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Abstract

A mammalian receptor for bacterial lipopolysaccharide (LPS), Toll-like receptor 4 (TLR4), plays a
beneficial role in controlling bacterial infections, but is also a main driver of aberrant
inflammation in lethal sepsis. As a result, investigation of TLR4 signaling has been a major area of
research. Despite this focus, our understanding of the mechanisms that regulate TLR4 activities
remains primitive. Nowhere is our knowledge of TLR4 biology more lacking than at the receptor-
proximal level, where many factors act in concert to regulate LPS signaling. Several recent studies
have begun filling these gaps in our knowledge. In this review, we discuss the importance of these
receptor proximal activities in the spatiotemporal regulation of TLR4 signaling, and suggest
interesting areas for future research.

Introduction

Detection of microbes by the innate immune system is mediated by specialized proteins
called pattern recognition receptors (PRRs). Signaling via PRRs induces the activation of
intracellular signal transduction networks that promote inflammatory gene expression to
mediate immediate and long-term host defense [1]. One of the best-studied PRRs is Toll-like
receptor 4 (TLR4), a receptor for bacterial lipopolysaccharide (LPS) [2]. TLR4 is a critical
driver of immune responses to bacterial infections, and its dysregulation is thought to
promote aberrant cytokine production in bacterial sepsis [3]. Thus, understanding the TLR4
signaling pathway will inform discussions of the basic mechanisms underlying inflammation
and clinical care.

Genetic analysis has revealed an array of co-receptors, adaptors, and signaling pathways that
work with TLR4 to regulate immunity to bacterial infections. Despite this increasing
knowledge of the genes required for TLR4 signaling, we still lack a basic understanding of
how TLR4 pathway components interact in space and time to regulate host defense. In
particular, the mechanisms that link LPS detection with the execution of receptor trafficking
and signal transduction have only recently become the focus of attention. In this review, we
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will discuss the receptor-proximal signaling events that unleash the powerful inflammatory
activities of TLR4, and discuss how these recent advances may shape future research.

Proteins that regulate LPS-inducible movement and signaling activities of

TLR4

TLR4 first encounters LPS in the extracellular space, either upon interaction with intact
bacteria or upon exposure to soluble LPS aggregates. Upon LPS detection, TLR4 rapidly
induces the assembly of a Supramolecular Organizing Center (SMOC) known as the
myddosome [4-6]. The myddosome minimally consists of the adaptor proteins MyD88 and
TIRAP, and several serine threonine kinases of the IRAK family. This organizing center is
the principle subcellular site where signals from TLR4 promote NF-xB and AP-1 activation,
leading to inflammatory gene expression. Subsequently, TLR4 is internalized into
endosomes, where it promotes IRF3-dependent Type-1 interferon (IFN) production through
the adaptor proteins TRAM and TRIF [8, 9]. Importantly, prior to signaling, several
receptor-proximal proteins interact with TLR4 and regulate LPS-binding, and this process of
TLR4 endocytosis. LPS-Binding Protein (LBP) binds to LPS-aggregates or bacteria, and
somehow facilitates the extraction of LPS monomers by the extracellular protein CD14 (Fig.
1A) [10]. CD14 then transfers LPS to TLR4 and its associated factor MD-2 (Fig. 1A) [11].
LPS-binding promotes TLR4/MD-2 dimerization, which is a necessary step in myddosome-
and TRIF-dependent responses [12]. Subsequent to TLR4 dimerization, this receptor is
delivered to endosomes by a process dependent on the aforementioned LPS receptor CD14
[13]. CD14-dependent TLR4 endocytosis occurs via a SyK/PLCy2-dependent process
termed “inflammatory endocytosis”, which is regulated by the Immunoreceptor Tyrosine-
based Activating Motif (ITAM) containing adaptors DAP12 and FceRy, dynamin GTPases,
IP3R, and calcium mobilization from the endoplasmic reticulum (Fig. 1A). However, the
precise interactions between these factors and TRIF signaling remain to be explained.

