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Abstract

The Toll/IL-1 Receptor (TIR) domain is an essential signalling module in eukaryotic innate
immune signalling pathways. Homotypic interaction between TIR domains allows the
formation of a signalling platform in which molecules are able to interact and activate each
other to initiate an immune signalling cascade. Proteins containing TIR domains have also
been discovered in bacteria. Studies have subsequently shown that these proteins are able to
modulate mammalian immune signalling pathways dependent on TIR interactions and that

this forms an evasion strategy for bacterial pathogens.

In this study a bioinformatic search for proteins containing TIR domains was carried out
across unicellular organisms, including bacteria. TIR domain proteins (Tdps) from highly
pathogenic bacteria were down-selected for investigation. After an initial screen of their
activity, a Tdp from Yersinia pestis, the causative agent of plague, was down-selected for

further investigation.

The bioinformatic analysis found a high representation of Tdps in bacteria generally
classified as non-pathogens, and that TIR domains are promiscuous in their co-occurrence
with other domains. This analysis also showed that they are not necessarily conserved
between strains and species. These findings question the universal role of Tdps in the
pathogenic evasion of a host immune response and suggest they may have other functions.
Initial screening of down-selected Tdps showed that they were able to modulate immune
signalling pathways in vitro, but studies with a Tdp-deficient mutant of Y. pestis did not
demonstrate a role for this protein in the virulence of Y. pestis in a mouse model. However,
this Tdp-deficient mutant did display two characteristics in vitro: an increased auto-
aggregation phenotype when compared to wild-type Y. pestis and an inability to survive as
well as wild-type bacteria in conditions of high salinity. These findings indicate that TIR

domain proteins may have other roles in bacterial physiology unrelated to immune evasion.
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Chapter 1
Chapter 1: General Introduction

1.1. The innate immune response and pattern recognition

Multi-cellular organisms must defend themselves against invasion by the wide variety of
micro-organisms that populate their environment. For this reason a complex and highly
conserved suite of immune defences has evolved. Elimination of harmful microbes depends
both on the ability to quickly mount defences and to effectively maintain a response. For
the majority of its research life, the field of immunology has paid great attention to the
study of the specific and lasting response we now call “adaptive” immunity. The study of
adaptive immunity began as early as 1796 when Edward Jenner inoculated an eight-year
old boy with pus from a cowpox blister, thus generating lasting immunity in that boy to
smallpox'. The adaptive immune system is incredibly specific, potent and potentially long-
lasting. However, the response takes time and does not account for the initial rapid
detection of invasion. This arm of the immune system, termed “innate” immunity was also
first described over a century ago and precedes the adaptive response to provide an initial
suite of effects to try and contain and eliminate an invading organism, subsequently
activating the adaptive response if necessary. The innate immune system acts at the earliest
phase of infection and is mediated by phagocytes such as macrophages and dendritic cells?.
The adaptive response acts later in infection, if it has not been dealt with by the innate
system, and achieves complete specificity by clonal selection of lymphocytes bearing the
correct antigen-specific receptor. These receptors arise in an almost infinite selection via a

gene rearrangement mechanism®*,

In general the innate immune system was the less well appreciated arm of the immune
response but this changed after the question of how the host so rapidly first detects
microbial invasion began to be solved. This broad detection of an invasion event referred to
as “pattern recognition” has now been studied intensely over its short ten-year history. In
1989, during his lecture to open the annual Cold Spring Harbor symposium of quantitative
biology, Dr. Charles Janeway proposed the existence of receptors on immune cells that
were able to detect microbes and trigger the host’s response to infection’. These receptors,
now called “pattern recognition receptors (PRRs)” rapidly recognise conserved molecular
patterns that distinguish foreign organisms from host cells®. Recently it has also been
discovered that these receptors can also recognise host proteins out of their normal context,
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thus signalling tissue damage to the immune system’”. PRRs now include Toll-like
receptors (TLRs), lectins, NOD-like receptors (NLRs) and retinoic acid-induced gene-1
(RIG-I)-like receptors (RLRs), amongst others®. All PRRs possess the following general
characteristics: they recognise microbial patterns that are disadvantageous for a microbe to
alter; they are expressed constitutively in a host and are therefore able to act immediately
and independently of life-cycle stage; they are encoded by the germline and are
preferentially expressed on cell types that will be the first to encounter a pathogen and have
no immunological memory. The only specificity shown by PRRs is that they each have a
specific set of ligands (which can be incredibly disparate) and that they activate specific
signalling pathways. Different PRRs act in concert to co-ordinate a host of effects aimed at
the elimination of potentially harmful organisms. However, pathogenic microbes are
involved in a dynamic race with their hosts to overcome such defences and the most

pathogenic of organisms are often successful.

1.2 Toll and Toll-like receptor signalling

Despite Dr. Janeway’s insightful lecture in 1989 it took another seven years for the first
class of PRRs to be identified. In 1996 Lemaitre et al. showed that the “Toll” receptor in
Drosophila melangoster was involved in the detection of fungi'®. This led the way for the
identification of “Toll-like” receptors (TLRs) in vertebrates. The gene toll in Drosophila
had originally been identified by a group in Germany during a routine genetic screen''. Toll
1s the German word for “weird” or “far out” and this mutant was so-named because parts of
the fly which should have been present on its bottom half were present on its top half, and
vice versa. They concluded that the gene had a role in dorso-ventral patterning of the fly
during embryogenesis. Lemaitre’s group discovered that mutant flies with non-functioning
toll succumbed to over-whelming fungal infection'® and therefore showed that Toll also had

a role to play in the detection and elimination of invading micro-organisms.

Toll is a type I transmembrane receptor consisting of an extracellular leucine rich repeat
domain, a transmebrane helix, and a conserved intracellular domain denoted TIR
(Toll/Interleukin 1 Receptor) domain after it was discovered that this domain is also present
within the interleukin-1 receptor (IL-lR)lz’13 . A homologous human receptor was identified
(initially termed hToll, then TLR4) as the long-searched for receptor for LPS, and,

subsequently, TLRs were identified across vertebrate species. Variants of this system are
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now known to be present in all multicellular organisms, and have even been found to have
arole in the lifestyle of the multicellular form of the amoeba Dictyostelium discoideum
which, in many respects, forms a bridge between the uni- and multi-cellular world'*. TLRs
belong to a wider family of proteins, the Toll/Interleukin-1 superfamily, characterised by
the presence of a TIR domain. Also present within the family are the IL-1, IL-18 and IL-33
receptors and TIR domain-containing cytoplasmic adaptor molecules which transduce
ligand binding at the receptor level into an intracellular immune signalling cascade. To date

thirteen mammalian TLRs have been identified (ten in humans and twelve in mice)"”.

All TLRs are involved in the detection of microbial patterns, such as the CpG DNA of
bacteria, or the ssSRNA of an RNA virus. On recognition of ligand by TLRs or the
Interleukin receptors, signal transduction pathways are initiated by the interaction of TIR
domains between receptors, and also between receptors and TIR-containing adaptor
molecules. These signalling cascades involve the activation of a variety of kinases via
phosphorylation and ubiquitination events, finally leading to the activation of transcription
factors that control the expression of a variety of pro- and anti-inflammatory molecules,
chemokines and pathway molecules. These effector molecules aid in the containment and
elimination, or tolerance towards, an invading microbe by activating and directing cells of
the immune system, and also initiate the development of an acquired, memory immune

response. The wider effects of TLR signalling are discussed in Section 1.4.

Although traditionally PRRs have been considered to discriminate self from non-self, it is
now known that some PRRs, including some TLRs, can recognise endogenous ligands, but
only out of their normal context. For example, TLR9 recognises host DNA, which would
only be detected by the receptor during uncontrolled cell death characteristic of tissue
damage or infection'®. Some of these “danger” signals may also be actively secreted during
infection®'”. TLRs, together with other PRRs, form an alarm system critical to the
activation of macrophages and dendritic cells (DCs) that phagocytose and degrade
pathogens, migrate to secondary lymphoid tissue and present antigen to T cells. PRRs also

signal invasion in stromal and other somatic cells.
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1.2.1. TLR ligands and ligand binding

TLRs have a wide range of ligands which vary greatly in their structure. A current list of
subjected ligands for each TLR is shown in Table 1-1. To date, no ligands for TLR10 have
been confirmed. Experiments to elucidate the ligands of each receptor are difficult, since
contamination with other potential stimulants, principally endotoxin (a TLR4 ligand),
provides an ever-present problem'®. Sometimes susceptible animal models have given an
indication as to a likely TLR ligand. Two strains of mice, C3H/HeJ and C57BL10/ScCr,
were known for a long time to be hypo-responsive to lipopolysaccharide (LPS) and when
two independent groups identified that they both had mutations in their T/r4 gene this gave
a useful indication that TLR4 was the receptor for LPS'*?°. Similarly a role in LPS
signalling for TLR2 is suggested by the use of a cell lines derived from Chinese Hamster
cells which carry a point mutation in the #/r2 gene which encodes for a premature STOP

codon and therefore a non-functional protein®'.

TLRs recognise ligand through their extracellular region, composed of 19-25 tandem copies
of the leucine rich repeat (LRR) motif. About 500 LRR-containing proteins with diverse,
and often unknown, functions have been identified in the human genome. Generally, in
nature, LRRs are widely used as building blocks to make scaffolds of protein interfaces

primarily designed for specific protein-protein interactions.

The particulars of ligand binding are beginning to be elucidated with the completion of
crystallographic studies with receptor ectodomain (ECD) bound to ligand, in addition to
modelling studies”>*. The LRR domains in all ten human TLRs are N-glycosylated with
the un-glycosylated surfaces corresponding to the areas of ligand binding. The first
published structure of a TLR-ECD was that of murine TLR3 (mTLR3) derived
simultaneously by two groups24’25 . Three years later the structure of mMTLR3-ECD bound to
dsRNA was solved?®. It shows that mTLR3-ECD interacts with the sugar-phosphate
backbone of the RNA but not with individual bases, which explains why TLR3 lacks
specificity for any particular nucleotide sequence”’*®. This is in contrast to TLR7 and TLR8
which have been implicated in the sequence dependent detection of RNA

29-31

oligonucleotides™ ", although there are conflicting reports over the relative stimulatory

properties of single-stranded (ss) and double-stranded (ds) RNA*?2® The dsRNA makes
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Toll-like receptor

Ligand

TLR1/2

Triacylated lipoprotein
Soluble factors & Porin PorB (Neisseria meningitides)
OspA (Borrelia burgdorferi)

TLR2

Lipoprotein/lipopeptides

Diacylated lipoprotein

Lipoteichoic acid

Peptidoglycan

Zymosan

Lipoarabinomannan (Mycobacteria)

Phenol-soluble modulin (Staphylococcus epidermidis)
Glycoinositolphospholipids (Trypanosma cruzi)
Glycolipids (Treponema maltophilum)

Porins (Neisseria meningitides)

Atypical LPS (Leptospira interrogans & Pophyromonas gingivalis)
Hyaluronan

TLR2/6

Diacylated lipoprotein
Hemaglutinin (measles)
HSP-60, -70, -96

TLR3

dsRNA
mRNA

TLR4

Lipopolysaccharide

F-protein (RSV)

HSP-22, -60, -70

Fibronectin

Flavolipin (Flavobacterium meningosepticum)
ER-112022, E5564, E5531

Taxol

Envelope proteins (mouse mammary tumour virus)
Oligosaccharides of hyaluronic acid
Polysaccharide fragments of heparin sulphate
Fibrinogen

aA crystalling and HSPB8

TLRS

Flagellin

TLR7

ssRNA

Imidazoquinolines (imiquimod, R848)
Bropirimine

Guanosine analogues

TLR8

ssRNA
R848

TLR9

Unmethylated CpG DNA
DNA
Chromatin-IgG complexes

Table 1-1: A list of current ligands for each human TLR

Blue text denotes bacterial ligands, purple text for viral ligands, green text for host-derived
(endogenous) ligands, orange text for fungal ligands, red text for plant ligands, brown text for _
synthetic ligands and black for protist ligands. Table adapted from Table 1 in Gay et. al. 2007

ro
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contact with the TLR3-ECD at two points 120A apart which accounts for why a minimum
of 40-50 base pairs are required for binding of dsRNA to TLR3**, Two other crystal
structures of TLR-ECD with bound ligand have also been solved; that of TLR1 and TLR?2
ECDs bridged by the ligand Pam;CSK,*® and TLR4 bound to its accessory protein myeloid
differentiation protein-2 (MD-2) and Eritoran, a synthetic analogue of lipid A***° (Figure
1-1).

