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II. Abstract

MODULATION OF TLR4 SIGNALLING BY NOVEL SYNTHETIC GLYCOLIPIDS - Charys Palmer (2021)

Background: Vascular diseases represent a significant burden on healthcare systems in the
developed world, heavily contributing to mortality and morbidity. TLR4 is an innate immune
receptor integral to host defence against pathogens. However, overactivation of this response can
be detrimental and is associated with development and progression of chronic inflammatory based
conditions such as vascular diseases. Modulation of TLR4 activity therefore represents a potential

avenue for development of pharmacological interventions.

Objective: Professor Peri (University of Milano) has developed a series of synthetic glycolipid small
molecule modulators of TLR4. The current body of work aimed to screen and assess the potential of
several predicted agonist and antagonists to affect TLR4 signalling in a cellular system, investigate
the mechanism of action of these compounds and to determine their validity as modulators of

haematopoietic TLR4 signalling in human and mouse cell lines.

Methods: Human and mouse monocyte and macrophages were used as a model. MTT was used to
determine cytotoxic effects of ligands and small molecule antagonists and agonists. TLR4 activation
was stimulated by exposure of cells to bacterial endotoxin or sterile oxidised lipids and effects. FP
compounds were tested in the presence or absence of TLR4 ligands. Two readouts were used:
activation of signalling mediators and endpoint proinflammatory protein production. These were

measured using Western blot, ELISA, and a proinflammatory protein antibody array.

Results: Screening revealed two antagonists and one agonist which were selected for further
mechanistic studies. FP7 and FP12 were shown to negatively regulate both human and mouse

MyD88-dependent signalling and human TRIF-dependent pathways. FP11 and FP18 were more



effective at inducing MyD88-dependent signalling than TRIF-dependent but may still activate

signalling via IFNAR.

Conclusions: Results from the current body of work provide novel evidence towards the effects and
mechanism of action of FP antagonists and agonists as modulators of TLR4-dependent
proinflammatory signalling. Together, this helps to validate two antagonist and two agonist
molecules as potential novel therapeutics for further preclinical investigations for treatment of

inflammatory based disorders.

LAY SUMMARY

Heart disease is a major contributor to death and long-term disability in the developed world. There
is evidence to suggest that some abnormal signalling in cells may contribute to disease progression.
In response to the presence of bacterial threat, an immune system is activated which initiates a
defensive reaction. This response is broad and can cause damage to both the threat and the host
organism. In some cases, the immune system can also be activated without a threat present and has
been implicated in a range of diseases, including heart disease. As such, specific control of the
immune system may provide a means of treatment. Further to this, increasing activity of specific
molecules such as Toll like receptor 4 (TLR4) may also be of value in initiating immune response. To
determine if a series of potential drug candidates were capable to affect TLR4, immune cells were
used to test the activation and suppression capability of several candidates. Two of these were
capable of reducing activation of TLR4 caused by bacterial products, and two others caused
activation of the system. These were selected as candidates of interest and investigated further to
determine the means by which they could interact with signalling. This provided evidence of the

effects of these drug candidates and their value as items of interest for further clinical investigation.
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1. Introduction

TLRs are a family of innate immune receptors referred to as pattern recognition receptors. The
Innate immune system is part of a predefined encoded response which provide a fast, generalised
reaction to pathogens. TLRs provide a protective effect against invading pathogens and are involved
in initialising the inflammatory response. However, aberrant TLR activity has been associated with
sepsis, diabetes, metabolic syndrome, cardiovascular diseases, neurodegenerative diseases, and
stroke (Higashimori et al., 2011; Hernanz et al., 2015). Among these, cardiovascular diseases
represent a significant impact on global healthcare, being the leading cause of mortality and
morbidity in the developed world (Wilkins et al., 2017). The absence of TLR4 has been shown to
protect against experimental models of cardiovascular diseases in animal-based studies (Michelsen
et al., 2004; Owens et al., 2011). This suggests that molecules capable of reducing TLR activity may

be of clinical interest.

