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ABSTRACT

Toll like receptors (TLRs) play an important role in shaping the host immune response to
infection and inflammation. Tissue hypoxia is a common microenvironmental feature of
infected and inflamed tissues. Furthermore, hypoxia significantly impacts upon the
development of immune and inflammatory responses through the regulation of host innate
and adaptive immunity. Here, we will discuss current knowledge in relation to the cross-talk

that exists between TLR- and hypoxia-dependent signalling pathways in health and disease.
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Toll-like Receptors

The “natural immune system” was first described by Elie Metchnikoff in the late 1800’s.
Subsequent work identified the importance of this system in the mammalian defense
response to microbial infection. Our current view of the mammalian immune system identifies
two main branches, termed innate and adaptive immunity (which in turn includes the cellular
and humoral arms). The main function of these systems is to mediate the destruction and
removal of invading pathogens as well as to initiate repair mechanisms designed to restore

homeostasis to damaged tissues following infection and inflammation (1).

Toll like Receptors (TLRs) comprise an ancient component of innate immunity whereby host
organisms can identify the presence of microbial infection through a family of receptors which
recognise conserved microbe-specific structural patterns and elicit a defensive immune
response accordingly (2, 3). The Toll gene was first described during a study of
embryogenesis of Drosophila melanogaster (D. melanogaster). Flies with a mutated Toll
gene produce embryos with an underdeveloped ventral-portion (4). Subsequent studies
revealed that the Toll gene was not only involved in dorsal-ventral axis development but that
loss of function in Toll protein also resulted in a greatly increased susceptibility to fungal
infection, a discovery which led to the identification of the Toll genes having a key role in

innate immunity (5).

Subsequently, a homolog of the Toll gene was discovered in humans which encodes a
receptor which controls activity of Nuclear Factor-kB (NF-kB), a master transcriptional
regulator of host immunity (6). In mammals and other vertebrates, Toll homolog proteins were
termed Toll-like Receptors (TLRs) and form part of a wide family of receptors called pattern-
recognition receptors (PRRs) which play a key role in pathogen recognition and innate
immunity. To date, ten members of the TLR family have been identified in humans (7) with

each isoform recognizing distinct microbial motifs.



TLR localization and PAMP ligands.

TLRs are expressed on cells of the innate and adaptive immune system as well as on non-
immune cells including fibroblasts and epithelial cells (2). TLR1, TLR2, TLR4, TLR5, TLR6
and TLR10 are plasma membrane proteins which recognize microbe-specific motifs known
as pathogen-associated molecular patterns (PAMPS) in the extracellular environment (2).
TLR4 is areceptor for lipopolysaccharide (LPS) which is a constituent of the cell wall of gram-
negative bacteria (8). TLR2 is the receptor for a range of PAMPs including peptidoglycan
from Gram positive bacteria (9,10), lipoarabinomannan from mycobacteria (11),
glycosylphosphatidylinositol (GPI) from Trypanosoma cruzi (12), zymosan from yeast (13)
and hemagglutinin protein from viruses (14). The broad range of ligands recognized by TLR2
could be explained by the heterodimerization which occurs between TLR2 and other TLRs
(including TLR1 and TLR6) (15,16). Flagellin, a principal component protein of bacterial
flagella is sensed by TLR5 (17). TLR10 remains an orphan receptor but it has been reported
that its expression is enhanced in response to reactive oxygen species in hypoxic cells (18)
and virus influenza infection (19). Moreover, TLR10 has been reported to heterodimerize with

TLR-2 in sensing triacylated lipopeptides (20).

TLR3, TLR7, TLR8 and TLR9 are intracellular receptors, localized in endosomal
compartments of macrophages and dentritic cells (DC) and are involved in the recognition of
nucleic acids derived from pathogens during their replication (21). TLR7, TLR8 and TLR9
exist as pre-formed dimers in endosomal compartments (22; 23). TLR3 is expressed
predominantly in dentritic cells (24) and is a cell surface receptor for dsRNA from viruses
(25). TLR7 recognizes ssRNA from viruses (26), fungi (27) and bacteria (28) and detects
siRNA (29). In humans TLRS8 is similar to TLR7 and it recognizes viral sSRNA (21). TLR9
detects short unmethylated sequences of dsDNA from bacteria (30), viruses (31), and

protozoa (32).