These three structures show both similarities and differences: with regards to the position of
ligand binding, in the TLR1/2 structure two lipid chains of Pam3CSK, bind to a pocket in
TLR2 and the third chain binds to a channel located a similar region on TLR1 so the
binding pocket is at the boundary of the central and C-terminal part of the TLRs (Figure
1-1B). The TLR3 binding sites, however, are at regions near the N- and C- termini (Figure
1-1A). In the TLR4 structure MD-2 (it is the accessory protein that contacts TLR4, rather
than the ligand) binds to the “inside” of the horseshoe shape in each ECD and Eritoran
binds to the hydrophobic pocket of MD-2 (Figure 1-1C). With regards to interaction forces,
in the TLR1/2 structure it is hydrophobic interactions which play the crucial role in ligand
binding, whereas in TLR3 and TLR4 the interaction with ligand (dsRNA or MD-2)
involves mainly electrostatic and hydrogen (H-) bond interactions. Despite these
differences the ligand-induced dimers of all these structures form the same general structure
of an “M” shaped dimer with a two-fold symmetry axis when viewed from above, and the
ligand bridges the two ECDs by a similar area of glycan-free surface. It is interesting to
note, however, that although the structure has not been solved by x-ray crystallography,
detailed structural investigation and modelling studies on the Toll ECD bound to its ligand

Spatezle do not demonstrate an “M” shaped dimer structure*’,
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Figure 1-1: A schematic representation of data from crystallographic studies on ligand bound to TLR-ECD

(A) dsRNA:TLR3 signalling complex. Mouse TLR3 ECDs (green and cyan) form a dimer on the dsSRNA (blue and red). The N-glycans are shown (light
green and light blue). The top picture shows the N- and C- terminal binding sites. The bottom picture shows how the two C-terminal domains are brought
together in the complex. (B) Structure of the TLR1/TLR2-ECD dimer with bound Pam;CSK, ligand (red). The TLR1-ECD is shown in green, the TLR2-
ECD is shown in blue. The top picture shows a side view and the bottom picture shows a top view. C) Three dimensional representation of TLR4-
ECD/MD-2/Eritotan structure. Surfaces of TLR4 and MD-2 are grey and magenta, respectively. Figure adapted from Refs*****
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1.2.1.1.  The diversity in ligand binding

As can be seen from Table 1-1, TLRs recognise a vast array of ligands and this ability is
thought to be partly due to the fact that TLR-ECDs often have insertions in some of their
LRR units. For example, the TLR3-ECD has insertions at LRR12 and LRR20? and these
are completely conserved in TLR3 from other species, suggesting that they play an
important role in ligand binding***. Further diversity is achieved by the use of accessory
proteins for ligand binding and the homo- and hetero- oligomerisation of receptors. For
example, the LPS response requires the sequential interaction and transfer of LPS to LPS-
binding protein, the glycosylphosphatidylinositol-anchored protein CD14 and MD-2 which
binds to the TLR4-ECD (Section 1.2.1)**, CD14 is also required for signalling induced
by TLR2 ligands*® and it is believed that CD36 is involved in the recognition of diacylated
lipopeptides by TLR2/6 dimers*’.

In addition, like other type-1 transmembrane receptors it is thought that most, if not all,
TLRs signal either as homo- or hetero-dimers, or higher oligomers***>***°_1t is known that
TLR2 forms heterodimers with TLR1 or TLR6 while TLR4 homodimerises like dToll***’.
Certain ligands, including mycobacterial lipoarabinomannan, appear to be recognised by
TLR2 independent of TLR1 or TLR6, suggesting homodimerisation of TLR2, or its
heterodimerisation with another molecule*. It has been the subject of some debate as to
whether TLRs exist as non-functional dimers/oligomers in the absence of ligand and that
ligand binding induces conformational rearrangement of the intracellular TIR domains

4> or whether ligand

creating a scaffold onto which TIR-containing adaptors can bin
binding brings two or more TLRs together in the membrane, thus bringing their TIR
domains into close proximity, thereby forming the same signalling platform®’. In a study
that examined the interaction of dToll with its ligand Spaetzle, it was concluded that
Spaetzle binds directly to the Toll ECD, thereby cross-linking two receptors, and that this
dimerisation was necessary for signalling to occur®. A similar suggestion was made of the
binding of dsRNA to TLR3%*%*% The fact that the overall structure of the TLR3 ECD was
unchanged upon dsRNA binding supports a signalling mechanism in which receptor
dimerisation is ligand-induced. However, other evidence suggests a mechanism comprising

elements of both hypotheses in which receptors are loosely dimerised within the membrane,

with ligand binding inducing conformational changes that allow stable receptor association
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and bring the TIR domains into the correct conformation for a signalling platform to be
formed®®*. This is supported by a study of ligand binding onto TLR9 which demonstrated
that TLR9 exists as “inactive” homodimers in the membrane and that stimulatory, but not
unstimulatory, DNA led to conformational changes in the TLR9 ECDs which resulted in
close apposition of the TIR domains™. This coming together, and potential re-orientation, is
considered likely to be required for TIR-adaptor recruitment and similar models have been
suggested for receptors other than TLRs™. In the case of CpG DNA binding to TLR9 it also
seems that the sequence of the CpG may alter the quantity and quality of the
conformational change which would explain how subtle sequence variations in DNA

ligands can lead to quantitatively different responses or even TLRY inhibition>.

1.2.2. TLR location and expression

TLRs are differentially expressed on a wide range of cell types including immune cells
such as DCs and macrophages as well as non-immune epithelial and fibroblast cells.
Monocytes and macrophages seem to express all TLRs to some extent, except TLR3 (and
Hornung ez. al found barely detectable levels of TLR7 or TLR10)***°. Expression of TLRs

in DCs is dependent on their subset and maturation state’®®".

TLR1 and TLR6 seem to be ubiquitously expressed across cell types. In comparison,
TLR10 is expressed most highly in B cells, whereas monocytes are characterised by a high
expression of TLR2. Plasmacytoid DCs (pDCs) and B cells mainly express TLR7 and
TLR9 but TLR7 is absent from NK cells and T cells and possibly monocytes. In some

3657 whereas others have

studies TLR7 expression was detected on both pDCs and mDCs
found TLR7 only on pDCs6°’61. TLR8 is mainly expressed in monocytes and myeloid DCs

(mDCs) and at lower levels in pDCsS4.

TLR expression also appears to be differentially regulated by stimulation on different cells
types. For example, stimulation of B cells with CpGs leads to a reduction in TLR7 and
TLR9 expression but stimulation of pDCs with CpG leads to an increase in TLR7 but a
decrease in TLRY expression>*®2. TLR2 and TLR4 have also shown to be regulated in
response to LPS stimulation®®*. TLR3 is unique in that it is preferentially expressed in

mature DCs>®. Overall, most tissues express at least one TLR, and phagocytes show an
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abundant expression of all known TLRs despite some preferential expression in certain cell

types®.

In general, the TLRs that are mainly responsible for the detection of bacterial products
(TLRs 1, 2, 4, 5, and 6) are expressed on the cell surface, while the subset of TLRs that
sense viral components (TLRs 3, 7, 8, and 9) are located intracellularly on endosomal
membranes. In some instances, TLRs 2, 4 and 5 have been found intracellularly and TLR9
on the cell surface®®®. The endosomal TLRs, along with the RIG-like receptors RIG-I and
MDAS, induce anti-viral immunity by activating the transcription of type I interferons
(IFNs) and IFN-regulatory genes via the interferon regulator factor (IRF) transcription
factors’®’!. TLR3, however, has distinct properties that allow recognition of extracellular
virus-derived dsRNA and the subsequent induction of type I IFN, cytokine production and
DC maturation that results in the activation of natural killer (NK) cells and cytotoxic T
lymphocytes (CTLs)*""%7* In comparison, the TLRs on the plasma membrane are unable
to induce IFNs, with the exception of TLR4. This suggests that TLR4 must be translocated
to the endosome to activate its IFN pathway (mediated by the adaptor TRIF, see Section
1.2.3.3) and this is indeed the case. The reason for this segregation of signalling between
membranes is the absence of the signalling factor TRAF3 in the plasma membrane. TRAF3
1s required for IFN production and mutations in TRAF3 that allow it to bind the plasma
membrane result in Pam3Cys-induced IFNJ production by TLR1/2 thus demonstrating the
ability of plasma membrane TLRs to produce IFNs but only if TRAF3 is available to them

in this artificial way”".

1.2.3. TLR signalling: transduction through the TIR domain

After ligand binding, cytoplasmic adaptor molecules are recruited to activated TLRs. There
are five known mammalian TIR domain-containing adaptors: myeloid differentiation factor
88 (MyD88), MyD88 adaptor like (Mal; also known as TIR domain-containing adaptor
protein, TIRAP), TIR domain-containing adaptor protein inducing interferon-p (TRIF; also
known as TIR-containing adaptor molecule 1, TICAM]1), TRIF-associated molecule
(TRAM; also known as TICAM?2) and sterile a- and armadillo-motif containing protein
(SARM). MyD88, Mal, TRIF and TRAM recruit down-stream signalling molecules which
lead to the activation of NFxB and members of the IRF family of transcription factors.

while it is believed SARM may act as a negative regulator.
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The signalling pathways activated downstream of each TLR are largely dependent on the
differential usage of these adaptor molecules. The adaptors exhibit different molecular
dynamics in response to stimulation by different TLRs, providing specificity to TLR
signalling. For this reason the TLR pathways are usually defined by adaptor usage
(“MyD88-dependent pathway,” for example). Figure 1-2 shows the domain architecture for

each of the five TIR adaptor molecules.

1.2.3.1. MyD88 and MyD88-dependent signalling

MyD88 is 296 amino acids long and comprises a C-terminal TIR domain and an N-terminal
death domain (DD), separated by a small intermediate domain (ID)® (Figure 1-2). MyD88
was first shown to be an adaptor molecule in IL-1 signalling, serving to link the IL-1R to
signalling intermediates’”’®. It was then shown that MyD88 served an equivalent function
downstream of TLR4"®. MyD88 is required for signalling through all TLRs, except TLR3.
It has also recently been shown that the IL-1R can signal independently of MyD88 in
anterior hypothalamic neurons and potentially in other cell typesgo. For TLR2 and TLR4
signalling only, MyD88 requires another TIR domain adaptor protein, Mal, to bridge it to
the receptor (Section 1.2.3.2). MyD88 has shown the ability to homo-dimerise via its DD
and TIR domain and to hetero-dimerise with Mal via its TIR domain®'. The crucial role that
MyD88 plays in TLR signalling is demonstrated by the fact that MyD88-deficient mice
lose the ability to produce pro-inflammatory cytokines in response to a wide variety of TLR

ligand582'86.

TLR/IL-1R signalling to NFxB via MyD88 follows this general sequence of events (Figure
1-3): MyD88 is recruited to the TLR/IL-1R TIR domain either alone or via its bridging
adaptor Mal, in the case of TLR2 and TLR4 signalling, and interacts with the Interleukin-1
receptor associated kinase IRAK4 via its intermediate domain®’. Initial studies indicated

78,88 and

that IRAK4 then interacted with IRAK1 via homophilic DD interactions
phosphorylated, thus activating, IRAK1%¥. It was postulated that IRAK 1 then went on to
interact with TNFa receptor associated factor-6 (TRAF6) through its DD, ID, and C-
terminal TRAF6 binding sites, which was thought to cause the oligomerisation and

activation of TRAF6°°. This
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Figure 1-2: Domain organisation of five TIR domain-containing adaptor proteins

ID: intermediate domain, DD: death domain, PIP2: phosphatidylinositol-4,5-bisphosphate
binding motif, RHIM: RIP1 homotypic interaction motif. Yellow circles: Phosphorylation
sites. Adapted from O’Neill et. al., 2007"".
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view has gradually become more controversial, however’?, and it is now thought that
IRAK-2 may play a more important role in activating TRAF6 than IRAK-1>%*. It has been
reported that TRAF6 oligomerises and that this is important for the activation of NFxB*>*®,
but this has also been refuted”’. TRAF6 is a ubiquitin E3 ligase and functions with the
ubiquitin-conjugating enzyme complex Ubc13-Uevla to catalyse the synthesis of K63-
linked polyubiquitin chains on target proteins including TRAF6 itself,”® although the
importance of the ubiquitin-conjugating enzyme complex in TLR/IL-1R signalling is
debated””?*1% Polyubiquitinated TRAF®6, in co-operation with Ubc13-Uevla, has been
shown to mediate the activation of the IKK complex via a proteosome-independent

mechanism’>!?!

, although the target protein for the ubiquitin chains has yet to be identified.
Ubiquitinated TRAF6 recruits the TAK-1 binding proteins, TAB1 and TAB2, along with
TAKI1 (transforming growth factor B-activated kinase-1). TAK1 becomes activated in this
complex, potentially via ubiquitination by TRAF6”°. Phosphorylation of TAK1 and TAB2
also occurs leading to the dissociation of this complex from the membrane and IRAK
degradation'®>'®. This is a branching point in MyD88-dependent signalling for the
activation of NFkB or induction of the mitogen activated protein kinase (MAPK) pathway,
leading to induction of the transcription factor activating protein-1 (AP-1). For the NFxB
pathway, activated TAK1 activates the IxB kinase (IKK) complex which phosphorylates
IkB resulting in its ubiquitination and subsequent proteosome-mediated degradation leaving
NF«xB free to translocate to the nucleus and initiate gene transcription. For the MAPK
pathway, TAK lactivates MAPK kinase-6 (MKK6) which phosphorylates and activates the
kinases JNK, ERK and p38, thereby mediating AP-1 activation downstream of MyD88.
MyD88 also activates members of the interferon regulator factor (IRF) family of

transcription factors as discussed in further detail in Section 1.4.1.