TLR4 is known as the receptor for gram-negative bacteria. The receptor detects the presence of
gram-negative bacteria through binding to LPS, a component of the bacterial outer membrane. LPS
is not bound directly to TLR4, but rather delivered via LBP and CD14 to a hydrophobic pocket on the
co-receptor (MD-2) which is attached in complex with the TLR4 ectodomain. This interaction causes
a conformational change in the F126 loop of MD-2 which re-positions several residues important for
initiating dimerisation of TLR4. A remaining free acyl chain of Lipid A interacts with a hydrophobic
patch on the second receptor, forming the TLR4/MD2 signalling complex (Park et al., 2009).
Dimerisation of TLR4 causes the intracellular signalling domains of these receptors to come together,
creating a dimer which acts as a scaffold for Mal/MyD88 and TRAM/TRIF. Signalling via MyD88 or
TRIF dependent pathways and results in endpoint production of pro-inflammatory cytokines and

interferons. While this is an important defence mechanism, this response is broad and nonspecific,



causing damage both to invading pathogens as well as to host tissues, which may be detrimental to

heath if sustained.

It is thought that sterile inflammation rather than bacterial induced inflammation is linked to many
chronic inflammatory based diseases (Kolodgie et al., 2002; Chai et al., 2005). Aside from LPS, TLR4
has been shown to be activated by a variety of self-derived molecules including fibronectin,
heatshock proteins, small fragments of hyaluronan and oxidised low-density lipoproteins (LDL)
(Taylor et al., 2004; Miller et al., 2005). Absence of TLR4 has been shown to provide protective
effects against cardiovascular disease progression in mice, implicating TLR4 in disease pathology
(Michelsen et al., 2004; Owens et al., 2011). The presence of molecules such as oxLDL in
atherosclerotic lesions may be linked to the sustained inflammatory response associated with the
condition and may drive TLR4 involvement in atherosclerotic progression. TLR4 activation can occur
in response to both LPS and oxLDL, despite structural differences between these molecules.
Recognition of LPS by TLR4 relies on interaction of LPS with TLR4 and MD-2 to form dimers, aided in
by a delivery system involving LBP and CD14. TLR4 activity in response to OxLDL is also associated
with involvement of other receptors including TLR2, TLR6 and CD36, the absence of which may
diminish responsiveness to oxLDL (Stewart et al., 2010). These sterile ligands are thought to interact

with TLRs in a different manner to LPS.

Despite the obvious involvement of TLR4 in disease progression complete removal or blocking of
TLR4 activity may not be desirable due to the important role of TLR4 in host-defence. Suppression of
TNFa may result in the re-emergence of dormant infections (Lin et al., 2010). A more nuanced
approach in modulation of TLR4 receptor activity that allows for a reduction in activation, while

retaining immune functionality, may therefore be more appropriate.

A series of small molecule agonists and antagonists of TLR4 were designed and developed by
Professor Peri (University of Milano). These molecules shared structural similarities to the active

Lipid A moiety of LPS, responsible for binding to and triggering TLR4 signalling, and were designated



as ‘FP’ followed by an identifying number. Some of these compounds have previously been shown to
downregulate LPS induced TLR4-dependent signalling and are thought to interact with the MD-2 co-
receptor of TLR4 in a similar way to LPS (Cighetti et al., 2014). They are thought to be highly specific
to TLR4, and studies have shown that FP7 does not affect several other TLRs, which are stimulated
by different ligands (Perrin-Cocon et al., 2017). Further investigation of these molecules is required
to understand the more specific effects and differences between each of the structural variants. In
this regard, FP7 and its derivative series were evaluated here in both human and mouse macrophage

cell lines.



1.1. Toll-like receptors

Toll-like receptors are a class of transmembrane glycoproteins found in both invertebrate and
vertebrate species. Originally discovered in fruit flies, drosophila toll was associated with
dorsoventral patterning (Belvin and Anderson, 1996), and later in the response to fungal and
bacterial infections (Lemaitre et al., 1996; Michel et al., 2001). A human homologue of toll was later
identified and described, being similar to drosophila toll but exhibiting one LRR region rather than

two separated regions of LRRs (Medzhitov, Preston-Hurlburt and Janeway, 1997).