To avoid exposure to endogenous nucleic acids, the internal TLRs are retained within the

endoplasmic reticulum (ER) in unstimulated cells and rapidly translocate to the endosome



via the Golgi apparatus prior to stimulation. Two proteins residing in the ER called protein
associated with Toll-like Receptor 4 (PRAT4A) (33) and the 12-transmembrane spanning
Unc-93 homologue B1 (UNC93B1) (34,35) traffic TLR3, 7 and 9 from the ER to the
endosome. Within the endosome, TLR7 and TLR9 but not TLR3 are cleaved by proteases
including endopeptidase and cathepsins, and this cleavage is crucial for the activation of
downstream signalling. PRAT4A also regulates the trafficking of TLR1, TLR2 and TLR4 from

the ER to the plasma membrane (33).

TLR structure and complexes.

TLRs are transmembrane proteins, with an extracellular leucine rich-repeat (LRR) domain
(36). The LRR domain mediates the recognition of PAMPs or nucleic acids. A cytosolic Toll-
IL-1 receptor (TIR) domain activate the intracellular signal (37). This domain is also present
in the type 1 IL-1 receptor (IL-1R1), therefore IL-1R1 and TLRs share some properties and
activate similar downstream signalling pathways (38). Additional extracellular proteins help
some TLRs to enhance the binding of the ligand to the receptor. For example, LPS binds a
circulating protein termed LBP (lipopolysaccharide-binding protein), which interacts with the
plasma membrane protein CD14 (39). The CD14-LBP-LPS complex binds to the TLR4 that
is associated with myeloid differentiation factor 2 (MD2) on the cell surface (40) and together
they initiate signal transduction. Activation of TLRs leads to the induction of two main
pathways. First, the NF-kB pathway which is involved in the transcription of many pro-
inflammatory genes such as cytokines and chemokines. Second, the IRF (interferon
regulatory factor) pathway which orchastrates the antiviral response. The binding of the
ligand to its cognate TLR induces a conformational change that activates the receptor,
allowing the intracellular TIR domain to dimerize with adaptor proteins that also contain a TIR
domain. Five adaptors have been identified thus far: MyD88 (myeloid differentiation primary
response protein 88), TRAM (Trif-related adapter molecule), MyD88 adaptor-like (MAL, also
known as TIRAP), TIR-domain-containing adaptor protein inducing IFNB (TRIF) and sterile

a- and armadillo-motif- containing protein (SARM) (41).



MyD88 was the first adaptor found to be involved IL-1R1 and TLR signalling (42). It transmits
the signal that culminates in activation of the (mitogen-activated protein) MAP kinase cascade
and NF-xB. The activation of these two signalling pathways by most TLRs is unresponsive in
cells lacking MyD88 (43). Exceptions to this are TLR3 and TLR4 which utilize different
adaptor proteins (decribed below). For TLR7, TLR8 and TLR9 signaling, MyD88 is required

for the activation of NF-xB and IRF1 (44), IRF5 (45) and IRF7 (46).

TLR4 is the only TLR that can use all adaptor proteins. It activates two distinct pathways:
firstly, the MyD88-dependent pathway that leads to the early-phase activation of NF-xB and
secondly MAP kinases and the TRIF-dependent pathway, which mediates the late-phase
activation of NF-xB and MAP kinases signalling (47). MAL is an additional adaptor used as
a bridge to recruit MyD88 only for signalling by TLR2 and TLR4 (41). TLR3 recruits TRIF to
mediate the activation of NF-xB, IRF3, IRF5 and IRF7. (41). TRAM, the fourth adaptor that
was discovered, is a bridge protein used by TLR4 to bind TRIF (47). SARM represses both

the TRIF- and MyD88 pathways and thus has a distinct role from the others adaptors (48).

NF-kB signalling

NF-xB proteins are transcription factor dimers which are ubiquitously expressed in
mammalian cells. There are five NF-kB subunits in mammals termed RelA/p65, RelB, c-Rel,
NF-xB1 and NF-kB2 which can form a variety of homo- and hetero-dimers that are kept
inactive in the cytoplasmic compartment in the basal state by association with inhibitory

proteins termed IxB (49).