MyD88 also has a role in signalling through the IL-1Rs (Figure 1-4). Ten different IL-1Rs
have been identified in human genome. Of these, IL-1RI and IL-IRAPL mediate the effects
of the pro-inflammatory cytokine IL-1 104105 which has a variety of effects on the host
response to infection and inflammation including effects on aspects of the acute phase
response such as induction of fever, anorexia and non-rapid eye movement sleep!®+106°108,
Upon binding of IL-1 to the type I IL-1R a signalling heterodimer is formed with the IL-1
receptor accessory protein IL-1RAcP'?. Both molecules are members of the TLR/IL-1R

receptor superfamily and therefore contain a TIR domain. MyD88 associates with both the
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IL-1R1 and IL-1RacP, triggering the recruitment of Tollip””''""''? and ultimately the
activation of NFkB'%>'". The exact function of IL-1RAPL in IL-1 signalling is currently
not known but its TIR domain appears to be important for its function since mutation in its
TIR domain is associated with non-specific X-linked mental retardation in humans. IL-
1RAPL is highly expressed in brain structures and is important for memory and learning. It
is tempting to speculate that, like Toll in Drosophila, human TIR domain receptors may
also have some role in embryogenesis or neural function. Both IL-1RAPL and its close
homologue TIGIRR contain a 130-residue segment C-terminal to their TIR domain which
is absent in most of the other TLRs and IL-1Rs and residues within this segment may
interact with neuronal calcium sensor-1 (NCS-1). Thus, it has been postulated that IL-
1RAPL may have role in regulating exocytosis of secretory and neurotransmitter

substances' 4.

1.2.3.2. Mal

Mal was the second TIR domain containing adaptor molecule identified"'>'"® Tt is a 25 kDa
protein of 235 amino acids with a TIR domain at its C-terminus and a phosphatidylinositol
(4,5)-bisphosphate (PIP2)-binding domain in its N-terminus (Figure 1-2). It acts as a
bridging adaptor for MyD88 during TLR2 and TLR4 signalling®"'"”. Mal-deficient mice
have an identical phenotype to MyD88-deficient mice but only with regards to their
responsiveness to TLR4 and TLR2 ligands''®'"®. The requirement for a bridging adaptor
for TLR2 and TLR4 signalling is somewhat unclear, but MyD88 and these TLRs are
largely electropositive and so it is thought that the electronegative Mal is required for
MyDS88 to be brought to the signalling complex''®'"?. Another explanation is that Mal is
required in order to direct MyD88 to TLR2 and TLR4'%°. A possible advantage of using
distinct adaptors for different signalling pathways is that the responses may be modulated
easily without modifying the universal adaptor MyD88, leading not only to specificity in
the TLR response, but also to specific control of each pathway.

Mal is able to heterodimerise with MyD88 through its TIR domain, and to homodimerise
through its TIR and N-terminal domains®'. During TLR4 signalling Mal is recruited to the
membrane by binding to PIP2. Mutation of the PIP2 binding site results in an inability of
Mal to complement Mal-deficient macrophages for TLR4 signalling'*'. TLR2 and TLR4
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are found in the plasma membrane where PIP2 is enriched. Membrane-bound Mal recruits
MyD388 to the TLR4 signalling complex through its TIR domain, where MyD&8 binds to
TLR4 again through TIR-TIR interactions. If a PIP2 binding site is engineered into
MyD3838, this protein is able to direct MyD88 to the membrane and restores LPS signalling
in MyD88, Mal and MyD88/Mal-deficient cells, suggesting that the sole function of Mal,
with regards to activation of NF«B is to recruit MyD88 to TLR4-rich regions in the plasma
membrane'?'. The precise role that Mal plays in bringing MyD88 to TLR2 (for example

whether it is PIP2 dependent) is currently not known but assumed to be very similar.

Another study has shown that Mal can bind TRAF6 through a binding site in its C-terminus
(amino acids 188-193). Mutation of this site resulted in impaired NFxB and MAPKs
activation by TLR2 and TLR4. MyD88 does not contain a TRAF6 binding site and so it has
been speculated that Mal binding to TRAF6 provides a MyD88-independent means of
activating NFkB and MAPKSs. Mal may act in concert with MyD88 (which binds TRAF6
indirectly through IRAK-1 or IRAK-2) to increase recruitment of TRAF6 leading to

increased NF«kB activation.

Mal is cleaved by caspase-1 at D198, removing around 4kDa of the protein, and this is

1'2, Mal interacts with caspase-1 via its TIR domain, whereas

required for activation of Ma
MyD88 does not. The reason why Mal must be activated by caspase-1 is not known,
although it is possible that this removal of 4kDa from the TIR domain would cause a
conformational change of the TIR domain, or perhaps expose residues necessary for the
interaction of Mal with TLR2, TLR4 or MyD88. The activation of Mal by caspase-1
highlights a synergy between TLRs and NLRs that activate caspase-1 (e.g. Nalp3) since

these NLRs will potentiate signalling by TLR2 and TLR4 via cleavage of Mal.

It is also known that Mal undergoes covalent modifications which regulate its behaviour
and phosphorylation of Mal is required for its activation. Mal is phosporylated on specific
tyrosine residues by Brutons tyrosine kinase (Btk)'*'?*. Mutations at these residues
decrease its ability to activate p38 phosphorylation, IxBa degradation and transactivation
by the NFxB subunit p65, but enhance its ability to bind TLR4 leading to a dominant
negative effect over wild type Mal (certain phosphorylation sites). The cycle of Mal in

TLR4 signalling is shown in Figure 1-5.
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The TIR adaptor Mal undergoes and cycle of synthesis and degradation during signalling
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1.2.3.3.  TRIF and MyD88-independent signalling

TRIF is currently the only adaptor thought to be involved in signalling from TLR3 in
response to dsRNA. It also participates in TLR4 signalling but is coupled to TLR4 via the
bridging adaptor TRAM (Section 1.2.3.4) in the so-called MyD88-independent pathway'2.
It was noted that MyD88-deficient cells retained the ability to activate NFxB and MAPKSs
in response to LPS, suggesting the presence of this TRIF-mediated MyD88-independent
arm of TLR4 signalling®. TRIF consists of a proline-rich N-terminal region, a TIR domain
and a C-terminal region containing a RIP homotypic-interacting motif (RHIM) domain
(Figure 1-2). Its TIR domain is essential for binding to the TIR domain of TLR3 as well as
to TRAM'?%'?’ TRIF activates transcription factors IRF3, IRF7, NFxB and AP-1'%° ’128, and
is the only adaptor known to be directly involved in the induction of apoptosis. Specifically,
its C-terminal region is involved in NF«B activation and the induction of apoptosis via
binding of RIP1 to the RHIM domain'?*"'**. TRIF-deficient mice are defective in IRF3
activation, production of IFN-B downstream of TLR3 and -4, and LPS-induced

inflammatory cytokine production'?.

The precise details of signalling downstream of TRIF, either alone or in collaboration with
TRAM, have not been entirely elucidated, but it seems that homo-oligomerisation of TRIF
1s necessary for signalling which can be mediated by both its TIR and C-terminal domains
(excluding RHIM)"'. For signalling to IRF3 it is now thought that full activation of TRIF
requires oligomerisation as well as binding of RIP1 binding to the RHIM'*! even though
this had previously been shown to be dispensable for IRF3 activation'?"**!*2_ For TRIF-
dependent signalling to IRF3 and IRF7 downstream of TLR3 it is known that TRIF
localises diffusely in the cytosol of resting cells but once TLR3 is activated, it transiently
co-localises with TLR3, then dissociates from the receptor and forms structures with RIP1
and NAP1 (NAK-associated protein 1)'**. Oligomerisation of TRIF also seems to result in
the recruitment of TRAF3, but TRAF3 does not bind to TRIF directly but potentially via
TRAF2/6"". The association of TRIF with RIP1 and TRAF3 is necessary but not sufficient
for signallingm. In turn, ubiquitinated TRAF3, along with NAP1, is likely to mediate
recruitment of TBK1 and IKKe to TRIF at its N-terminal region'**"*®, This N-terminal
region, including the RHIM, is necessary for the recruitment of NAP1 and TBK1 and is

therefore crucial for IRF activation via the recruitment of these IRF3-activating
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kinases' 25137137-140 1 L : :
- The activation of TBK1 and IKKze results in the phosphorylation of

IRF3 and IRF7 inducing a conformational change that reveals the IRF association domain.
involved in dimerisation, and the DNA binding domain. The activated IRFs translocate to
the nucleus and bind to IRF motifs in relevant promoters. The downstream mechanism by
which TRIF ultimately activates IRF3 may differ between TLR3 and TLR4 pathways since
dsRNA induces phosphorylation of S396 in IRF3 whereas LPS stimulation does not''.
However, both dsRNA and LPS induce phosphorylation of S386 which is considered more

likely to be the crucial residue that undergoes inducible phosphorylation'*.

With regards to TRIF-dependent NF«kB activation downstream of both TLR3 and TLR4, a
role for TRAF6"7!* was ruled out, since NF«kB activation downstream of TLR3 was not
affected in TRAF6-deficient mice and late NFxB activation was still observed downstream
of TLR4!'*, However, NFkB activation downstream of TLR3 is abolished in the absence of
RIP1'* and NF«B activation from TLR4 is also abolished in cells deficient in both RIP1
and MyDg88. These results suggest RIP1 is required for TRIF-dependent signalling to NFxB
downstream of both TLR3 and TLR4. Overexpression of both IKKe and TBK1 is sufficient
to activate NF«B but this pathway is independent of the phosphorylation and degradation of
IxBa as occurs in the MyD88-dependent pathway, and is more related to the
phosphorylation and increased transactivation of the NFxB subunit p65'*'* although
direct phosphorylation of p65 by IKKe and TBK1 has yet to be demonstrated, unlike their
direct phosphorylation of IRF3 and IRF7'**'*°. There are contrasting reports as to whether
the TRIF pathway is able to activate NFkB directly'*"'*°_ It has been shown that the
TRIF/TRAM pathway from TLR4 is involved in a later activation of NFxB compared to
the MyD88/Mal pathway and postulated that this is due to the production of TNFa via
activation of IRF3, with TNFa subsequently acting in an autocrine manner to induce
activation of NFkB'*’. Given that RIP1 is also critically involve in TNFR-mediated NF«B
activation it is possible that the defects in TRIF-dependent NFxB activation observed in
cells from RIP1-deficient mice are due to defective TNF signalling in these cells. TRIF
signalling downstream of TLR3 and TLR4 is shown in Figure 1-6.
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1.2.3.4.  Regulation of TRIF signalling by SARM

SARM was the fifth TIR domain containing adaptor to be identified"' and appears to have
arole in the down-regulation of TRIF-dependent signals. Along with a TIR domain, this
protein also contains sterile a (SAM) and HEAT/artmadillo (ARM) motifs (Figure 1-2).
Unlike the other adaptors, SARM does not induce NFxB activation when over-
expressed' 2. It is also unable to activate IRF3 and it down-regulates the TRIF-, but not
MyD88-, dependent pathway'*>!**. SARM interacts with TRIF through its TIR domain and
this interaction is enhanced by LPS or dsRNA stimulation'>>. SARM was also shown to be
up-regulated after LPS stimulation at the protein but not mRNA level. Both the SAM and
TIR domains of SARM are necessary for its inhibition of the TRIF pathway, and deletion
of the N-terminus of SARM prevents its up-regulation after LPS stimulation suggesting an
involvement in post-transcriptional regulation of SARM. It is not known whether the
ligand-induced enhancement of the SARM-TRIF interaction is a result of increased SARM
expression or conformational changes in the SARM protein. It has been suggested that
SARM acts to sequester TRIF and prevent its interaction with downstream effectors'?® or
that SARM interacts with TRIF via their TIR domains and recruits an, as yet unidentified,

inhibitory protein'>.

SARM has also been shown to interact with MyD88 and TRAM in a recent yeast 2-hybrid
study via its TIR domain®' and SARM may also have a role in the induction of stress-
related cell death since neurons from SARM-deficient mice were more resistant to
apoptosis induced by oxygen and glucose deprivation than neurons from wild-type mice'*,
Since TRIF is the only adaptor considered capable of directly inducing apoptosis this may
confirm SARM’s involvement as a regulator of the TRIF pathway.

1.2.3.5. TRAM

TRAM is the smallest TIR adaptor at only 235 amino acids in length. It acts as a bridging
adaptor between TLR4 and TRIF in the MyD88-independent pathway in response to Lps'
leading to the activation of IRF3 and NFxB. TLR4-, but not TLR3-mediated, TRIF-
dependent IFNP production and activation of signalling cascades are abolished in TRAM-

deficient cells'*>. Furthermore, TRAM-deficient mice show defects in cytokine production,

42



Chapter 1
splenocyte proliferation and up-regulation of surface molecules in response to ligands for
TLR4, but not other TLRs.'> As for Mal, sub-cellular localisation or surface charge
complementarity may explain why TRIF should require a bridging adaptor for TLR4

signalling, while it signals alone during TLR3 activation.