The number of different TLRs found in species can vary greatly, ranging between one and hundreds
in some invertebrates. However, in some cases, this high variability in number of TLRs may be the
result of repeat coding of the same receptor (Pujol et al., 2001; Davidson et al., 2008; Buckley and
Rast, 2012). In vertebrates the number of TLRs is typically more consistent, with most species having
a similar array of TLRs which is much more conserved between species and is likely due to their
immunological importance. Conversely, the high amount of variation in number of TLRs in

invertebrates may be related to their developmental role.

Vertebrate TLRs are an important part of the innate immune response. TLRs recognise and bind to
broad classes of molecules, known as PAMPs (Pathogen associated molecular patterns), associated
with the presence of pathogens and regulate the inflammatory response. Following recognition of
PAMPs the TLR ectodomain forms dimers. This causes subsequent intracellular dimerisation of TIR
signalling domains which triggers an intracellular signalling cascade and facilitates transcription and
production of proinflammatory proteins. While there is variation between TLRs between species,
much of the functional activity of these receptors is conserved indicating the importance of TLRs in
species survival. While this provides a necessary defensive response to pathogens, sustained

activation of the TLRs can also be damaging.

There are six main families of vertebrate TLRs. The TLR1, TLR7 and TLR11 families all contain several

TLRs within the group, whereas TLR3, TLR4 and TLR5 families consist of only one TLR in each case.



These families are thought to have been present at the point of divergence between all vertebrate
species, though TLR15 from the TLR1 group similarities may be the result of some convergent
evolution of a paralogue within birds and reptiles (Temperley et al., 2008; Boyd et al., 2012).
Humans do not express a representative of the TLR11 family, though a pseudogene for this receptor
has been reported, suggesting an ancestral presence of TLR11. This could have been selected against
due to redundancy of this receptor in humans, or perhaps self-initiated responses that made TLR11
presence less viable as a protection strategy. In most cases, Vertebrate species exhibit one
representative TLR from each receptor family (Roach et al., 2005). These typically have somewhat
conserved structure and function between vertebrate species, indicative of their importance in host-

defence and survival.



1.1.1. Structure and function of toll-like receptors

TLRs are transmembrane glycoproteins made up of an extracellular domain, responsible for ligand
recognition, connected via an alpha helix to an intracellular signalling domain similar in structure to
that of IL-1R (Botos, Segal and Davies, 2011). The extracellular domain of the TLRs is made up of 6-
28 LRR regions with 2-5 cystines at the C-terminus (Matsushima et al., 2007). This gives TLRs a typical

solenoid or horseshoe shaped structure which may allow for greater flexibility (Figure 1).

Figure 1. Structure of extracellular TLR4/MD-2 signalling complex. Blue = TLR4 (light/dark - dimer),
Green = MD-2 (light/dark — associated with corresponding TLR4), Red = Lipid IV A ligand bound to MD-
2 pocket, PDB ID: 3VQ1 (Ohto et al., 2012). Images produced using protein imager (Tomasello,

Armenia and Molla, 2020).



LRR structures are a common among receptors and signalling molecules, and are regions which are
typically associated functional activity, facilitating protein interactions. These structures have been
reported in a host of organisms, from bacteria to humans. In addition to TLR4, CD14 also have LRR
regions which are associated with ligand interaction (Kim et al., 2005). NLRs, another group of innate
immune receptor, are known to have a similar LRR ectodomain. NLRP3, important for IL-1f3
production, has been shown to contain the LRR motif which aids in interactions with NEK7 and
subsequent inflammasome activation (Sharif et al., 2019). TLRs are typically quite similar in structure
to one another, but the LRR regions can vary considerably in length, from around 22-30 residues (Mi
and Lee, 2008). Most of the variation between TLR ectodomains occurs in the middle of the LRR

region, where ligand binding is thought to occur.

Although the structure of TLRs are relatively conserved between vertebrates, owing to functional
significance, the structure of invertebrate TLRs is not the same. The most obvious difference
between vertebrate and invertebrate TLRs is the breaking up of this LRR region by a cysteine cluster
in invertebrates, which in turn creates a long and short chain LRR region in such species TLRs (Rock

et al., 1998)This likely corresponds to the functional difference of TLRs between such organisms.