The recruitment of MyD88 to the activated (ligand-bound) TLR leads to the
heterodimerization of the DD domain of MyD88 with the DD domain of IRAK4 (IL-
1R1associated protein kinase 4) (50). MyD88-IRAK4 complexes associate with IRAK 1 and
IRAK2 in a complex called the “Myddosome” that subsequently activates a ubiquitin protein
ligase (E3) called TRAF6 (tumor necrosis factor receptor-associated factor 6) (51). TRAF6,

together with UBC13 and UEV1, induces the formation of polyubiquitin chains linked on



Lys63 (K63) on TRAF6 itself and IRAK1. The polyubiquitin chains lead to the colocalization
of NEMO and TAK1 (a MAP3K protein) and subsequently to the activation of MAP kinase
cascade and to NF-xB activation (52). NEMO is part of the IKK complex formed with IKKa
and IKKB. When TAK1 activates the IKK complex by phosphorylation, IKK phosphorylates
IxB, leading its degradation via the ubiquitin/proteasome pathway. Consequently, NF-xB
dimers can translocate to the nucleus and initiate the transcription of hundreds of genes
involved in the inflammatory response (53). The adaptor proteins and signaling pathways

activated by TLR receptors are summarized in Figure 1.

Hypoxia and the HIF pathway

Atmospheric oxygen levels have played a significant role in shaping metazoan evolution over
the last billion years (54). The first living cells which appeared on the planet approximately
four billion years ago were simple prokaryotes. Because oxygen was not present in the early
atmosphere, these cells likely generated their ATP through fermentation. During early
evolution, organisms evolved to produce energy by harnessing sunlight during
photosynthesis, where they were able to synthesize organic molecules using CO, as a carbon
source (55). The subsequent evolution of photosynthetic cyanobacteria resulted in the
accumulation of O in the atmosphere. The rate of accumulation was slow at first as initially
it was absorbed into the planet’s bedrock during the oxidation of inorganic minerals such as
iron (55). However, this was eventually saturated and followed by an inexorable accumulation
of Oz in the planet’s air which initially caused a mass extinction of much of the earth’s early
biomass and finally stabilised at around 15-20% between 550-600 million years ago (54).
During this time, a sub-set of eukaryotic organisms evolved the capacity to be not only
resistant to the oxidizing effects of oxygen, but to harness it's chemical energy for
bioenergetic purposes through oxidative phosphorylation, an event which played a significant

part in the evolution of metazoans.



Eukaryotes evolved to utilize oxygen as a substrate for oxidative phosphorylation. Pyruvate
derived from sugars and fatty acids derived from fats are catabolized to acetylCoA in
mitocondria. The acetylCoA enters the Krebs cycle which provides NADH and FADH, two
electron carriers, which are then fed into the electron transport chain within the inner
membrane of mitocondria. NADH and FADH, transfer their high-energy electrons from
complex | to complex IV, until they react with molecular oxygen in the terminal complex to
produce water. This electron flow across the mitochondrial membrane drives the synthesis

of ATP from ADP by an ATPase synthase (56).

In normoxia, mitochondria consume 85-90% of the oxygen available to cells for the
production of 36 molecules of ATP per molecule of glucose consumed (57). Therefore
hypoxia represents a significant threat to the maintenance of metabolic homeostasis. This
underscores the importance of having sufficient oxygen availability for the maintenance of
cellular ATP production to satisfy bioenergetic demand. Given our dependence upon oxygen
for metabolic homeostasis, it is not surprising that over the course of evolution, we have

developed a molecular system to promote adaptation to hypoxia.

In 1992, a nuclear transcription factor termed the hypoxia inducible factor-1 (HIF-1) which is
involved in the regulation of the expression of EPO, a key hormone for physiologic adaptation
to hypoxia was identified (58). Subsequently, HIF-1 was found to be the master regulator of
oxygen homeostasis as it mediates the adaptive response to hypoxia. Further studies
identified that HIF-1 is not only involved in the regulation of erythropoiesis but also in other
important processes which facilitate adaptation to hypoxia such as altered iron metabolism,
apoptosis, angiogenesis and glucose metabolism (59). It is now clear that HIF-1 accumulates
in hypoxia and stimulates the transcription of scores of adaptive genes including glycolytic

enzymes and proangiogenic factors such as vascular endothelial growth factor (VEGF).