Although the proteins listed above represent regulators of TLR4 endocytosis, perhaps the
most notable feature of this process is what it does not depend on. Genetic analysis
demonstrated that LPS retained the ability to promote CD14 endocytosis in the absence of
TLR4, whereas TLR4 could not promote endocytosis in the absence of CD14 [13]. This
finding was significant as it was previously believed that the sole means by which
mammalian cells response to LPS is through signaling activities of TLR4. As such, all other
LPS-binding proteins were not expected to induce cellular responses themselves, but rather
deliver LPS to TLR4 to induce downstream activities. CD14 endocytosis therefore revealed
the first innate immune response to LPS that does not depend on TLR4. This discovery set
the stage for the identification of other TLR4-independent responses to LPS, such as the
activation of ROS production by BAI1 [14] and the assembly of non-canonical
inflammasomes by caspase-11 (caspase4/5 in humans) [15-17].

Recent studies to understand CD14-dependent endocytosis have addressed the question of
how CD14 selects TLR4-LPS complexes as cargo for inflammatory endocytosis. Deletion
analysis demonstrated that the entire cytosolic tail of TLR4 could be removed without
preventing endocytosis, an observation that pointed to an endocytosis-motif being present in
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the extracellular domain of this receptor [18]. The cargo-selection agent for TLR4
endocytosis was subsequently revealed to be MD-2, which binds to the ecto-domain of
TLR4 directly [12, 19]. Functional analysis of TLR4/MD-2 interactions allowed a model to
emerge whereby dimerization of TLR4 by MD-2 serves two independent functions: LPS-
induced signal transduction and LPS-induced TLR4 endocytosis. The LPS binding and
receptor trafficking activities of CD14 and MD-2 therefore distinguish these factors from
classically defined chaperone proteins, which only transport ligand to receptors. For these
reasons, we have proposed that CD14 and MD-2 represent a novel category of innate
immune regulators called Transporters Associated with the eXecution of Inflammation
(TAXI) proteins [18]. Future work is needed to determine whether other ligand-binding
chaperones also have TAXI activities.

Cell type specific activities in TLR4 endocytosis and signaling

While we often consider studies of TLR4 signaling in one cell type to be representative of
all cells, there are several examples of cell-type specific LPS responses. An example at the
receptor proximal level came from recent studies of the integrin CD11b. CD11b can bind
LPS and promote TLR4 signaling [20-22] and importantly, may participate in LPS uptake
into cells [23]. Recent work has demonstrated an intriguing aspect of CD11b biology, in that
it promotes TLR4 endocytosis and TRIF signaling in dendritic cells (DCs) but not
macrophages (Fig. 1A) [24]. It was proposed that CD11b plays a role in LPS responses in
DCs due to lower CD14 expression in these cells, as compared with macrophages. Indeed,
CD11b was required for efficient endocytosis of TLR4 in DCs, but this requirement could be
overcome by upregulating the expression of CD14 by stimulating CD11b-deficient cells
with CpG-DNA. Under these conditions, CD14 levels at the plasma membrane increase, and
this receptor then promotes efficient TLR4 entry into CD11b-deficient cells. Interestingly,
despite the ability of CpG-DNA to rescue the TLR4 endocytosis defect of CD11b-deficient
DCs, TRIF signaling from endosomes was still defective under these conditions. Thus,
CD11b somehow functions within the endosomal compartment to promote TLR4 signaling
through TRIF (Fig. 1A). The precise mechanism by which CD11b regulates TRIF signaling
remains to be explored.

In addition to its role in promoting TLR4 endocytosis in DCs, CD11b can also inhibit
responses to LPS in macrophages by promoting degradation of the myddosome components
TIRAP and MyD88 (Fig. 1A) [25]. Thus, the role of CD11b in LPS sensing is complex.
Additional future questions regarding this receptor include: what is the mechanism by which
CD11b promotes TLR4-LPS binding and how does it facilitate endocytosis? Furthermore, as
will be discussed below, CD11b functions to modulate lipid metabolism to regulate TLR4
adaptor protein localization [26]. Whether this activity of CD11b is important to regulate
endocytosis or TRIF signaling in DCs is unknown.