TLRs are heavily glycosylated, though this glycosylation is not thought to be associated with ligand
recognition. While removal of glycosylation sites may impair TLR activity, it does not necessarily
inhibit binding or recognition of ligands (Liu et al., 2008). Despite this, the glycosylation sites of TLRs
are highly conserved across species, suggesting these are functionally important. TLR2 secretion is
shown to be impaired by the removal of two specific glycosylation sites (Weber, Morse and Gay,
2004), and TLR4 is also dependent on some of these glycosylation sites for transport to the cell
surface(da Silva Correia and Ulevitch, 2002). Asparagine residue mutations in TLRs can affect
glycosylation sites, but the reduction in TLR activity seen following such mutations is thought to be
the result of structural or conformational changes rather than the loss of a glycosylation site itself

(Weber, Morse and Gay, 2004; Liu et al., 2008). Glycosylation of TLRs is therefore important in



receptor processing and secretion but may not be directly involved in the binding efficiency of the

receptor.

N-Terminus

Figure 2. Crystal structure of TIR domain of TLR2. Alpha Helices are designated as A-E from N- to C-
terminus. PDB ID: 1FYW (Xu et al., 2000). Images produced using protein imager (Tomasello, Armenia

and Molla, 2020)

TLR ectodomains are known to form dimers on recognition of PAMPS. These dimers may be in the
form of heterodimer or homodimers. TLR2 forms heterodimers with TLR1 or TLR6 in a ligand specific
manner which may allow for more nuanced threat detection of triacylated and diacylated
lipopeptides respectively (Mi and Lee, 2008). TLR4 typically forms a homodimer when bound to LPS,
but it is thought that a TLR4/TLR6 heterodimer may be involved in activity relating to amyloid-B and
oxLDL (Stewart et al., 2010). Heterodimers may allow for recognition of a greater variety of ligand.

Following ectodomain dimerisation, the intracellular regions of TLRs are also brought together.



The intracellular signalling, TIR domain containing region of TLRs is structurally similar to in signalling
domain of IL-1R(Botos, Segal and Davies, 2011). The crystal structure analysis of TLR cytoplasmic TIR
domains determines these to be made up of a B-sheet core and five a-helices surrounding,
designated A-E (Figure 2). While the signalling domains of TLRs are relatively comparable to one
another, there are some conformational differences seen between TLRs (Xu et al., 2000). There is a
highly conserved region between TLRs which is located just before a-helix B referred to as the BB
loop (Figure 2). The BB loop area of the TIR domain is thought to be important in interactions with
adaptor molecules such as MyD88 (Xu et al., 2000). Mutations in this region are associated with
subsequent loss of receptor function, suggesting the integral role of the BB-loop in signalling (Slack
et al., 2000). The TIR domain of TLR4 interacts with TIR domains on MyD88 and TRIF to facilitate

signal transduction.



1.1.2. Ligands of toll-like receptors

TLRs detect the presence of pathogens through binding to and recognising molecules associated
with their presence. These ligands can vary dependent on the specific receptor involved, but usually
consist of pathogen associated nucleic acids or shed components. The location of each TLR is often
associated with the type of molecule that it is detecting. TLRs which detect genetic material such as
dsRNA or CpG DNA are typically located in endosomal compartments, whereas those associated
with external components such as LPS or flagellin are found on the surface membrane of the cell
(Lee, Avalos and Ploegh, 2012). These molecules bind to the receptors and cause dimerisation to
occur, which activates the subsequent signalling chain through intracellular MyD88 or TRIF

recruitment.

Humans are known to possess 10 TLRs, TLR1-TLR10, which are associated with different classes of
ligands. TLR1, TLR2, TLR4, TLR6, and TLR5 are found on the outer membrane of the cell. TLR2 is
known to detect triacylated and diacylated lipopeptides, forming heterodimers in conjunction with
TLR2 and TLR6 to recognise these respectively (Mi and Lee, 2008). TLR4 is known as the receptor for
gram-negative bacteria via associated endotoxin (LPS) and TLR5 is responsible for detection of
flagellin (O’Neill, Golenbock and Bowie, 2013). In endosomal compartments, TLR3, TLR7, TLR8 and
TLR9 detect the presence of pathogen associated nucleic acids. TLR3 detects dsRNA (Liu et al., 2008),
ssRNA is detected by TLR7 and TLR8, and CpG DNA by TLR9 (O’Neill, Golenbock and Bowie, 2013).
Together, these provide an automatic detection system for a broad range of invading pathogens and
produce an initial non-specific response to threats before more specialised processes come into
action. While TLR1-9 all have recognised ligands, the role of TLR10 in immune function is less

understood.