Myristoylation of TRAM is required to localise it to the plasma membrane'*® and
endosomal compartment'?!. The myristate group facilitates membrane binding by insertion
into the hydrophobic interior of the lipid bilayer and a polybasic domain following the
myristoylation site is also required for its plasma membrane localisation'?'. TRAM is also
phosphorylated by protein kinase C € (PKCe) and this is required for TLR4 to signal'®’.
TLR3-dependent responses are not impaired in PKCe-deficient cells, suggesting that PKCe
acts upstream of TRIF only in TLR4 signalling. The phosphorylation of TRAM is followed
by its apparent dissociation from the plasma membrane and some have speculated that this
may signify its degradation, as for Mal. The consequence of this dissociation has yet to be
elucidated although it is possible that dissociation from the membrane allows TRAM to
interact with and activate other down-stream molecules such as TBK-1 which would lead to
IRF3 activation. Alternatively phosphorylation of TRAM may signal its depletion from the
membrane perhaps as a regulatory event. The cycle of TRAM during TLR4 signalling is
shown in Figure 1-7.
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The TIR adaptor TRAM cycles around the cell during TLR4 signalling, possibly
undergoing degradation and resynthesis to allow regulation of signalling. Figure adapted
from Sheedey et al. 2007'*°
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1.3. The TIR domain

Due to its role in the IL-1/TLR pathways and the fact that differential adaptor recruitment
and ligand-dependent changes in signalling are mediated at least in part by the TIR domain,
its sequence and structural features are being intensively studied. The TIR domain is
approximately 160 amino acid residues in length and has been defined by three conserved
regions of amino acid sequence denoted boxes 1, 2 and 3'® (Figure 1-8). Mutagenesis
studies on the IL-1R TIR domain showed that box 1 and box 2 were essential for signalling,
while box 3 was thought to be important but its role was less clear cut'>” %! Structurally,
the TIR domain consists of a five-stranded parallel B-sheet (BA-E) surrounded by five
helices (0 A-aE). The loops between these secondary structures have been named according
to their connections such as the DD loop which links strand BD and helix aD'®*. A multiple
alignment of eukaryotic TIR domains is shown in Figure 1-8. Sequence conservation
between TIR domains is generally quite low (20-30%), suggesting that there are significant
structural differences between TIR domains which would contribute to specificity in signal
transduction'®?. For example, the crystal structure of IL-1RAPL shows the same overall
fold as in TLR1, TLR2 and TLR10 but differs largely in particular features'®. Crystal
structures of TIR domains have been difficult to obtain'® and so a large body of
mutagenesis and modelling data has also been amassed. It is worth noting at the outset,
however, that the methods used to obtain information on specific TIR domain residues all
have limitations. In structural studies, information on conformationally flexible regions can
often be poor, apart from the information that they are flexible. The structural interpretation
of mutagenesis data is often complicated by the fact that it is not known which specific
interactions are affected by the mutations and inactivating mutants are not analysed for mis-
folding defects. In other studies where groups of residues have been mutated together there
are also likely to be significant structural perturbations. Modelling studies obviously suffer
from the fact that they are generally built around existing structures and may therefore have
bias and rely on the sophistication of computer algorithms which may be limited. It 1s
therefore important to use mutagenesis and modelling data in close collaboration with

structural and functional data.

45



ov

BOX1 10 & 3 30
D_melanogaster_Ton_700.027 FMAET s@suvl- - - - Qs ETeo vEvPoil- - FI
Human TLRI 647.775 EHAR I s sGHM- - . - sFwvrnLLPrL
Himan_TLR6 64278t EHAF L S®SEHM- - - - sAWVrSELVPYL
Human TLRIO 64770 FHAF T SHSEHQM - - - - SLWVENRLIPNL
Human _TLR? _641.78¢

FYSHSERE- - - ~AY“ENL"'QE
Human_TLRé_634-778 & e
Human _TLR7_8§91-1036
Humen_TLRS_880-1025

A‘REYHFN Lctzs
-RDKNVL.-LCLEE

105RWCIF
KTENF
K SWNE

Human_TLRO_§70-1016 FVYVFEDY.TQSAV .RERWALRLCLEE TLPVLAH-.~ TDRVSEBLLR
Human_SARM_562.70¢ P rislanus ........ ~rEE@rL10s - v1OARNFVLVLEFOALDEEMODHDCF DY
Celegans ar] 570.7:0 IBVF 1 SRR ST LQLRONRVEI ‘L - SLLVN . IOAAVHF ILVLEPNSLDRLLNDDNG v
Hioman TRAM 78-150 RLV.EV ILHAEM. . - .DTDEALRVQNLLEDD . F ilrr I1FAE - ROMLQMLDDA - VNI'A“T!LLL E...
Hyman_TRIF 304550 EYNEWILHARA - - . .DEMTALRVREXLEA . . LAVPDAA] -QVPGREELSCLQDA - IDHEAF TILLLES - - - -
Human_SIGIRR_165.310 \¥VvsMsDCPED. - REEVNFILKPOL JLPRAEPEADLLVN -LSRCRLIVVLED - . . . AFLSRAWC
Human _TLRS_693.830 CEsSvl- . . . FTWVONALLYHL TOYSDONRYHLGPEE ENRIAN ODA'TWNIE IVCLVER ... .HELRDBWCLE
Human_TLR3 756.900 AASAL 1B vr.@. - . rOWVWEHFBSMEE - . . .EDQSLKFCLEE VFELEAIVNS - TEPR I 1FVIMHH - - - LLEDPLCKREKVH
Hman_ayDss_174-300 EAF 1cMcp sl - . - . xorvo-anoLIO'r . .NYRLKLCVS Tcyws iABEL 1errRcrRuvvyVED . . . . DBLQsKECDFEIK
Human_IL-1R_385.540 ¥ PYTVGEOSTJDCDIFYFYVLPEVLEYQC"VLFIY EDIVEVINEN . Vrr R LII!LVR -E FSWL
D_discadenm_Tird_520.920 NE VR 1|5 nHEl. sEEVNNLR SN . FILF.LRcWLIaYRLon CNWRAEIMRE - yvuBovvYEVI -T@INsLweryBLy
Huoman_Mai_se220 EvevCHs e el . - - LUArQDLVSsYLEG - - - sTasLrCFLOLMBAMPGEA IVSELCQA -LssBHCRVLLI . _@FLODEWGK.
A AA 2 AB B 88 a8 8C BC [ ac
100 110 120 130 10 1:0BOX3 160
D_melanogazter_Tol_790.927 K A psunznsp‘uvnlsm!&o vsnusumlunm 4 [ BoE- .. .. ’.’FWDP’LRFALPHR
Humen TLRI 647.775 FPABMHNLEHEBSN SLILILLE@P IPQYSIPSSYHELY SLXARRELEW - “PYEESKRGLFEWANLRAAIN
Huoman_TLR6_642.75¢ RAMHNLFHEGSNNLILILL@PIPONS PNV YHKLEALMTQRE¥LOW. . - - - PHEVSVROLEWAN LRAAFNNY
Humen_TLRI0_634.776 FAMHNLFHEN SDHIJLILL@PIPFYCIPTRYHKLKALLEKVAMLEW. . . . . PVEDRRECOILFWANLRAAIN - .
Huoman_TLR2_641-73¢ B SHF RLEDENNDAA L VLLEBP IEX KA IPQRFXKLREIXNTERLEW- - - - - PXDEAQREGFWVNLRAAILLS -
Human_TLRY_634.778 TAQTWQFL S SRABIIF I VLBV VEY. - TLLRQQVEL(RLLSRN HER- - - - - EDSVLBRHIFWRRLREALLDG
mmm.nnswymansloknmosvvbvlILIFL VPFQ...KSKFLQLRVRLCESEVLEW. . . . . PTNPQAHPYFWQCLVNALATD
Human_TLRS 350-1025 LALORLMDENMDVIIFILLMPVLO- - -HSOYLRLRORICKSMILOW- - - - - panVAEULFWOTLRNVVLTE
Human_TLRO_§70-1016 LAQORLLEDREDVVYVLVILSPD@R - - - RSRYVRLRORLCROBVLLW. - . - - PHQPSEQR S FWAQLEMALTRD
Human_SARM_3562.704 . ETVTAL s C@EN . IVP I LD . &7ewpspo VLPEDMQAVLTFNOIKW. . . . - SHEYOEATIEKIIRFL%&RSS
C_elegans_tr] 570720 LELV. CAFEHQEN - IlPlPDTA!EFPTYEDOlPNDlRM[TYYN 1 U VHDYQDACMAK VVRF |
mMnnuMmelsLMNIVNRQHrYN.?!PMRPLNN .............................................
Human _TRIF_304-530 QAMMSNL TROBSPDCVIPFLPLESS - . . - . - . PAQL pTABCUSE. - - - - LVRLDEHSONFARKVANEFY P
Human_SIGIRR_J65-310 E@LCRELELTRR - PIF IMFMOQRRDPAHPALRLLRQERHLVMLLLWR . . . . PESVTP s SDFWEEVQLALPRY
Human_TLRS 003830 A QERCLSDLN SALIMVVVGSLSQY QLMKHQS IR VQVQQ.LRW ,,,PEDLODvmw?LHKLsooLLKK
Hioman_TLR3 756000 A VQOA I EONLDSTILVPRL EIPDYYLNHALCLRROMEE SHCILUW. - - - - PVOVERIBARRHVLQVALESY
Himan_MyDSS_ 174300 BAL S LEPEAHOERLIP I REAMEY - . .. . . .. EFPSILRF Iiveol. . . . - - TNPCTK SWEWTRLAEALSLP
Human_IL-1R_335-540 EQ TAMBNALVOD@IVVVLL LEYIODYEYHPESIYFIVQVH ALRWSGDFTQEPQSALTRFWENVRYEMP YV .
D_dscodenm _TirA_520020 MS V.V L@ - vvUErEEls oo - . - - EiGvREe. ... ...
Human Mal 36220 QAL TEAPD . - AEBCMIPLLSBLSR . - - . - . - AAI!PELRFMYIVDI ..... RGP DEGF ROVE EAVMRELOTL
—— T oD —T— 1) 33 T ——

Figure 1-8: Multiple sequence alignment of eukaryotic TIR domains

Multiple sequence alignment carried out using the ClustalW2 algorithm on the EBI web server (http://www .ebi.ac.uk/tools/clustalw2) ™ and coloured according to the
Clustal X colourscheme using Jalview (Section 2.1.7). TIR domain sequences taken from Homo sapiens, Caenorhabditis elegans, Dictyostelium discoideum and
Drosophila melanogaster. The grey boxes correspond to areas of a-helix and the grey arrows correspond to areas of B-sheet. The lines connectin% these structures
correspond to the loop regions of sequence. Secondary structure predicted using 3D Jury web server'* and published crystal structures'®>!'¢!1¢7:16
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To date, five crystal structures of TIR domains have been solved including those of TLR1

and TLR2'*?, and IL-IRAPL'®® in 2000 and 2004 respectively. More recently, the crystal
structure of the TIR domain from the only orphan receptor, TLR10'®” has been elucidated.
The first structure of a bacterial TIR domain (PdTIR from Paracoccus denitrificans) was
also solved in 2009'%®. No TIR adaptor proteins have been crystallised, but the solution
NMR structure of MyD88 has been solved'®.

With regards to information on the interactions that TIR domains make, the TLR10 and
PdTIR structures show a physiologically relevant dimer. In comparison, the TLR2 C713S
structure shows a dimer but it is considered unlikely that TLR2 is functional as a
homodimer and how accurately it reflects a TLR1/2 or TLR2/6 heterodimer remains to be
seen' """ In other studies TIR domain dimer structures have been proposed and correlated

: 67,172
to mutagenesis data'®”

. In addition to these x-ray crystallographic studies, a number of
computer-generated models of TIR domain structures and interactions have been
produced' 7. From these studies it is clear that the loop regions of the TIR domain are
the most variable in sequence and structure, often containing large insertions or deletions.
Mutational analysis, combined with structural data, has highlighted areas of sequence of
particular importance for receptor/adaptor function, particularly within these loop
regions®!!7 162170176178 The BB and DD loops are particularly important areas of sequence

in this respect.

1.3.1. The BB loop

Most structural, mutagenesis and modelling studies conclude that the BB loop is essential
for TLR signal transduction and, in the receptors, it has been suggested to be the site of
adaptor recruitment®’. This is supported by the fact that peptides and pepdidomimetics
modelled from the BB loops of MyD&8 and other adaptor TIR domains have been shown to
inhibit TLR'7*"®! and IL-1R signalling'®*'*. The BB loop comprises part of box 2 (Figure
1-8). TIR domain structures from TLRs indicate that the BB loop forms an exposed
protrusion from the TIR domain giving rise to an extended patch of well-preserved residues
which are likely to be the site of adaptor recruitment to the receptors. These structures also
indicate that it is likely to participate in the receptor dimer interface and central core of the
TIR domain structure. Adaptor dimerisation is also likely to involve the BB loop since

183-185

peptides derived from the BB loop prevent dimer formaton and affect signallingm.
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Interestingly, the BB loop of PATIR does not appear to be involved in dimer interface

interactions but instead is totally exposed. Of the structures solved, the PdTIR structure is
most closely related to TLR1 and TLR10. However, the BB loop is the region with the
highest sequence divergence between PATIR and the other known TIR domains'¢’.