Negative regulation of TLR4 endocytosis

An additional potential regulator of TLR4 endocytosis is the metallopeptidase, CD13. CD13
is upregulated during LPS stimulation and functions to restrict TRIF signaling, but not
myddosome signaling, in DCs and macrophages (Fig. 1A) [27]. CD13-deficient DCs exhibit
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enhanced TLR4 endocytosis, suggesting its involvement in regulating the endocytic process.
Exactly how CD13, which binds directly to TLR4, inhibits TLR4 endocytosis remains an
open question. The mechanism is not likely to be through inhibition of known TLR4
endocytic determinants such as MD-2 or CD14, as myddosome signaling remains intact in
CD13-deficient cells and CD13 does not affect CD14 endocytosis or consistently co-localize
with CD14 in endosomes [27]. Importantly, the effects of CD13 on myeloid cells may have
consequences /n vivo as dysregulation of TRIF signaling results in increased iNOS
expression and potentially limits tissue repair during ischemic injury in CD13-deficient
mice. However, as CD13 appears to have multiple functions [27], future research will be
necessary to dissect its important roles /n vivo.

Phosphoinositide regulation of TLR4 signaling

The observation that TLR4 signaling and trafficking are interconnected processes places this
receptor at the nexus of phosphoinositide (PI) biology, as these lipids control virtually all
membrane transport events in eukaryotic cells [28]. Interestingly, several proteins that
regulate TLR4 signaling interact with Pls, and these interactions are critical for promoting
inflammatory responses to LPS. The TLR4 regulatory proteins that interact with Pls are
TIRAP and TRAM, which are collectively called sorting adaptors [29]. Sorting adaptors are
unique among TLR4 regulatory factors in that they are the only proteins that are found at the
sites of signaling, before signaling has occurred. This feature is provided by their abilities to
bind Pls found on organelles that represent eventual site(s) of TLR4 signal transduction.
TIRAP localizes to the inner leaflet of the plasma membrane by binding to
phosphatidylinositol (4,5) bisphosphate (P1(4,5)2) (Fig. 1B) [30], but also interacts with
other acidic Pls (e.g. PI(3)P)) to permit its endosomal localization [4]. TRAM is also found
at the plasma membrane and on early endosomes, but its mechanism of localization differs
from TIRAP. TRAM contains a bipartite localization domain that contains an N-terminal
myristoylation sequence and a neighboring PI binding domain [31]. These sorting adaptors
sense dimerized TLR4 at the cell surface or on endosomes, and subsequently induce
myddosome formation or TRIF signaling to promote inflammation.

Not only can Pls control where TLR4 signaling happens, but their modulation by kinases
and phosphatases can also serve to control when TLR4 signaling occurs. As a key example,
P1(4,5)P2 synthesis is controlled at the plasma membrane of macrophages by signaling via
the aforementioned integrin CD11b and the small GTPase ARF6. These proteins regulate
type-1 P14-phosphate 5-kinases (PIP5KSs), which convert P1(4)P to PI(4,5)P2 [26]. PIP5K
activity is necessary for steady state TIRAP localization and myddosome signaling [26].
Interestingly, recent studies in microglia demonstrate that LPS stimulation activates PIP5K
isoform a to promote increased PI(4,5)P2 synthesis at the plasma membrane [32]. PIP5Ka-
dependent P1(4,5)P2 production resulted in TIRAP enrichment at the cell surface and is
required for normal levels of inflammatory signaling. Furthermore, PIP5Ka co-localized
with and bound to TIRAP. As TIRAP’s lipid-binding domain is sufficient to bind P1(4,5)P2
[26], its association with PIP5Ka. does not likely determine TIRAP’s localization, but may
participate in stabilizing TIRAP at the membrane.
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Following TLR4 signaling, P1(4,5)P2 and TIRAP levels return to pre-LPS stimulation levels
[32]. Thus, PI(4,5)P2 is required for initiation of TLR4 signaling at the plasma membrane
and its modulation provides a mechanism to rapidly increase (and subsequently decrease)
the signaling potential of the TLR4 pathway. However, the mechanism by which LPS
signaling promotes PIP5Ka activation and P1(4,5)P2 synthesis have been unclear. An
important recent finding suggests that CD14 regulates this process. In macrophages, LPS
induces aggregation of CD14 in plasma membrane lipid rafts (Fig. 1B) [33]. This CD14
aggregation promotes increased P1(4,5)P2 synthesis and drives increased inflammatory
signaling. Notably, this process proceeds in cells that express CD14 and not TLR4,
highlighting LPS-induced PI(4,5)P2 synthesis as another process that is independent of
TLR4. As with microglial cells, PI(4,5)P2 enrichment after LPS stimulation was dependent
on PIP5K isoforms, however both PIP5Ka and -y were shown to contribute to this process
(Fig. 1B) [33]. Since CD14 does not have a cytosolic tail for direct signaling to intracellular
regulators, the mechanism by which CD14 signals to promote PIP5K a and -y activation is
not immediately clear. It was suggested that the mechanism may be analogous to the process
by which CD14 utilizes its lipid raft localization to induce Src-PLC~y2-calcineurin-
dependent nuclear NFAT translocation [33, 34]. Alternatively, as CD14 can also activate
other kinases such as Syk in response to LPS [13], additional pathways may be responsible
for activation of PIP5K. Ultimately, understanding the activities of CD14 will be necessary
to understand phosphoinositide regulation of TLR4 signaling.