As yet, TLR10 has no known associated ligands. An apparent regulatory effect of TLR10 on other TLRs
has been observed, as blocking of the receptor can lead to upregulation of TLR2. Mice transfected

with human TLR10 show suppressed cytokine release via MyD88 and TRIF-dependent inhibition

10



(Oosting et al., 2014; Jiang et al., 2016). This may suggest an immunomodulatory function of the

receptor but is yet to be confirmed under normal conditions.
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1.1.3. Ligands of sterile inflammation

Aside from the classic ligands associated directly with pathogenic invasion, TLRs have also been seen
to react to some endogenous host-derived molecules, known as DAMPs (Damage Associated
Molecular Patterns). These DAMPs may be indicative of an otherwise undetected infection, whereby
pathogens inflict damage to surrounding cells and tissue causing the release of these molecules
which stimulate receptors as indirect signs of a threat. These DAMPs include molecules such as
heatshock proteins, fibronectin, small fragments of hyaluronan and oxidised lipids, among others. In
some cases, DAMPs are thought to trigger TLR response in the absence of pathogens and may be

associated with the aberrant receptor activity seen in many disease pathologies.

Sterile ligands of TLRs may be responsible for the sustained activation of inflammatory response in
inflammatory based conditions. OxLDL has been implicated in cardiovascular disease and may
contribute to disease progression. Activation of TLR4 response by oxLDL is thought to involve several
alternate receptors to canonical TLR4 activation by LPS, including TLR2, TLR6 and CD36 (Stewart et
al., 2010). High levels of circulating oxLDL and CD36 have been associated with high-risk groups
(Ramos-Arellano et al., 2014) and are associated with TLR4 activation of macrophages as well as the
formation of foam cells, an important part of atherosclerotic plaque progression (Chavez-Sanchez et
al., 2014). Further to this, self-nucleic acids have also been shown to cause aberrant activation of
TLR9. TLR9 can be activated by mitochondrial DNA which has been implicated as a contributing
factor to sustained inflammation seen in patients post severe trauma (Zhang et al., 2010) and has
also been associated with IL-1B production and inflammasome activation (Shimada et al., 2012).
TLR9 may also be activated by IgG bound chromatin, which has been implicated in lupus (Hoque et
al., 2011). Therefore, sterile ligands of TLRs are of clinical interest in development of strategies for

combatting inflammatory based diseases.

Sterile ligands may interact with receptors differently than PAMPs. Some are thought to cause

formation of unique heterodimer combinations in response to activation. TLR4 and TLR6 are thought

12



to form a heterodimer in response to oxLDL and amyloid-B stimulation and TLR2 and TLR4 are both
important in hyaluronan driven inflammation (Jiang et al., 2005). Other receptors may also be
associated with ligand recognition processes. CD36 has been shown to be indispensable in oxLDL
induced inflammation. A lack of CD36 was associated with downregulation of oxLDL stimulated
production of MIP-2 and RANTES in mice. A reduction was also seen in NF-kB activation in response
to oxLDL and amyloid- in absence of CD36, whereas the presence or absence of CD14 does not
appear to be important (Stewart et al., 2010). Due to the different mechanisms that pathogen and
host originating ligands are recognised through, antagonists of TLRs in response may interact with

DAMP-dependent signalling differently to canonical PAMPs.
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1.1.4. Activation of toll-like receptor signalling in human and murine models

Mice a regularly used as a model for investigating cardiovascular disease through angiotensin
stimulated atherosclerotic development. Translation of findings into an animal model is an
important bridging step towards proving the clinical relevance of a new molecule in a living system.
However, fundamental differences between humans and mice can sometimes lead to differences in
response to such interventions. The immune response of mice is geared towards tolerance to
repeated stimuli in order to prevent tissue damage. This is in contrast to humans which utilise a
strategy of resistance whereby threats are eliminated quickly. This difference in immune strategies
may be due to the difference in the environments in which humans and mice find themselves in. The
difference between human and mouse immune system response may result in difficulties in

translating findings from studies in mice to humans.