Most residues within the BB loop have been shown to be important for TIR-TIR interaction
or signalling in mutagenesis, modelling or structural studies. Indeed, mutations at almost
every position in the BB loop of TLR4 or dToll leads to significantly reduced signalling
activity of the receptors'®*'®'*¢ The BB loop also contains some of the most highly
conserved residues within the TIR domain. In particular, a proline (Pro) residue within the
BB loop, conserved in all TLRs except TLR3 (and dToll), and in all adaptors except SARM
and TRAM, has commanded much attention. Mutation of only this residue within TLR4
renders it unresponsive to LPS, as demonstrated usefully by CH3/HeJ mice which carry this
mutation'’. However, whilst mutation of this residue in TLR2'%*'70 TLR4'*" and TLR10'*®
render them unable to signal, in TLR4 this proline residue is not required for binding to
MyD88'¥1% or Mal''”. Nor did the equivalent mutations in MyD88 or Mal prevent their
binding to TLR4 or their hetero- or homo-dimerisation'!”. However, the same mutation
within TLR10 does affect its interaction with MyD88 as well as its signalling capacity.
Somewhat surprisingly, the crystal structure of the TIR domain of the TLR2 P681H mutant
did not show any significant structural changes caused by the mutation'"°. Other highly
conserved residues include the phenylalanine (Phe) at 679 in TLR2 which is conserved as a
Phe or tryptophan (Trp) in all TLRs, and the isoleucine (Ile) at position 678 in TLR4 which
is conserved as an aliphatic residue (Ile, leucine (Leu) or valine (Val)) in all TLRs except
TLR3 (Glutamine - Glu) and TLRS (Arginine - Arg). Modelling and crystallographic
studies show the BB loop as being conformationally flexible so it is reasonable to suppose
that it may undergo conformational changes upon ligand binding (as in the ligand binding
model discussed in Section 1.2.1.1) or may adopt different conformations in different TIR
domains'’®!"®, Interactions of TIR domains are likely to be executed in different modes for
different receptors and adaptors but the high conservation of residues within the BB loop
and the common use of MyD88 as an adaptor also imply the existence of common features

in TIR domain signalling interactions.
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1.3.2. The DD loop
The DD loop is also considered important for signalling and TIR interactions. Mutations of
Arg748, Phe749 and Leu752 in TLR2 have significant effects on TLR2-TLR1 signalling.
whereas most other mutations within the DD loop have little or no effect'’®. The
corresponding Arg residue in TLR10 is involved in the dimer interface but the other
residues are not. The DD loop is mainly disordered in the TLR10 structure and other
studies agree that it may be conformationally flexible and may undergo conformational
changes upon ligand binding or may adopt different conformations in different TIR
domains as for the BB loop. In the PATIR structure the dimer interface is mediated, not by
residues of the BB loop as for other TIRs, but by residues within the DD and EE loops'®’.

1.3.3. Other loops

Molecular modelling studies with MyD88 and the TLR4 TIR domain have predicted
interactions through the DD loops, AA loops and CD loops of the TLR4 TIR domain'!"!"’,
The CD loop is located on the surface of the TIR domain, opposite to the BB loop where it
1s thought Mal binds to TLR4. In a molecular model of Mal’s association with the TLR4
TIR domain it was predicted to interact through its DE loop as well as its DD loop'"’.

1.3.4. a helices and p sheets

The TLR10 structure indicates that residues from the aC helices as well as the BB loops
(from each monomer) may be involved in dimer interaction. In the TLR2 structure the
asymmetric dimer interface also involves interactions of the BB loop (and the aB helix)
with the aC helix (and DD loop) of the contacting monomer. TLR2 may not form
homodimers in vivo but it is possible that the asymmetric dimer of TLR2 observed in the
structural studies would reflect the natural heterodimeric TLR2/TR1 or TLR2/TLR6
complexes, with the DD loop and aC helix of TLR2 contacting the BB loop and aB helix of
TLR1 or TLR6'"%'"® During a large scale mutational study of the TLR4 TIR domain
mutations in the aB helix (as well as BB loop) abolished signalling activity'®®. For TLR1, a
disulfide-linked symmetric dimer was seen with the aC helix and BB loops as the central
component, as in the TLR10 structure. Mutagenesis studies suggest that the cysteine (Cys)

and Phe residues of the aC helices of TLR2 and TLR4 are important for receptor

function'’®!"2.
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The IL-1RAPL structure revealed large structural differences between its TIR domain and

those of TLR1 and TLR2 particularly with respect to the helices since helix aD was found
to be almost perpendicular to its position in the TLR1 and TLR2 structures. This may be
important since helix oD has been said to make a significant contribution to the binding of
Mal and MyD88'"”. The TIR domain of IL-1RAPL was found to be dimeric in the crystal
but monomeric in solution and residues at the dimer interface were mostly unique to IL-

1RAPL which likely reflects its distinct functional roles.

1.3.5. Receptor-adaptor interactions
A number of modelling studies have attempted to assess adaptor binding to TLR2 and
TLR4. In one study Mal and MyD88 were predicted to bind to different regions of the
TLR4 TIR domain but at the same point on TLR2!'*'7®, Monomeric receptors were used
for this analysis, however, and it is now widely accepted that the receptors signal as dimers
or higher oligomers®'. Another study showed that MyD88 did not contact TLR4 at the TIR
1169

domain at all and would therefore be solely recruited by Ma

TRAM binding TLR4, these molecules have been modelled using the TLR1, TLR2 and

. With regards to Mal and

TLR10 structures as templates and docking programs used to assess their interactions. Mal
and TRAM were found to bind to the same region on TLR4 at the dimer interface of the
receptor TIR domains' 7%, This model did not determine whether a single activated receptor
dimer can stimulate both the Mal and TRAM pathways at the same time, or whether their
interactions are mutually exclusive. Mal was postulated to bind with a higher affinity to
TLR4 than TRAM which may account for why Mal is the more highly regulated adaptor
molecule. It is considered likely that Mal contacts MyD88 through residues that are
exposed after its EE loop and oF are removed by caspase-1 cleavage. Modelling studies
have predicted that the electrostatic surfaces of TIR domains are quite distinct suggesting
that electrostatic complementarity may play a role in TIR-TIR binding, as is suggested by
the need for Mal to bridge the interaction between MyD88 and TLR2 or TLR4. In TLR4
signalling Mal (and TRAM) are thought to contact the receptor via their BB loops, but this
may not be the case for the way that they contact TLR2'®,

Less is known about TRIF/TRAM interactions with each other or with TLRs, but blocking

peptides corresponding to their BB loops disrupt activation-signalling pathways
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downstream of TLR4, although the molecular basis for this has not been determined'”®.

The TLR3 TIR domain has not been assessed in structural or modelling studies.

It is clear that there’s a great deal of variation in the way two TIR domains can interact.
TLR2 is believed to differentially engage with MyD88 depending on ligand'”’ suggesting
that ligand binding does lead to conformational change in TIR domain structure, or
conformation is dependent on whether it partners TLR1 or TLR6. The TIR domain is

certainly a versatile interaction domain.

1.4. The pivotal role of TLR/IL-1R signalling in innate immunity

The effector molecules produced as a result of TLR signalling have wide-ranging and far-
reaching effects on the immune response mounted to an invading microbe and activation of
TLRs results in different effector responses depending on the cell type involved. The
production of cytokines and chemokines downstream of TLR signalling modulates the
inflammatory status of the host which in turn directly affects a wide variety of processes
such as immune cell recruitment. TLR signalling is also known to participate in
phagocytosis, the production of matrix metalloproteinases, iron sequestration and anti-

-194 . . .
1919 and to be necessary for actin polymerisation,

microbial peptide production
angiogenesis and apoptosis'>> . TLRs are involved in tissue repair following injury in
addition to their broad involvement in host innate defence. Differential TLR ligation is also
known to drive the development of an appropriate adaptive immune response'””. These
downstream effects are highly co-ordinated by TLRs, as is demonstrated by their
involvement in every stage of a process such as the cell activation, migration and apoptosis

of neutrophils and macrophages. A variety of roles for TLRs in both the innate and adaptive

immune responses are discussed below.

1.4.1. Activation of transcription factors

Effector molecules are produced as a consequence of the activation of transcription factors
downstream of the TLR pathways, most notably, NF«kB, the IRFs and AP-1. NFxB has
been referred to as a “global regulator of gene expression” and the number of target genes
for NFxB is now in its hundreds. A full list of these can be found at www.nf-kb.org. Every
TLR tested so far signals to NFkB. The NFxB family of transcription factors is

evolutionarily conserved and in mammals is made up of five family members so far
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identified: RelB, c-Rel, p65 (RelA), p100/p53 and p105/p50°®. Mice lacking individual
NF«B subunits are very susceptible to microbial infections**! 2%, Some specificity in the
TLR response is generated by regulation of these different NFxB subunits, including their
phosphorylation at a variety of sites***?"”. The target genes for NFxB include a large
number of immunomodulatory factors such as cytokines and chemokines. The AP-1 family
of transcription factors consists of homo- and hetero-dimers of the Jun and Fos family*®.
The activity of AP-1 is upregulated through phosphorylation by the MAP kinases JNK and
ERK*”. AP-1 upregulates transcription of genes containing the TPA DNA response
element (TRE; 5'-TGAG/CTCA-3") which principally includes genes that express proteins
involved in cell cycle regulation and cell survival or apoptosis. AP-1 also controls the
expression of proteins involved in the proliferation and differentiation of cells such as

lymphoid cells*!°.

The IRF family of transcription factors is made up of IRFs 1-9 and all are critical regulators
of innate immune responses''. IRF1 binds to MyD88 after TLR activation, causing it to
translocate to the nucleus where it induces a specific gene subset including IFN, iNOS and
IL-12p35 although its response may be cell-type specific’'?. IRF3 is activated during the
TRIF-dependent pathway downstream of TLR3 and TLR4. IRFS has an important role in
the induction of pro-inflammatory cytokines and interacts with, and is activated by, MyD88
and TRAF6, causing its nuclear translocation where it binds to the interferon-responsive
stimulated element (IRSE) motifs in the promoters of genes for pro-inflammatory cytokines
such as IL-6, IL-12 and TNFo?"?. IRF5 is phosphorylated by TBK-1 and IKK-¢ but this
phosphorylation does not lead to IRF-5 nuclear translocation®'*. IRF7 is a key transcription
factor for the induction of type I IFNs and it is activated by both MyD8&8- and TRIF-
dependent pathways93 215216 Upon stimulation of TLRs (particularly 3, 7, 8 and 9) IRF7 is
recruited to a complex containing MyD88, TRAF6, IRAK4 and IRAKI1 and the ubiquitin
ligase activity of TRAF6 and phosphorylation by IRAK1 are required for its
activation’>'***'7. Finally IRFS8 has also been implicated in the potentiation of NFkB

activity downstream of TLR9 signalling in DCs?'®.

1.4.2. Production of immune effector molecules
The release of cytokines and chemokines is the hallmark of the cellular response to the

activation of the innate immune system. The term cytokine encompasses as vast array of
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protein regulators and, in fact, chemokines are simply cytokines with the ability to induce
directed chemotaxis of responsive cells. Activation of IL-1/TLR pathways also induces the
production of proteins within the pathway, or pathway inhibitors, to allow feedback and
regulation of the pathway. For example, IL-1/TLR signalling induces the degradation of
IxBa to release NFkB from the cytoplasm, but also induces the transcription of IxBa
feeding back to NF«B sequestration in the cytoplasm?®'’.

1.4.2.1. Chemokines and cell migration

There are two types of cell migration associated with cells of the innate and adaptive
immune systems. Homeostatic migration occurs continuously and allows naive
lymphocytes to circulate throughout the body to increase their chance of encountering
antigen. No TLR activation is required for this migration to occur. Inducible migration is
generally triggered after PRR activation of resident innate tissue cells which encourage
further immune cells to the site of infection to augment the killing of invading pathogens
thus reducing their spread and likelihood of niche colonisation. This induced migration
occurs by a controlled sequence of events and TLR signalling is involved throughout. TLR
signalling produces chemotactic factors which attract immune cells to the site of infection
or damage. TLR signalling also leads to the upregulation of selectins on endothelial cells
and carbohydrate ligands on leukocytes which allow leukocytes to roll along the endothelial
surface. Next, chemokines secreted downstream of TLR signalling such as IL-8, growth-
related oncogene-a (GRO-a), monocyte chemoattractant proteins (MCP1-4), macrophage
inflammatory protein 1a and B (MIP-1a/B) and RANTES bind to the luminal surface of the
vascular endothelium and activate the rolling leukocytes. This allows firm adhesion of the
leukocytes to the vascular endothelium and the consequent migration of leukocytes

between the endothelial cells and into tissue interstitium>%°

1.4.2.2.  Cytokines

TLR signalling induces the production of a vast array of cytokines. Different TLR agonists
tend to produce a distinct set of cytokines, despite their stimulation of common pathways,
with additional levels of specificity dependent on cell type and cross-talk with other
signalling pathways. Due to the presence of different ligands gram-positive and gram-

negative bacteria induce different cytokines**'***. TLR7 and TLR9 agonists produce high
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levels of type I IFN (prototypically IFNa and IFNB). Of the IFN families it is type I IFNs
that are mainly produced via the TLR pathways with TLRs 3, 4, 7, 8 and 9 all able to
induce type 1 IFNs via the IRF transcription factors. TLRs are also able to induce IFNy
production, with TLR8 agonists inducing the highest levels compared to the other TLRs*%.
The IFNs were discovered due to their ability to protect cells from viral infection, but it is
now known that they induce production of a wide variety of proteins with various, often
cell type-specific, roles including pro- and anti-apoptotic proteins as well as those involved
in the proliferation of memory T cells, B cell isotype switching and differentiation, NK cell

activation and DC maturation®****’

. IL-6 and TNFa are widely produced downstream of
TLR signalling, particularly by the TLRs that recognise bacterial products®*®. IL-6 is a
pleiotropic cytokine with diverse biological functions. With regards to a response to an
invading micro-organism it stimulates B-cell differentiation and antibody production but
has other functions unrelated to pathogens including the regulation of bone metabolism, for
example®’. IL-6 is often considered as an inflammatory cytokine, however many of its
activities are associated with the negative control of inflammation mainly due to its
induction of protective acute phase proteins from the liver which have anti-protease and
scavenger activities. TNFa is a pro-inflammatory cytokine which is cytotoxic to a variety
of tumour cells and is an essential factor in mediating the response to bacterial infection. Its

pro-inflammatory nature also means it plays a role in the induction of septic shock,

. . . e . . . 22
autoimmune diseases, rheumatoid arthritis, inflammation and diabetes 8

1.4.3. TLRs and DCs

Signals for the activation of adaptive immunity via T cell activation and differentiation into
their subsets, T helper types 1 or 2 (Tu1 or Ty2) or cytotoxic T lymphocytes (CTLs) are
mainly provided by DCs which are activated by microbial components to undergo
maturation??’. DCs therefore express a broad selection of TLRs through which maturation
is induced®*?**, Immature DCs are phagocytes that circulate in the lymphoid system and
engulf antigens, a process which is induced by PRR recognition of microbial structures and
induces DCs to produce inflammatory cytokines such as IL-12%*°. This process also
induces their maturation whereby they lose their capacity for endocytosis and migrate to the
draining lymph nodes. Here they present two signals for naive T cells which are required
for T cell activation: an antigen-specific signal, received when the T cell receptor (TCR)

binds to an antigenic peptide displayed by the DCs on the appropriate MHC (major
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histocompatibility complex) molecule, and a co-stimulatory signal provided by molecules
such as CD80 and CD86. The expression of co-stimulatory molecules on DCs is also
induced by TLR-mediated recognition of microbial components. The T cells then mature to

elicit an antigen-specific adaptive immune response®?>*.