Recent findings suggest that additional receptor-proximal factors can regulate sorting
adaptor localization and modulate the inflammatory response. The type-I transmembrane
receptor, CD300b was first implicated in responses to LPS through the ability of its cleaved
soluble form to amplify LPS-induced sepsis [35]. Subsequently, a role for CD300b in
binding LPS and associating with TLR4 and CD14 was suggested (Fig. 1B) [36]. CD300b
promoted activation of the TRIF pathway and IFNB production, and suppressed MyD88-
dependent activation of ERK1/2, collectively leading to reduced production of anti-
inflammatory IL-10 and increased inflammatory cytokines. Furthermore, much like CD14,
CD300b activated Syk via the ITAM-containing adaptor DAP12. However, if CD300b-
dependent activation of Syk plays a role in inflammatory endocytosis remains unclear. Syk
activation induces the phosphorylation of Akt, and the activation of
phosphatidylinositol-4,5-bisphosphate 3-kinase (P13K) (Fig. 1B) [36]. Interestingly, after
LPS-stimulation, TIRAP-MyD88 interaction with TLR4 was decreased in a CD300b-
dependent manner, suggesting a deficiency in myddosome formation. As PI3K is an
important enzyme for converting PI(4,5)P2 to phosphatidylinositol-3,4,5 triphosphate
(PI1(3,4,5)P3) and TIRAP binds P1(4,5)P2 to remain at the plasma membrane, potentially,
CD300b-dependent PI3K activation is responsible for dissociation of TIRAP and MyD88
from TLR4 (Fig. 1B). CD300b-dependent dissociation of TIRAP and MyD88 is also likely
responsible for reduction in ERK signaling and may facilitate re-directing TLR4 signaling to
the endosomal TRAM-TRIF pathway, ultimately leading to lethal sepsis [36]. However, it
remains unclear if the activation of PI3K or alternative mechanisms such as increased
endocytosis of TLR4 are responsible for the effects of CD300b on the TLR4 pathway.
Overall, these examples highlight the ability of extracellular receptor-proximal activities to
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control phospholipid synthesis and dictate the location and type of response elicited by LPS
stimulation.

Bacterial inhibition of receptor-proximal activities

The importance of receptor-proximal activities is exemplified by the discovery of bacterial
strategies to evade them. Bacteria use direct and indirect mechanisms to evade TLR4
signaling (See reviews [37, 38]). Notably, producing TLR4 evasive LPS is effective against
CD14 and MD-2 functions. The Lipid A component of LPS, which is responsible for most
of its stimulatory capability [39], can contain varying numbers of acyl chains and
phosphorylation states, depending on the organism. Escherichia coli LPS, which possesses
six acyl chains and is di-phosphorylated, represents the benchmark for TLR4 stimulation.
Comparatively, organisms with less than six acyl chains, such as the Yersinia spp., or the
environmental bacterium, Rhodobacter sphaeroides, produce less stimulatory LPS [40, 41].
Interestingly, penta-acylated Rhodobacter-LPS is unable to promote TLR4-dimerization and
endocytosis, but it efficiently promotes endocytosis of CD14 [18]. This ability to create an
inducible CD14 deficiency at the plasma membrane likely explains its ability to serve as a
TLR4 signaling inhibitor.