While human and mouse TLRs share some similarities, there are distinct differences in the
expression, activity, and distribution of receptors between humans and mice. Humans have 10
known TLRs, whereas 12 TLRs have been identified in mice so far. Humans are known to possess
TLRs 1-10, while mice possess TLRs 1-7 and 9-13. TLR8 is absent in mice and TLR12 and TLR13 are
absent in humans, with TLR11 only being present in the form of a pseudogene. In mice, TLR2 is
expressed in the T-cells, but not in humans where circulating leukocyte TLR2 expression is more
pronounced than in mice. Poly I:C can result in TLR3-dependent NF-kB and MAPK activation,
resulting in downstream TNFa and IL-6 production in mice, but not humans (Lundberg et al., 2007).
Mouse susceptibility to LPS cytotoxic effects is markedly reduced as compared to humans which
require lower doses for cytotoxicity due to resistance mechanisms in mice (Matsuguchi et al., 2000)
Conversely, mice are more sensitive to TLR5 based recognition of flagellin. Variations in TLR
responses such as this could potentially affect the comparability of human and mouse in vivo

models.
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While both humans and mice are known to possess TLR4, mouse TLR4 may react to ligands slightly
differently than human TLR4. In this regard, Tetracyclated lipid IVa was shown act as an agonist of
mouse receptor activity, while functioning as an antagonist in humans (Ohto et al., 2012). The MD-2
co-receptor is attached to TLR4 and facilitates ligand interaction through binding of acyl chains from
Lipid A into a hydrophobic pocket on the co-receptor, alongside interactions with a second patch on
the second recruited TLR4 receptor (Park et al., 2009)Antagonism may occur by binding of mimetic
molecules to the hydrophobic pocket of MD-2, which are fully accommodated in the hydrophobic
pocket, preventing subsequent binding by LPS. It has been suggested that short chain lipid A
molecules exhibit antagonistic effects in mice, whereas long chains are more effective in human
models. This may be due to differences in the MD-2 receptor between species (Chebrolu et al.,
2015). The means of antagonist action by these molecules is thought to be one of competitive
exclusion, thus a reduction in binding efficiency caused by structural differences of MD-2 could
result in the lower antagonistic potential. It is therefore important to investigate the activity of TLR4
modulators in both humans and mouse model systems. The verification of findings in mouse cells, as

well as human cell lines will help to inform future in vivo studies.
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1.2. Toll-like receptor 4

Toll-Like receptor 4 (TLR4) is expressed in both hematopoietic and non-hematopoietic cells within
the body. Deletion of TLR4 in mice is associated with a subsequent lack of LPS response and
increased susceptibility to gram-negative infection (Poltorak et al., 1998). TLR4 is therefore known as
the receptor for gram-negative bacteria through this capacity to bind to and initiate an inflammatory

response in the presence of gram-negative associated LPS.

TLR4 does not recognise the presence of LPS directly. Instead, the ligand is delivered by CD14 and
LBP to the hydrophobic pocket of the MD-2 co-receptor (Figure 3) (Oblak and Jerala, 2015). Agonistic
activity is driven by accommodation of acyl chains within the hydrophobic pocket of MD-2 alongside
an additional chain outside of this pocket which interacts with a hydrophobic region on the surface
of a second recruited TLR4, serving to stabilise the receptor complex (Oblak and Jerala, 2015) This
triggers a conformational change which initiates homodimerisation of the receptor complex.
Intracellular signalling is then initialised by the adaptor proteins MyD88 and Mal or TRIF and TRAM
which initiate activation of two separate pathways (Kenny and O’Neill, 2008). These result in
downstream phosphorylation and activation of signalling mediators, NF-kB and MAPKs, and

subsequent production of proinflammatory proteins.

Following recognition of ligands, dimerisation of TLR4 ectodomain occurs. Subsequent dimerisation
of intracellular signalling domains occurs and initiates recruitment of MyD88 or TRIF, facilitated by
bridging adaptors Mal and TRAM. This initiates a signalling cascade that results in the release of NF-
kB and MAPKs; JNK (c-JUN N-terminal kinase), ERK (extracellular signal-regulated kinase) and P38.