In hypoxia, most cells switch their metabolic strategy to enhanced glycolysis rather than
oxidative phosphorylation for the production of ATP (60). HIF-1 contributes to this shift to

glycolysis by increasing the expression of glucose transporters and glycolytic enzymes (61).



In hypoxia, HIF-1 also promotes the expression of lactate dehydrogenase A (62) which
converts pyruvate to lactate and regenerates NAD+, which permits continued glycolysis and

ATP production.

During hypoxia, the rate of cellular respiration is also controlled by HIF-1 in two distinct ways.
Firstly, HIF-1 induces pyruvate dehydrogenase kinase 1 (PDK1) expression to block the
conversion of pyruvate to acetyl CoA, thus shunting the pyruvate toward lactate to generate
more NAD+ and ATP. This mechanism reduces the rate of mitochondrial respiration and
reduces ROS generation which is toxic for cells (63). Secondly, HIF-1 transcriptionally
regulates a subunit switch in cytochrome ¢ oxidase (COX, complex IV) that maximizes the

efficiency of the mitochondria during the transfer of electrons in the respiratory chains (64).

HIF-1 is a dimer which consists of a HIF-1a subunit which is inducible by hypoxia and of a
HIF-1B subunit which is constitutively expressed (65). There are two closely related isoforms
(termed HIF-2a and HIF-3a) that share structural and functional characteristics with HIF-1a
and also heterodimerize with HIF-1B. All HIF proteins consist of a basic helix-loop-helix
(HLH)-PAS homology domain, which is required for heterodimerization and DNA binding
(66,67). Unique to HIF-a subunits are two oxygen dependent degradation domains located
at the N- and C- terminals of the protein which are termed the NODDD and CODDD
respectively. There are also two transactivation domains, the N-terminal transactivation

domain (NAD) and the C-termianl transactivation domain (CAD) (68).

In normoxia the majority of available oxygen is used by mitochondria for the generation of
ATP through oxidative phosphorylation (57) and the remainder is utilized in non-mitochondrial
functions such as the suppression of HIF-a. HIF-a subunits are ubiquitously produced but
rapidly turned over when “non-mitochondrial” oxygen is available. In 2001 an evolutionarily
conserved system for hydroxylation and degradation of HIF-a which is retained between the
nematode C. Elegans (69) and mammals was identified, underscoring the importance of this

system for oxygen sensing across species.



The HIF oxygen-sensing system is centered around a family of enzymes called as HIF
hydroxylases (70,71). This family consists of the prolyl-hydroxylase domain dioxygenases
(PHDs) and factor inhibiting HIF (FIH). To catalize the reaction that involves the hydroxylation
of HIF-1, these enzymes require molecular oxygen and 2-oxoglutarate as co-substrates and
ascorbate and iron as cofactors. In the presence of oxygen, PHDs hydroxylate HIF-1a on
proline residues 402 and 564 (localized in NODDD and CODDD domains respectively) (72).
This results in the degradation of HIF-1a subunits through ubiquitylation (by the Von Hippel-
Lindau (VHL) protein) and proteosomal degradation (73). FIH on the other hand, hydroxylates
an asparaginyl residue 803 localized in CAD domain of HIF-1a, which inhibits the recruitment
of coactivator complex CBP/p300 and results in the inactivation of HIF-1a subunit

transcriptional activity (74).

During hypoxia, oxygen demand exceeds supply and the mitochondria consume virtually all
oxygen available to a cell in order to maximise ATP production (75). As a result of this there
is no oxygen available for non-mitochondrial processes, leading to the inactivation of HIF
hydroxylases (76). This promotes the stabilization of HIF-1a which translocates to the
nucleus where it binds to Hypoxia Response Elements (HRE) present in the regulatory
regions of target genes (Figure 2). In hypoxia, where the mitochondria are inactivated by
inhibitors of respiratory chain such as nitric oxide, a redistribution of oxygen towards all
compartments outside mitochondria activate the HIF-hydroxylases. The hydroxylases do not
register hypoxia and HIF-1a is inactivated (75). Because tissue hypoxia is a key feature of a
number of infectious and inflammatory conditions, we will next describe the crosstalk which

exists between TLR- and Hypoxia-dependent signaling pathways.