The migration of DCs to the site of naive T cells is also mediated by TLR signals that lead
to the down-regulation of inflammatory chemokine receptors on DCs and the upregulation
of receptors for lymphoid chemokines®’?*°, A particular DC population responds to
pathogens recognised via its TLRs and different DC populations may generate distinct
immunological outcomes, such as differential cytokine production, even when induced by

the same ligand®®**,

14.4. TLRs in B cell activation and antibody production

B lymphocytes are somewhat unusual since they express both clonally rearranged antigen
receptors and nonclonal PRRs, most notably TLRs. LPS is the most characterised ligand
that is able to directly activate B cells. The stimulation of TLRs expressed on B cells can
lead to polyclonal activation and production of low-affinity IgM antibodies. For follicular B
cells, TLR4 signalling is essential for LPS-induced activation that leads to cell division and
isotype switching®*' via the activation of NFkB p50 homodimers or p50/c-Rel
heterodimers, which is in contrast to the predominant p50/p65 dimers activated in most

22 ERK is also transiently activated in these cells*®. This activation of TLR4

other cells
signalling causes B cells to exit quiescence and enter the G1 phase, and subsequently S
phase, of the cell cycle. Without TLR4 signals B cells fail to successfully traverse into S

244

phase”™". In addition to controlling cell cycle progression, TLR4 signals to the NFxB

subunits c-Rel and NFkBI1 to control cell survival**** potentially via the production of the

apoptosis regulators A1, Bcl-xL and Bim?*24724¥

1.4.5. TLRs and T cells

Through their role in DC antigen capture, differentiation and migration (Section 1.4.3),
TLRs inform the T helper response, although their bias is a matter of contradiction in the
literature. TLR4 and TLR9 have been reported to be most associated with Ty1 responses
(through the production of IL-12 by DCs)**?*! while TLR2 and TLRS may be associated

with the instigation of Ty2 responses>* >2*% However, pathogens that usually activate
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TLR2, such as gram-positive bacteria, do not usually induce T};2 responses in vivo™* and
other studies of TLR2 signalling point towards a Ty1 bias?**?**?55_ On the other hand, LPS
from Escherichia coli and Porphyromonas gingivalis have been shown to induce Tul-type
and Th2-type responses respectively in vivo™®. It has also been proposed that TLRs initiate
responses involving Tyl cells, whereas an entirely different class of receptors, so far
elusive, initiates Ty2 responses®’. The role of MyD88 in T cell stimulation is also unclear
since it has been reported that the adaptive response to LPS or Mycobacterium tuberculosis
is intact in MyD88-/- mice whereas others report a central role for MyD88 in directing Ty

cell responses®* 26,

As well as directing T helper cells, TLR signals also direct DC-mediated antigen cross-
presentation to CTLs and this is largely dependent on TLR3%**%°, TLR signals also
modulate peripheral T cell tolerance and regulation controlled by regulatory T (Tyeg) cells
7226629 These cells should be activated without interference in the induction of pathogen-
specific immune responses and one mechanism that allows for this is a TLR-mediated
block of T suppression. This is mediated by IL-6 produced by DCs in response to TLR
activation’®, This TLR-dependent signal cannot be substituted by other modes of DC
activation in vivo such as inflammatory cytokines®®’. IL-6 affects antigen-specific T cells

and makes them refractory to suppression by Tre, cells®®.

1.4.6. TLR signalling and direct anti-microbial activity

TLRs can mediate direct anti-microbial activity in a number of ways including via the
production of nitric oxide intermediates and anti-microbial peptides. In Drosophila the anti-
fungal response mediated by activation of the Toll pathway is due to the direct synthesis of

270 Anti-microbial peptides are also

anti-fungal peptides downstream of Toll signalling
produced downstream of mammalian TLR signalling at epithelial surfaces which form the
first line of defence between pathogen and host*’". One important class of mammalian anti-
microbial peptides is the family of defensins. These have a broad spectrum of anti-
microbial activity including activity against bacteria, fungi and some enveloped viruses®’.
Defensins have both microbicidal and anti-inflammatory properties®” and reports indicate
they may have other roles including as chemoattractants for cells of the adaptive immune

response®’ *2”°. Another important family of anti-microbial peptides is the cathelicidins,

which include the well studied human peptide LL-37""°. These peptides are found in the
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lysosomes of polymorphonuclear leukocytes (PMNs) and have potent anti-microbial

activity, and are regulated by vitamin D*"’.

TLR signalling also contributes to direct anti-microbial activity by inducing the production
of reactive oxygen and nitrogen species (ROS and RNS, respectively) which are toxic to
invading microbes (the most pathogenic of which have mechanisms of resistance). As well
as being directly toxic, the production of ROS and RNS also control other process such as
phagocytosis, apoptosis and the production of cytokines®’. The overall antimicrobial
activity of ROS and RNS has been demonstrated for a wide variety of bacteria, as well as
parasites, fungi and viruses®”. For example, TLR2 activation leads to NO-dependent killing
of intracellular M. tuberculosis in murine macrophages’”. Conflictingly, the successful
control of M. tuberculosis in primary human macrophages has been shown to be NO-

279

independent”’”. ROS generation was found to be upregulated in both neutrophils and

monocytes in septic pa‘[ients280

. Many years of research have provided detailed information
on the induction and generation of ROS and RNS but their mechanism and specificity of
action, particularly in vivo, are less well understood. Principally their mechanism of action
seems to stem from their ability to inactivate bacterial enzymes through oxidation or
reduction reactions, to damage microbial DNA and inhibit membrane transport
processes®®!2*2. Unfortunately toxic affects on the host also occur at the site of ROS and
RNS generation but is often an acceptable and localised price to pay for microbial

elimination?*?%°,

1.4.7. Cell death

A variety of cell death mechanisms have now been described for multicellular organisms
which impact the immune system in different ways. These are categorised as controlled and
uncontrolled mechanisms of death. Necrosis is the process of uncontrolled cell death which
is induced by overwhelming cell stress and is accompanied by a strong inflammatory
response due to the release of the contents of dying cells which act as endogenous ligands
for PRRs. Controlled cell death has evolved as an essential component of a multicellular
lifestyle. It is necessary for cells to die at various stages of a multicellular organism’s life as
part of embryonic development and normal tissue turnover and controlled cell death
ensures that this process is not accompanied by an over-whelming inflammatory response

that could be associated with the contents of a dying cell (as occurs in necrosis). Apoptosis
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is the most well-studied form of controlled cell death but two other mechanisms have been
identified which possess certain characteristics of both apoptosis and necrosis, namely
pyroptosis and autophagy. Pyroptosis is a form of programmed cell death that is dependent
on caspase-1 and therefore inflammasome activation. Due to the requirement for NLR
activation in the inflammasome, pyroptosis may be considered to be an infection-induced
cell death. Autophagy is generally a protective process for a cell whereby it is able to
engulf large portions of their own cytoplasm under starvation conditions, or remove
damaged organelles®. Evidence also suggests it is important in controlling infections,
however, by directing intracellular, or ingested, pathogens to lysosomes which results in
their destruction. Evidence suggests that TLR signalling has a role to play in each of these

cell death mechanisms!'>%2%7-%%°

, and that all may participate in the containment and
elimination of invading pathogens. However, like so much of a host’s immune defence, cell
death can be both a defence mechanism and a process to be exploited by an invading
pathogen. For example, the inhibition of signalling to NFkB mediated by YopJ from
Yersinia pestis also induces macrophage cell death which is thought to facilitate the

systemic spread of Y. pestis™° (Sections 1.6.2 and 1.6.2.1).

The role of TLR signalling in pyroptosis and autophagy is still being elucidated. Certainly
for pyroptosis their involvement appears to be indirect, via the priming of macrophages®".
The role of TLR signalling in autophagy is more established. Both MyD88- and TRIF-
dependent pathways appear to be involved. TLR activation induces the association of
MyD88 and TRIF with Beclin-1, a key inducer of autophagosome formation. Beclin-1 then
dissociates from the anti-apoptotic proteins Bcl-2 and Bel-XL leading to autophagy’>.

TLRs also have a role in a newly discovered autophagic mechanism*””.

Apoptosis is also an important part in the elimination of invading microbes, particularly
those that persist intracellularly. This is also true in plants where programmed cell death is
used to contain a pathogen at the site of infection®*. TLR signalling controls the survival of
a cell by governing the induction of pro- and anti-apoptotic signalling molecules. The TRIF
pathway (Section 1.2.3.3) is the only TLR pathway that can directly mediate apoptosis and
control from the other TLR pathways arises from the expression of target genes with a role
in apoptotic control. Activation of NFxB promotes cell survival by the induction of anti-

apoptotic genes”>**®. The induction of apoptosis through TLR signalling (apart from via
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TRIF) is potentiated by the inhibition of NFxB activation, although TLR-mediated
cytotoxicity is normally balanced by the induction of the pathway?%2°7-3%, Macrophage
cells are often induced to undergo apoptosis when infected by pathogenic intracellular
micro-organisms. This may limit the spread of pathogens and pathogen cell death has also
been observed during the apoptosis of the host cell**!. Both TLR2 and TLR4 signalling has
been implicated in this direct induction of macrophage apoptosis'**2383923% T[ R4
signalling is mediated by TRIF, but an involvement of TLR2 in the direct induction of
apoptosis is supported by the fact that TRIF-deficient cells are not completely protected

h3 04

against LPS- or poly(I:C)-induced cell death™". This implies another adaptor could confer

moderate and delayed apoptosis in the absence of TRIF.

1.4.8. Phagocytosis

The role of TLR signalling in phagocytosis has been controversial, but has been fiercely
championed by, in particular, the likes of Dr. J. Blander and it now seems generally
accepted that TLR signalling participates in the phagocytosis of invading microbes®®.
Phagocytosis is an essential, and ancient, defence mechanism for higher metazoans and is
performed by specialised cells, such as macrophages. It is literally defined as the “eating
process” and is a specific form of endocytosis involving the vesicular internalisation of
solid particles. Both invading microbes and apoptotic cells are cleared via a phagocytic

pathway.

TLR signalling has been implicated in the regulation of a number of steps in the phagocytic
pathway in response to bacterial invasion but not apoptotic cell death'”. TLR signalling has
been demonstrated to enhance the rate of phagosome maturation®® and phagosomes
carrying TLR ligands are also more able to contribute peptides to major histocompatibility
complex (MHC) class II molecules®®. The phagocytosis of a number of pathogenic bacteria
has been shown to be facilitated by TLR-dependent activation of a variety of effector

307,308

molecules , such as phosphatidylinositol 3-kinase and Racl, which regulate the

rearrangement of the actin cytoskeleton and extension of the plasma membrane™®.
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1.5. Pathogenic modulation of TLR/IL-1R signalling
Since TLR signalling plays such a pivotal role in the detection, control and elimination of
invading micro-organisms it is entirely expected that pathogenic microbes possess a
plethora of strategies to attempt to overcome this host response. Indeed, by very definition a
pathogen that successfully colonises, replicates, and causes disease within its host must
have subverted TLR signalling and other innate signalling mechanisms in some way. Viral
pathogens employ a vast range of evasion strategies, some of which are unique (for
example the production of cytokine mimics) and some of which are similar to those
employed by bacteria, including the production of signalling pathway inhibitor proteins.
Some of the modulation strategies employed by bacteria towards TLR signalling are

introduced in the following sections.