This causes subsequent production of proinflammatory proteins or interferons.

TLR4 has been associated with a wide variety of inflammatory based diseases including sepsis. TLR4
response to LPS has also been associated with conditions such as sepsis, where aberrant activation
of the receptor results in a sustained inflammatory state that is damaging and potentially life-

threatening (Kuzmich et al., 2017). This contributed to around 11 million deaths worldwide in 2017,
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though survival rates have improved over the last three decades (Rudd et al., 2020). However, sepsis
can also have long lasting aftereffects and may contribute to impaired immune functionality in
survivors (Ammer-Herrmenau et al., 2019). Further to this, cardiovascular and neurodegenerative
diseases have been associated with TLR4 activation, but the involvement may not be linked to
canonical activation of the receptor by LPS (Higashimori et al., 2011; Hernanz et al., 2015). There is

therefore a need to modulate TLR4 in specific conditions.

Cardiovascular disease represents a major contributor to mortality and morbidity in the developed
world. TLR4 is also known be activated by endogenous molecules such as small fragments of
hyaluronan and oxLDL which are often referred to as DAMPs or ligands of sterile inflammation and
may be involved in progression of cardiovascular disease (Xu et al., 2001; Taylor et al., 2004). As
such, therapeutic strategies involving modulation of TLR4 response, and more specifically TLR4

response to the presence of sterile ligands, could be beneficial in treatment in these conditions.
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1.2.1. The role LBP, CD14 and MD-2 in TLR4 signalling

LBP and CD14 facilitate ligand recognition through binding and presenting LPS to MD-2. LBP is a long
acute phase protein which is produced in the liver and exists in a soluble state which enters the
blood stream. Circulating LBP has a high affinity for LPS and will bind to this in the bloodstream
(Palsson-McDermott and O’Neill, 2004). LBP attaches to LPS and subsequently can present the

molecule to CD14.

CD14 can exist either as a membrane bound protein or may be soluble in nature. LBP is thought to
aid in the transfer of LPS to CD14 but may not always be necessary for LPS recognition. CD14/LPS
complex formation has also been reported to occur in the absence of LBP (Hailman et al., 1994).
Where LBP does facilitate LPS binding, the acute phase protein interacts with the inner curve of
CD14, forming a complex to deliver LPS. This interaction only occurs when LBP is bound to LPS and
not between LBP and CD14 alone (Kim and Kim, 2017). Following the interaction resulting in
LPS/LBP/CD14 complex formation, LPS is transferred to CD14 through a series of brief electrostatic
interactions between a basic region of LBP and the acidic inner arch of CD14 which are only initiated
when LBP is bound, after which LBP dissociates from LPS/CD14, which was determined using Single-
molecule fluorescence microscopy (Kim and Kim, 2017). CD14 then serves to deliver LPS to the MD-2
co-receptor, which may have a higher binding affinity for LPS than does CD14 (Koraha et al., 2005).
However, CD14 appears to be capable of binding to a broader range of LPS molecules than MD-2,
being less specific in binding to molecules with different levels of acylation perhaps due to its role in
other TLR signalling pathways (Koraha et al., 2005). CD14 does not appear to be associated with
TLR4/MD-2 in the active signalling complex and may only have a temporary association; depositing
LPS before dissociating once LPS is transferred (Akashi et al., 2003). TLR4 signalling in response to
LPS can still be achieved in absence of CD14, but absence of MD-2 abolishes receptor functionality

(Haziot et al., 1998; Nagai et al., 2002). CD14 and LBP are important external proteins which aid in
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the recognition of LPS by the receptor by functioning as a delivery system but are not always

necessary for LPS associated TLR4 signalling.