Crosstalk between TLR and HIF pathways

10



Innate immune cells remain largely quiescent in the physiological (non-infected) state
as they circulate in the bloodstream or reside in tissues where the oxygen levels are
physiologic. In response to an infection, the increase in vascular diameter and
permeability along with the increased expression of cell-adhesion molecules on
endothelial cells promotes the extravasation of myeloid cells into the now inflamed
site of infection. Low levels of glucose and a scarcity of oxygen characterize the
inflammatory microenvironment of an infected tissue due to altered metabolism,
increased oxygen consumption by neutrophils and reduced oxygen supply due to
disrupted perfusion. It is within such a hypoxic microenvironment that immune cells
kill and prevent the spread of invading microorganisms. Therefore, hypoxia and
inflammation are often coincidental events and crosstalk between inflammation- and
hypoxia-sensitive pathways likely plays an important role in determining the course
of infectious disease progression. It has recently become clear that the stabilization
of HIF-1 in immune cells is important for the regulation of survival and immune
function during inflammation (77,78). In the final part of this review, we will summarize
what is known about the involvement of HIF-1 and it's regulatory hydroxylases in
innate immune reactions, focusing on those inflammatory reactions mediated by
TLRs.

In myeloid cells, the HIF pathway promotes immune cell survival and can be up-
regulated by microenvironmental hypoxia in the site of infection / inflammation.
Although the PHD activity strongly depends upon oxygen, during infections
alterations of cellular redox balances and iron or metabolite homeostasis may also

interfere with PHD catalytic activity (70).

HIF-1a levels can also be elevated following stimulation of TLRs in a manner which

is largely oxygen-independent. Activation of HIF-1 by TLRs is essential for the

11



adaptation of myeloid cells to inflammatory stimuli. In this context, HIF-1 is important
for the promotion of angiogenesis (79), pro-inflammatory cytokine production (80),
myeloid cell maturation (81), ATP production (79) and for the transcriptional
regulation of TLR expression (82). TLR2 or TLR4 activation results in elevated HIF-
la levels in myeloid cells. The mechanism involved has been most extensively
investigated for TLR4. Human monocytes and differentiated macrophages stimulated
with LPS under normoxic conditions enhance the transcription of HIF-1a mRNA
through an NF-kB-dependent mechanism. The activation of NF-kB in turn is
dependent upon TLR-dependent activation of the MAP kinase cascade. In hypoxia,
the additional post-translational stabilization of HIF-1a (due to hydroxylase inhibition)
results in enhanced DNA-binding (83). Therefore TLR-activation by LPS in
combination with hypoxia synergistically increases the activity of HIF-1 and
consequently the expression of its target genes involved in innate immunity such as

INOS (84), VEGF (85) and proinflammatory cytokines (80,86).

A second level of interaction between hypoxia-and TLR-dependent signaling occurs
at the level of the HIF hydroxylases. During normoxia, as well as regulating HIF
stability, the PHD1 isoform also modulates the activity of the IKK complex which is
core to the regulation of NF-kB resulting in altered sensitivity of NF-kB pathway in
hypoxia (87). These findings were recapitulated in a model of LPS-infected
macrophages lacking IKKB where it was shown that IKKf was essential for HIF-1a

accumulation in hypoxic condition (88).

Other studies have indicated that LPS-dependent signaling can increase HIF-1
accumulation by decreasing its rate of degradation. In normoxia, LPS-induced TLR
stimulation decreases the mRNA encoding PHD2 and PHD3 genes in myeloid cells

(80). Moreover, LPS induces the production of reactive oxygen species (ROS) via

12



activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and this
leads to a change in the intracellular redox status of macrophages (89). ROS oxidize
the Fe (Il) at the catalytic site of the PHDs hydroxylases, thus blocking their activity
which requires iron for their catalytic activity (90). These results further underscore

the complex relationship between TLR- and hypoxia-dependent signaling pathways.