1.5.1. Modification and concealment of TLR ligands

A common method of evading detection by TLRs is for pathogens to camouflage or
directly modify the molecules that trigger signalling. The central principle of pattern
recognition by the innate immune system is that it recognises microbial structures that a
pathogen is unable to do without or would be at a disadvantage to alter. However, some
pathogens are able to circumvent this, even if it is detrimental for a time. A method used by
most extracellular bacterial pathogens to hide TLR surface ligands without compromising
function is the expression of a capsule. A capsule is usually composed of polysaccharides
or, occasionally, other structures such as the polypeptide capsule of B. anthracis. A capsule
is able to hide ligands such as lipid A and peptidoglycan whilst allowing the bacteria to

attach and enter host cells via protruding molecules such as adhesins.

Another method of hiding TLR ligands is employed by obligate intracellular pathogens,
which often replicate in specialised organelles that avoid fusion with lysosomes or escape
from the phagosome and replicate in the cytoplasm. Brucella uses a type IV secretion
system to interact with the ER shortly after invasion and this is required for avoiding fusion
with lysosomes and for intracellular replication in macrophages’ . More rarely, pathogens
may employ mechanisms to abrogate detection by TLRs enabling survival within the
phagolysosome. Coxiella burnetti provides an example of this’'®. These strategies of

concealment avoid intracellular killing and prevent the induction of a full adaptive

response.
60



Chapter 1

A wide variety of pathogens also modify their TLR ligands and a well-characterised
example of this is the modification of LPS. Such modification of LPS structure not only
impairs recognition by PRRs, but may also protect against anti-bacterial peptides. LPS is
composed of polysaccharide chains (O-antigens) that are anchored to the outer leaflet of the

bacterial envelope by the lipid A portion of the molecule®"

and it is the lipid A which is
sensed by the TLR4-MD2 complex®'>*1. TLR4 responds to hexa-acetylated lipid A
molecules with fatty acid side chains of 12-16 carbons in length®'* and there are a number
of gram-negative bacteria that fail to stimulate TLR4 because of lipid A structural
differences, frequently in these acyl side chains which may have carbon lengths of up to 20
repeats’ *>'". For example, Helicobacter pylori has a tetra-acetylated lipid A with fatty acid
side chains of 16-18 carbons in length®'®. Another example of a lipid A modification
leading to weak TLR stimulation includes elimination of an acyl group from the lipid A.
Pseudomonas aeroginosa actually alters its lipid A structure during disease: initially it
expresses a penta-acetylated lipid A which does not stimulate macrophages to release much
TNFa or IL-8 (100 fold less than normal lipid A) meaning that minimal other cells are
recruited to the site of infection and activated. This likely facilitates initial colonisation of
the lung. However, once successfully colonised P. aeroginosa expresses a hexa-acetylated
LPS that triggers a stronger pro-inflammatory response leading to lung pathology’"”.
Salmonella sp. employ a similar strategy of lipid A modifications during disease, modifying
their lipid A by various mechanisms including deacylation, palmitylation, and addition of

. . 20,32
aminoarabinose’-"?!.

The modification of the TLRS ligand flagellin is also evident in some pathogens and indeed
flagellin may represent an exception to the dogma that PAMPs are essential contributors to

)
322323 and so

pathogenicity. TLRS recognises a conserved N-terminal region of flagellin
amino acid polymorphisms in this N-terminal domain lead to poor TLRS signalling®**, as
can be seen in some a- and g-proteobacteria, including H. pylori. TLRS is present largely in
the gut where damage or invasion of epithelial tissue can result from infection. Thus,
mucosal pathogens are frequently found to decrease their flagellin expression once they
have entered their host or, if motility is essential, may modify its structure to make 1t less

stimulatory.
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1.5.2. Using TLR pathway activation

The blockage of inflammatory responses is the most commonly used survival strategy by
pathogens. However, some pathogens actually activate inflammatory pathways for their
benefit. For example, Salmonelia sp. use TLR pathway activation to its advantage,
promoting increased phagocytic uptake in order that it may gain access to its replicative
niche*?*. This strategy is also employed by Shigella dysenteriae which produces two forms
of lipid A under the control of two versions of the msbB gene. One lipid A form is
completely acylated and so activates cells and induces leukocyte infiltration which leads to
the disruption of the mucosal surface and facilitates bacterial invasion. Long term
colonisation by S. dysenteriae requires that responses are dampened and it thus produces a

less stimulatory lipid A.

Other pathogens also activate immune pathways to induce various cytokines that aid in
their colonisation and proliferation. For example, Yersinia sp. secrete a virulence antigen
(LerV) that signals through TLR2 to trigger IL-10 secretion which mediates
immunosuppression®>’. Mycobacteria can also induce the production of anti-inflammatory
cytokines such as IL-6, which inhibits T cell activation, and IL-10, which has a variety of
immunosuppressive effects including the inhibition of macrophage activation and the

327 Mycobacteria also reduces the

production of reactive oxygen and nitrogen intermediates
expression of inflammatory cytokines and molecules that trigger adaptive immunity. In
fact, IL-10 provides a common target for induction by bacterial pathogens, with B. pertussis

also exploiting this cytokine to down-regulate the host immune response””®.

The intracellular pathogen Listeria monocytogenes activates NFkB as a potential means of
increasing it pathogenicity’**°. In endothelial cells this activation causes the increased

expression of adhesion molecules, including ICAM-1 and E-selectin, and the macrophage-
attracting chemokines IL-8 and MCP-1*%. Together, this attracts phagocytes and promotes
tissue infiltration providing Listeria with a “Trojan horse” to enter the subendothelial space

inside infected cells to enhance bacterial dissemination.

1.5.3. Immunomodulatory proteins

Since PRRs recognise evolutionarily conserved microbial molecules that are essential to the

microbe there are a restricted number of changes that can be made to these molecules
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before the changes become detrimental to bacterial survival. A common strategy for
pathogens, therefore, is to interfere with downstream TLR-mediated signalling or to
express TLR antagonists. Bacterial pathogens employ secretion systems to export virulence
factors across bacterial membranes either into the extracellular space or directly into host
cells. The secretion of toxins and immune modulators is a major use of these secretion
systems, along with conjugal DNA transfer. Signalling pathways downstream of most
PRRs have common signalling events and intermediates. For example, the NFxB and
MAPK signalling networks are activated by different PRRs, including TLRs and NLRs,
and so present attractive targets for microbial subversion strategies. Many viral pathogens
directly block signalling by interaction with, or modification of, signalling intermediates in

these pathways> >

and certain bacterial pathogens also apply this strategy. For example,
the Y. pestis type Il effector YopJ interacts with MKKSs and IKKs and blocks MAPK and
NF«B activation®*>%. YoplJ is part of a suite of Yops that Yersinia sp. produce in order to
down-regulate immune signalling and prevent phagocytosis. AvrA, produced by
Salmonella typhimurium, is homologous to YopJ and demonstrates acetyltransferase
activity towards specific MAPKs thus inhibiting JNK and NF«B signalling pathways and
dampening the pro-apoptotic response to Salmonella®’. Similarly, the Bacillus anthracis
lethal factor cleaves MKKs that activate p38 MAPKSs thus blocking expression of target
genes”>°. This leads to the apoptosis of macrophages and DCs which cuts a link between the
innate and adaptive immune systems. Shigella flexneri expresses a protein kinase OspG that
targets ubiquitin-conjugated enzymes affecting phospho-IxBa degradation and NF«xB
activation®>’. Other OspG family members have been discovered in both plant and animal

pathogens.

1.5.3.1.  Pathogenic evasion via TIR domain proteins

In 2000, Bowie ef al. identified a protein in vaccinia virus (A46) which they reported had
homology to the TIR domain of TLRs and their adaptors®*®. They showed that A46 down-
regulates IL-1 signalling to NFxB and that this down-regulation of NFxB activity is due to
a reduction in p65 transactivation of NFkB**!. A46 also prevents JNK and ERK activation
downstream of IL-1 and is able to interact directly with TLR4 (but not TLR3), MyD88,
Mal, TRIF and TRAM but not SARM*"!
TLR2/6, TLR1/2, TLR4, TLRS, TLR7 and TLR9 and plays a role in the virulence of

. A46 also inhibits signalling downstream of
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vaccinia virus. In 2006, Newman et al. identified over 200 bacterial proteins that contained
putative TIR domains using a bioinformatic approach®*?. Furthermore, they showed that
one of these proteins (a Salmonella enteritidis protein termed TlpA) suppressed NFxB
activation in response to IL-1, MyD88 over-expression and constitutive activation of TLR4.
In the presence of TlpA, the binding of NF«B to its target sequences was reduced during
signalling and that there was a reduction in caspase 8 cleavage of pro-IL-1B. Newman et al.
also demonstrated that TlpA plays a role in the virulence of S. enferitidis and too
hypothesised that TIR domain proteins present in pathogens represent an immune evasion
strategy. Subsequently a TIR containing protein from an uropathogenic strain of E.coli and
one from Brucella sp. have been investigated and also demonstrated to have roles in
evasion of TLR signalling®*>*®. While much of the work in these studies is very persuasive
there are some crucial gaps in the evidence for a physiological role of these TIR domain
proteins in immune evasion. Newman ef al. could not detect an interaction between TIpA
and a variety of mammalian TIR domain proteins and no mechanism for the translocation
of TIpA into mammalian cells has been identified. Investigations into the E. coli and B.
melitensis TIR domain proteins are much more complete, with information on the
translocation of these proteins, crucial residues for signal disruption and interaction with
mammalian proteins®*>*. A TIR domain protein has also been described from Paracoccus
dentrificans, a bacterial species that would be generally thought of as non-pathogenic.
Newman et al. also hint at the presence of many non-pathogenic species in their list of
bacteria possessing putative TIR domain proteins. This raises questions as to their function
of TIR domain proteins in these species. Perhaps they are involved in the subversion of

plant signalling systems, or are proteins required for symbiotic or parasitic relationships.

Successful pathogens will employ a whole range of strategies to overcome the immune
signalling pathways of their host. The production of TIR domain proteins may be one of
these strategies. The relative impact on virulence of one immunomodulatory strategy is
often fairly low. However, some strategies appear more important than others, and this is
often reflected in their conservation between and within pathogenic species. These factors
have yet to be fully explored in relation to TIR domain proteins. This work focuses on
microbial TIR domain proteins, specifically in bacterial pathogens categorised as

bioterrorism agents (for project aims see Section 1.7).
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1.6. Bacteria as potential bio-terrorism agents

The Centre for Disease Control (CDC) have compiled a list of highly pathogenic bacterial
and viral agents that are deemed to be a potential threat to public health and consequently
are considered to be agents desirable to an aggressor as bioterrorism agents. The CDC splits
these pathogens into three categories (A, B, C). Category A agents are defined as those that
can be easily disseminated or transmitted from person to person, those that result in high
mortality rates and might cause public panic and therefore have the potential for major
public health impact and would require special action for public health preparedness.
Category B agents include those that are moderately easy to disseminate and result in
moderate morbidity and low mortality rates but that would require special diagnostic
capabilities and high disease surveillance. Category C agents are emerging threats, for
example organisms that could be engineered for mass dissemination because of their
availability and ease of production and dissemination that would then cause high morbidity
and mortality. Examples of Category C agents include the emerging infectious agents
Nipah virus and Hantavirus (http://www.bt.cdc.gov/agent/agentlist-category.asp). The CDC
defines the following bacterial species under Category A or Category B: Bacillus anthracis,
Yersinia pestis, Burkholderia mallei and Burkholderia pseudomallei, Francisella
tularensis, Brucella melitensis, Salmonella sp., E. coli O157:H7, Shigella sp., Chlamydia

psittaci, Coxiella burnetti and Rickettsia prowaceki.

1.6.1. Bacillus anthracis

Bacillus anthracis is a gram-positive, spore-forming, rod-shaped bacterium that was first
isolated from the blood of sheep suffering from anthrax by Casimir Davaine. It was
subsequently the first bacterium conclusively demonstrated to cause disease by Robert
Koch in 1876 and the first bacterium to be used as an attenuated vaccine in 1881, Its
species name, anthracis, derives from the Greek “anthrakis,” meaning coal. This refers to
the most common form of the disease, cutaneous anthrax, which is characterised by large
black skin lesions. B. anthracis is the only bacteria identified so far with a protein capsule
(D-glutamate) and the only pathogenic bacteria to carry its own adenyl cyclase virulence
factor (edema factor). The spores of B. anthracis are highly resilient and can survive
extremes of temperature, harsh chemical treatments and low-nutrient environments for
decades. B. anthracis is able to infect most mammals and in humans most often causes

disease through infection of skin lesions (cutaneous anthrax), or through the gastrointestinal
65



Chapter 1

or inhalational routes, disease caused by the latter two routes being the most severe. B.
anthracis is an extracellular pathogen; its virulence mechanisms allow it to traffic to the
lymph nodes after entry and then through the bloodstream, where it can multiply rapidly
into internal organs®*. Macrophages play a pivotal role in this cycle***>*. On entry to the
body spores are engulfed by macrophages where they then germinate, move to the
lymphoid system and gain access to the blood. Clinical disease includes edema, sepsis and
meningitis®>'>>*. The virulence of B. anthracis is primarily attributed to its toxin production
and its possession of a capsule (encoded for by two large plasmids pXO1 and pXO2,
respectively). Its capsule prevents B. anthracis from being phagocytosed while replicating
extracellularly and its toxins modulate the host immune system and cause cellular death. Its
toxin has three parts, the protective antigen (PA), the lethal factor (LF) and edema factor
(EF)*** and toxic activity only occurs when PA is combined with LF or EF (forming lethal
toxin (LT) or edema toxin (ET), respectively). LF is a zinc metalloprotease which has been
shown to inactivate MAPK signalling in neutrophils, macrophages, and DCs by cleaving
the N-terminus of MAPKKs 1 and 2 which inhibits MAPKK 1**°3*® EF is an adenylate
cyclase which causes an elevation in intracellular cAMP leading to fluid outpour from cells
and consequently edema. The PA mediates the endocytic entry of EF or LF into target cells.
LT causes lysis of macrophages in vitro and is the major contributor to virulence in infected

. - . . . . . . 63
animals®®>%? ET co-operates with LT to impair cytokine secretion from immune cells®®.