In contrast to Rhodobacter-LPS, hypo-acylated, mono-phosphorylated LPS of the human
pathogen, Francisella tularensis, has no ability to engage any LPS receptor [18]. Francisella
LPS cannot promote CD14 endocytosis, TLR4 dimerization, endocytosis or signaling. Thus,
in the case of this important human pathogen, Francisella has altered its LPS to be
immunologically silent. Commensal bacteria of the human intestine also manipulate their
LPS structure, with immunological consequences. For example, LPS from the commensal
bacterium Bacteriodes thetaiotaomicron, which possesses a penta-acylated, mono-
phosphorylated LPS, weakly activated TLR4/MD-2 and CD14 functions [18]. When this
organism was rendered incapable of de-phosphorylating its LPS, it could no longer evade
CD14, and TLR4 signaling was more efficient. Taken together, pathogenic and commensal
bacteria employ similar strategies for survival in the face of TLR4-dependent innate
immunity and can use de-phosphorylation of their LPS to evade CD14 and subsequent
TLR4/MD-2 related processes. These findings illustrate the importance of receptor-proximal
activities in defense against bacteria and highlight the potential for these strategies to reveal
important aspects of TLR4 biology. Identification of additional bacterial strategies to evade
receptor-proximal components will likely uncover novel aspects of TLR4 regulation.

Perspective

Despite advances in understanding of innate immunity, no effective therapies are currently
available for the treatment of sepsis [42]. Therefore, the need remains to fully understand all
aspects of the immune response to endotoxin. We suggest that the future of research into
TLR4 signaling lies with understanding the synergy between TLR4 pathway components
and cell biological activities. We highlight the fact that receptor-proximal components direct
all of the underlying cell biological functions that define where and when TLR4 signaling
can occur. Future research will likely aid in our understanding of how receptor-proximal
activities promote appropriate responses during infection.
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Highlights
. MD-2 and CD14 regulate the transport and signaling functions of TLRA4.

. LPS-induced CD14 aggregation modulates PIP5K activity to promote
myddosome signaling downstream of TLR4.

. Pathogenic and commensal bacteria modulate LPS structures to evade CD14
and MD-2 functions.
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Figure 1.
Receptor proximal activities control TLR4 signaling. (A) Extracellular factors regulate

TLR4 trafficking into the endosomal compartment. LBP facilitates CD14-dependent
delivery of LPS to TLR4/MD2 complexes. MD2 then promotes dimerization of
TLR4/MD2/LPS complexes allowing for signaling from the plasma membrane and selection
of TLR4 as a cargo for CD14-dependent endocytosis and subsequent TRIF-dependent
signaling. CD13 inhibits TLR4 endocytosis and TRIF signaling but does not inhibit
myddosome responses. In DCs, CD11b participates in driving TLR4 endocytosis and works
within the endosome to promote TRIF signaling. In macrophages CD11b inhibits TLR4
responses by promoting degradation of MyD88 and TRIF. (B) Receptor-proximal factors
modulate Pls to control TLR4 signaling. Sorting adaptors TIRAP and TRAM are
prepositioned at membranes by interactions with Pls where they engage receptor ligand
complexes for signaling. CD14 can modulate TIRAP association with the membrane. LPS
binding promotes CD14 aggregation and PIP5K-dependent conversion of P1(4)P to
P1(4,5)P2 resulting in increased TIRAP binding and myddosome signaling. Conversely,
CD300b drives PI3K activation and conversion of P1(4,5)P2 to PI(3,4,5)P3 resulting in
dissociation of TIRAP and MyD88 from the membrane. By doing so, CD300b promotes
receptor trafficking and TRIF signaling.
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