Recently it has been suggested that shingosine kinase 1 (SphK1) also mediates LPS-
induced, ROS-dependent activation of HIF-1a through extracellular signal-regulating
kinase, PLC-1y and PI3 kinase pathways. SphK1 then participates to the
assembly/activation of the NADPH oxidase complex that produces ROS and
activates both HIF-1a which contributes to the production of the pro-inflammatory

cytokines (91).

In addition, in activated macrophages LPS induces accumulation of succinate, which
stabilizes HIF-1a. Succinate directly stabilizes HIF-1a by inhibition of the PHD activity,
or indirectly by inducing ROS (92). In human monocyte-derived dendritic cells
(MoDCs), LTA (lipoteichoic acid)-induced TLR2 and LPS-induced TLR4 trigger
stabilization of HIF-1a which in turn induces maturation of MoDC and secretion of

VEGF and pro-inflammatory cytokines (81).

A screen of all mammalian TLRs revealed a consistent induction of TLR2 and TLR6
in hypoxia in bone-marrow-derived dendritic cells (BMDCs), endothelial cells (HMEC-
1), epithelial cells (Caco-2) and monocytes (MM6). HIF-1 was involved in the
coordination of this response as HRE were identified in both tlr2 and tlr6 genes (82).
The up-regulation of TLRs in hypoxia enhances the recognition of PAMPs during

inflammation.

Studies of a model of LPS-induced sepsis demonstrate that HIF-1a promotes the

disease through the production of cytokines such as TNF-q, IL-1 and IL-12. As

13



consequence hif-7a deletion in myeloid cells resulted in protection against LPS-
induced sepsis in mice (80). However, pharmacologic activation of HIF using the
hydroxylase inhibitor DMOG had an anti-inflammatory effect in a number of studies.
For example, Hams et al. demonstrated that pre-treatment with DMOG was beneficial
in mice models of LPS-induced sepsis. Following DMOG treatment, mice
demonstrated resistance to challenge with LPS, although these mice were more
susceptible to bacterial sepsis (93). This refractory state seems to occur through an
increase of IL-10, an anti-inflammatory cytokine that protected the body from an
immune over-reaction that could turn into tissue damage and pathologic state. This
work supports a protective antinflammatory role of HIF-hydroxylase inhibition in acute
systemic inflammation induced by LPS (93). In a separate study, it was demonstrated
that HIF-hydroxylase inhibition reduced IL-1(3-dependent signalling in in vitro and in

vivo indicating an additional mechanism pf anti-inflammatory action (94).

In summary, the TLR and hypoxia-dependent pathways are ancient mechanisms
which have evolved to provide an organism to respond to the challenges of infection
and hypoxia respectively. While we have now got a clear understanding of the
mechanisms underpinning each of these pathways, the vital importance of cross-talk
between them in a variety of physiologic and pathophysiologic conditions is starting
to become appreciated. Because of the fundemental importance of these pathways,
it is likely that the development of new therapeutics targeting their activity will new
and exciting possibilities for the treatment of infection and inflammatory disease

states.
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Figure 1: Toll-like Receptors in humans. Distinct Toll-like receptors discriminate between
different microbial patterns. The extracellular LRR domain of each TLR is involved in
recognizing its specific microbial ligand whereas the intracellular TIR domain serves to
assemble adaptor protein complexes. All TLRs, with the exception of TLR3, use MyD88 to
activate downstream signalling pathways. In some cases (e.g. TLR2/6, TLR2/1 and TLR4),
the MAL adaptor protein mediates the interaction between TLRs and MyD88. TLR3 and TLR4
uses TRIF to transmit the downstream signal. In addition, TLR4 recruits TRAM as bridge.

TLRA4 is the only receptor that use all four adaptors.

Figure 2: HIF-pathway in normoxia and hypoxia. In the presence of molecular oxygen,
PHDs hydroxylate HIF-a which promotes its interation with the von Hippel-Lindau (VHL) E3
ligase complex. This complex mediates ubiquitination and the proteasomal degradation of
HIF-a. FIH-dependent ASN hydroxylation prevents interactions between HIF-a subunits and
CBP / p300 and thus prevents transactivation. In hypoxia, the HIF-hydroxylases are
inactivated and therefore HIF-a can heterodimerize with HIF-1, translocate to the nucleus
and interact with transcriptional coactivators (e.g. CPB / p300) to mediate the transcription of

genes involved in adaptation.
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