl:C treatment is due
to the activation of the cytosolic dSRNA sensor MDA-5,
and not TLR3. TLR3 and MDA-5 have been implicated in
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Figure 1. Multiple levels of endosomal TLR regulation. Nucleotides are sensed by TLRs in endolysosomes in order to allow for
the efficient discrimination between pathogen-associated and self-derived nucleic acids. Viral genomes are protected by their
capsids until they are released within the endolysosomal compartment, whereas extracellular self-derived nucleic acids are

degraded by DNases before reaching endolysosomes.

Endosomal TLR responses are also limited by controlling their

intracellular trafficking. Endosomal TRLs associate with gp96, PRAT4A, and UNC93B1 in the ER. These chaperone proteins
facilitate the transport of intracellular TLRs through the Golgi via the conventional secretory pathway to the endolysosome
(denoted by (1)). In some instances, however, full length TLRs may be trafficked to the plasma membrane (denoted by (2)).
These mislocalized TLRs cannot signal since they are not processed to their active form at the plasma membrane like they are in
the endolysosomal compartment by proteases, such as cathepsins.

the recognition of polyl:C, but each of these receptors
contribute to the induction of different antiviral genes
following treatment with this particular ligand (57, 58).
Perhaps analyzing responses that are unique to TLR3 will
help distinguish PRAT4A’s role in the trafficking of this
particular TLR. It would also be interesting to clarify the
exact contribution of each trafficking factor in the
localization of the various TLRs. The overlapping
requirements of gp96, PRAT4A, and UNC93B1 in TLR
trafficking suggest that these proteins may function
together to deliver these receptors to their particular
signaling location. How this targeting event occurs and
what the relationships between the various trafficking
factors remain to be determined.

6. FUTURE DIRECTIONS/CONCLUSIONS
In the last five years, we have witnessed an

explosion of interest in the trafficking and function of
nucleic acid sensing TLRs (Figure 1). We now know that
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these receptors are delivered to endosomes in complex with
UNC93BI1, by a conventional biosynthetic transport route.
Once in endosomes, at least two of these TLRs are cleaved
by cathepsins to form signaling-competent receptors that
detect viral, bacterial, and in rare instances, self nucleic
acids. However, what happens upon receptor activation by
nucleic acids remains an important “black box™ in the field.
For example, recent work has highlighted the role of the
small GTPase Rab7 (59, 60) and the E3 ubiquitin ligase
TRIAD3a (61) in regulating the stability of some TLRs,
including TLRY, after they have encountered their ligands.
However, like the situation described above for gp96,
PRAT4A, and UNC93B1, the relationship between Rab7
and TRAID3a in controlling TLR stability remains obscure.
In addition, the emerging field of small RNA biology has
reached the TLR field as well, with the discovery that miR-
21 functions to control the signaling functions of some
TLRs (62, 63). These findings raise the possibility that
other small RNAs function to indirectly control the
transport and/or signaling functions of TLRs. Finally, we
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still do not understand why some endosomal TLRs utilize a
MyD88-dependent pathway to promote signal transduction
(e.g. TLR9) whereas others utilize a TRIF-dependent
pathway (e.g. TLR3). Based on the reference of TLR4,
which uses both of these adaptors but from different
compartments of the cell, it is possible that TLR3 and
TLRY use different adaptors because they also signal from
different locations. =~ What would be the evolutionary
advantage to this? A fundamental challenge we now face is
in defining the precise subcellular sites of TLR signaling,
how the cytosolic machinery is recruited to these sites, and
why a common site of signaling by endosomal TLRs does
not appear to exist. Detailed cell biological analysis of
these receptors is essential to answer these questions, and
the recent emergence of these approaches to study innate
immunity (64) should yield many exciting discoveries in
the years to come.
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