Figure 3. Binding of LPS to TLR4/MD-2 A) The Lipid A domain of E.coli LPS bound to the hydrophobic
pocket of MD-2, viewed from above, forms a dimerisation interface, interacting with the recruited TLR
ectodomain. B) 5 lipid chains are bound within the pocket of MID-2, while one extends outside, maing
contact a patch on the second recruited TLR4 receptor. The phosphate groups bind to the receptor
complex through interaction with positively charged residues on each of the TLR4 receptors. PBD ID:

3FFXI (Park et al., 2009). Images produced using protein imager (Tomasello, Armenia and Molla, 2020)

TLR4 differs from other TLRs in that it is the only receptor which relies on a co-receptor molecule in
order to detect its associated ligand. MD-2 is bound to TLR4 and has been shown to be crucial in
ligand recognition. Absence of MD-2 results in failure of TLR4 response to LPS (Nagai et al., 2002).
The MD-2 co-receptor is formed in such a way that a hydrophobic pocket is present between two

antiparallel beta sheets. This hydrophobic pocket has a high binding affinity to the acyl chains of LPS.
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When LPS is delivered to the MD-2 co-receptor, this causes a conformational change in MD-2 which
is associated with recruitment of the second TLR4 receptor, facilitates receptor dimerisation and
subsequent intracellular signal domain associations (Figure 3 A) (Ohto et al., 2012; Kim and Kim,
2017). The essential role of MD-2 in ligand recognition makes this a good choice to target for

modulators of TLR4.

It was originally thought that all acyl chains of LPS were located within the hydrophobic pocket upon
LPS binding to MD-2 and the conformational change in the co-receptor was related to
accommodation of these chains. However, crystal structure analysis revealed that 6 chain
Escherichia coli LPS has acyl chains do not all fit within the pocket (Figure 3 B). One of these chains
remains projecting outside and interacts with a hydrophobic patch on the second recruited TLR4
receptor (Park et al., 2009)A synthetic TLR4 agonist, Neoseptin-3, is also known to interact with the
hydrophobic region of the receptor and can induce TLR4 signalling, exhibiting similar conformational
changes as seen by LPS despite not being structurally similar (Wang et al., 2016). Though it is not
clear at present, interaction with this interface is thought to drive dimerisation in response to LPS

binding.
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1.3. Activation of TLR4 signalling pathways

TLR4 differs from other TLRs in that it has been associate with both MyD88 and TRIF-dependent
signalling pathways. Dimerisation of the ectodomains of TLR4 results in a corresponding
dimerisation of TIR domains which recruit either MyD88 or TRIF signalling molecules. The
intracellular region of TLR4 does not allow for direct interaction and requires the aid of bridging
adaptor proteins Mal and TRAM to facilitate interactions with MyD88 and TRIF respectively (Kenny
and O’Neill, 2008). Mal and TRAM contain TIR domains which interface with the TIR domain of TLR4,
as well as those of MyD88 and TRIF respectively (Ve et al., 2012, 2017). Mal is proposed to have a
phosphatidylinositol 4,5-bisphosphate region which is important for membrane recruitment (Kagan
and Medzhitov, 2006) while TRAM is bound to the membrane and relocates upon activation of TRIF
signalling (Rowe et al., 2006; Tanimura et al., 2008) Various binding sites have been proposed for
TIR-TIR interactions, but as yet are these have not been confirmed. However, dimerisation of TLR4
ectodomains, which brings together the TIR domains of TLR4 may causes an increase in affinity for

TIR-TIR interactions through formation of a cooperative assembly (Nimma et al., 2017).

MyD88 signalling occurs through formation of the Myddosome, whereby recruitment of MyD88 and
IRAKs forms a platform signal transduction (Lin, Lo and Wu, 2010). Downstream activation of NF-kB
and MAPKs lead to endpoint production of proinflammatory cytokines. Absence of MyD88 may
diminish, but not abolish response to LPS leading to the proposal of an MyD88 dependent signalling
pathway. This alternate pathway was attributed to TRIF (Yamamoto et al., 2003). TRIF dependent
signalling occurs following endosomal relocation of TLR4, TBK1 and IRF activation. These pathways
further interact, with MyD88 signalling impaired by the absence of TRIF (Yamamoto et al., 2003).
These intracellular signalling cascades results in downstream production of proinflammatory

proteins and interferons (Figure 4).
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Figure 4. TLR4 signalling via MyD88-dependent and TRIF-dependent signalling pathways. LBP and
CD14 serve as a delivery system for LPS to the MID-2 co-receptor. These form a complex which initiates
dimerisation of the ectodomains, recruitment of adaptor molecules and initiates intracellular MyD88-
depedent signalling leading to downstream MAPK and NF-kB activation and subsequent
proinflammatory protein p