1.6.1.1.  Bacillus anthracis and TLR signalling

The interaction of B. anthracis with the innate immune system is somewhat unclear. For
example, the role of pro-inflammatory cytokines in toxin-mediated cell death is debated. /n
vivo immune responses to anthrax in the mouse are dependent on the strain of B. anthracis
and mouse’®**% . In addition, while the ability of the IL-1R antagonist to protect mice
against lethal toxin challenge suggests the role of an over-active inflammatory response in
the pathogenesis of disease’ ¥ other studies point to a non-inflammatory mechanism with a
key role for apoptosis induced by the anthrax toxins*®**%". B. anthracis contains putative
ligands for TLR2 (lipoprotein, cell wall constituents), TLR4 (anthrolysin) and TLR9 (CpG
DNA)*®®. The capsule of B. anthracis hides potential PAMPs and inhibits phagocytosis of
vegetative cells by immune cells such as macrophages and neutrophils. Various cytokines

are produced from immune cells in response to B. anthracis spores, although the receptors
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responsible for signalling are unknown; one study ruled out TLR2 involvement>®’.
However, TLR2 is important in the response to vegetative bacteria®®. Compared to
vegetative bacilli, spores appear to be relatively inactive as TLR ligands, and pre-treatment
of macrophages with TLR ligands significantly decreased anthrax-induced cytotoxicity in

macrophages in one study’”

. TNFa has been shown to sensitise macrophages to LT and so
it is likely that B. anthracis exploits the innate immune response of cytokine activation of
cells to ensure their sensitivity to LT. Additionally, an in vivo role for TLR2 and TLR4 in
B. anthracis detection has been suggested by knockout mouse models*®>"". As discussed in
Section 1.6.1 the B. anthracis LF disrupts TLR signalling by inhibiting the MAPKKs and
causing the lysis of macrophages but other proteins affecting TLR signalling have not been

identified.

1.6.2. Yersinia pestis

Y. pestis is one of the three species in the genus Yersinia that causes human disease (Y.
pseudotuberculosis and Y. enterocolitica are the other species and both cause
gastrointestinal disease). The genus Yersinia is named after A. E. J. Yersin, a Swiss
bacteriologist who discovered Y. pestis®’>. Y. pestis causes a systemic disease referred to as
plague. It is primarily a rodent pathogen but readily infects humans and is usually
transmitted subcutaneously by the bite of an infected flea or via inhalation, particularly
during a pandemic of the disease. There have been three pandemics of plague throughout
history which have given rise to three recognised Y. pestis biovars: Antiqua, Orientalis and
Mediaevalis®”. Y. pestis is closely related to Y. pseudotuberculosis but with some
significant adaptations. For example, Y. pseudotuberculosis is a mammalian enteropathogen
widely found in the environment whereas Y. pestis is a blood-borne mammalian pathogen
that is also able to parasitise insects and does not survive well in the environment.
Horizontally acquired DNA is likely to have been significant in having enabled Y. pestis to
adapt to new hosts and indeed Y. pestis contains three regions of unusual GC bias, usually
caused by the very recent acquisition of DNA (e.g.: from a prophage) or by the inversion or
translocation of blocks of DNA. The genes involved in its ability to colonise its insect host

appear to be distinct from those related to its ability to colonise a mammalian host®™.

After infection with Y. pestis bacterial replication occurs first at the site of infection, but

subsequently the bacteria enter the lymphatic system via macrophage cells as transport,
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spread to the lymph nodes, then into the bloodstream and to organs such as the spleen and
liver. Extensive replication within these organs then occurs whereby bacteria return to the
bloodstream and the host finally dies of septicemic shock. Due to the fact that Y. pestis
replicates within cells early in infection but is also able to replicate extracellularly, it is

considered to be a facultative intracellular pathogen.

All three of the human pathogenic Yersinia sp. carry a 70kb plasmid denoted the plasmid of
Yersinia virulence (pYV in Y. pseudotuberculosis, pCD1 in Y. pestis) that is required for
replication in lymphoid tissues, for which Yersinia have a tropism®”>. pCD1 encodes for a
type III secretion system (TTSS) that allows extracellular Yersinia to deliver a set of
virulence proteins into host eukaryotic cells®’®>”. This system is composed of three
components: a secretion system that delivers proteins to the bacterial surface, a
translocation apparatus (minimally represented by LerV, YopB and YopD) and six effector
proteins (YopO, YopH, YopM, YopJ, YopT, and YopE), also referred to as “anti-
inflammatory or anti-phagocytic toxins’*"**"_ These Yops allow Yersinia to multiply
extracellularly by preventing phagocytosis and delaying the onset of the inflammatory
responsem’3 7738 Suppression of phagocytosis enables Yersinia to evade macrophage
killing and proliferate as extracellular micro-colonies later in infection. Y. pestis carries two
plasmids (pMT1 and pPCP1), not found in Y. pseudotuberculosis, thought to endow Y.
pestis with increased virulence and vector-borme transmissibility. Y. pestis also encodes for
another TTSS on its chromosome which is closely related to the TTSS on the Salmonella
pathogenicity island SPI-2 which promotes replication of the Salmonella within

macrophages. It is therefore likely that this TTSS contributes to the early phase of the

lifecycle of Y. pestis within its mammalian host.

1.6.2.1. Yersinia pestis and TLR signalling

A reduced inflammatory response is characteristic of Y. pestis infection and is partly
mediated by down-regulation of TLR signalling. Its type III effector YopJ is a well-
researched modulator of TLR signalling and has a number of postulated activities towards
TLR pathways. It interacts with MKKs and IKKs resulting in their acetylation (possibly by
Yop] itself) in a critical effector loop in both kinases*>®*. This acetylation blocks

activation of these modified MKK and IKK proteins because the effector loop cannot be
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phosphorylated by upstream kinases resulting in reduced MAPK and NF«B activation>>*
336 It has also been reported that YopJ has the ability to remove ubiquitin and SUMO
moieties from the IKK and MKK proteins®****’ and that expression of YopJ leads to
reduced ubiquitination of several TRAF proteins. This allows YopJ to block TLR signalling
that diverges before activation of the IKKs or MKKs such as TLR3-dependent IRF3
activation. However, this deubiquitination activity of Yop] is inefficient in vitro and its
physiological relevance in vivo is yet to be determined. The YopJ-mediated
downregulation of NFxB activation by Yersinia disrupts the balance between pro- and anti-
apoptotic signals (Section 1.4.7) leading to apoptosis of macrophages>®. Macrophages are
therefore primed to undergo TLR-dependent apoptosis on Yersinia infection®’. The
downregulation of multiple MAPKs also leads to a reduction in pro-inflammatory

. 2 -
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, particularly TNFa.
The other major immunomodulatory protein produced by Y. pestis is its major virulence
antigen (V-antigen or LcrV), also encoded on the virulence plasmid of Y. pestis, Y.
pseudotuberculosis and Y. enterocolitica. LerV is involved in several functions including
regulating the production of Yops and their translocation into host cells. It has also been
shown that LerV can act as an extrabacterial chaperone for the translocation pore formed by
YopB and YopD*® and that once the pore has formed LerV is released into the
environment. LcrV is also protective as a vaccine in Yersinia sp. infection®*>*°. LerV
induces IL-10 production via TLR2 activation. This consequently “silences” macrophages
against stimulation with other TLR2 agonists via a mechanism that resembles tolerance that
also affects signalling via the other TLRs. Whereas the anti-inflammatory Yops likely act at
short distance, the secreted LerV can act as a longer range virulence factor capable of

causing systemic immunosuppression.

1.6.3. Burkholderia pseudomallei

Burkholderia is a genus of B-proteobacteria that defines a group of virtually ubiquitous,
gram-negative, motile, obligatory aerobic rod-shaped bacteria. The genus, named after
Burkholder, a plant pathologist at Cornell University, includes both animal and plant
pathogens, and environmentally important bacteria. Burkholderia sp. have large genomes,
their chromosomes are among the largest in the microbial world, allowing them to adopt a

myriad of lifestyles.
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Of the many Burkholderia species, two are categorised as possible biological weapons for
potential use against livestock and humans: B. pseudomallei, the causative agent of
melioidosis and B. mallei, the causative agent of glanders, a disease that occurs mostly in
horses and related animals. For this reason B. mallei is believed to have been used as a bio-
weapon in the First World War to infect Russian horses on the Eastern front®”’. Both B.
pseudomallei and B. mallei are endemic in tropical countries where they are an important

public health concern for both humans and livestock®®.

The pathogenesis of B. pseudomallei is still relatively unknown. Melioidosis is not
necessarily associated with a defined set of symptoms and the importance of host genetic
background and infection route on the progression of disease have been shown>”. B.
pseudomallei is a facultative intracellular pathogen and is known to infect almost all cell
types where it persists in an intracellular compartment. This broad cellular tropism defines
its versatility as a pathogen and accounts for the frequently observed wide range of clinical
manifestations. Another feature of the disease is the possible long incubation period in

redrudescent melioidosis; up to 62 years has been reported**’

. B. pseudomallei virulence
factors include exotoxins, siderophores and enzymes like lipases, catalases and proteases.
B. pseudomallei is also remarkably resistance to a wide variety of antibiotics which limits

397

the options for treatment of melioidosis™ . The antibiotic resistance is thought to arise, at

least in part, from expression of a polysaccharide capsule which contributes to biofilm

formation®®'.

1.6.3.1.  Burkholderia pseudomallei and TLR signalling

Compared to Y. pestis little is known about Burkholderia sp. interaction with TLRs,

although it is clearly able to evade the host innate immune system, potentially for a very

402,40
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long time. Published mechanisms of evasion include its unstimulatory LP , presence

of a capsule that reduces complement deposition*™ and resists the action of anti-microbial
peptides*®, its poor induction of nitric oxide and cytokine release*’, its ability to escape
from the endosome to the cytosol*”’, its induction of macrophage cell death*® and its
ability to spread intracellularly through actin polymerisation407’4°9‘“0. Most of the work on

the interaction of B. pseudomallei and TLRs focuses on the unstimulatory nature of many
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of its PAMPs and its ability to hide these structures. In addition, however, it is likely that
this stealthy bacterium is able to actively interfere with TLR signalling by, as yet, unknown
mechanisms. For example, macrophages exposed to B. pseudomallei are defective in their
ability to induce respiratory burst and TNFa when compared to that induced in response to

E. coli or Salmonella typhi*®*%.

As a gram-negative bacterium it has putative ligands for both TLR2 and TLR4. Increased
TLR2 and TLR4 expression and mRNA levels have been found in the monocytes and
granulocytes of humans with melioidosis and TLR2 and TLR4 have been shown to be
activated by B. pseudomallei in vitro*"! although studies using HEK293 cells transfected
with TLRs have been somewhat contradictory. West et al. showed that heat-killed B.
pseudomallei activates TLR2 (in combination with TLR1 or TLR6) and TLR4*'%. B.
pseudomallei LPS and lipid A activated TLR4/MD-2 in these studies. However, Wiersinga
et al. found that B. pseudomallei LPS activated TLR2 but not TLR4. The macrophage
cytokine response to B. pseudomallei seems entirely dependent on TLR4 but was also
increased in the absence of TLR2 suggesting some sort of synergistic role. As for Y. pestis,
part of the virulence of B. pseudomallei appears to be dependent on TLR2 since TLR2
knock-out mice show reduced mortality in response to B. pseudomallei infection*',

although this mechanism did not appear to be IL-10 dependent.

1.6.4. Brucella melitensis

Brucella is a zoonotic pathogen that was first isolated by Sir David Bruce in 1887 from a
British soldier who died in Malta from what was known as “Maltese fever*">. Brucellosis
normally presents as a debilitating febrile illness that can progress into a chronic disease
often with serious complications such as infection of heart or bones. Several species of
Brucella are able to infect humans, most commonly Brucella melitensis (natural host: cattle
and bison), Brucella abortus (natural host: sheep) and Brucella suis (natural host: pigs).
The disease is transmitted to humans by contact with the bodily fluids of infected animals,

including via non-pasteurised dairy products.

Brucella sp. are facultative intracellular bacteria that persist and multiply in macrophages.
Brucella has been called a “stealthy” pathogen as it largely avoids activating the innate

immune system and has no classical virulence factors***!°. Their capacity to successfully
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survive and replicate within a variety of host cells characterises their pathogenicity.

Macrophages, placental trophoblasts and DCs are key targets of infection*'®. Brucella are
phagocytosed by macrophages and DCs via lipid raft mediated macropinocytosis but
subsequently establish a replicative niche within a Brucella containing vacuole (BCV) or
“brucellosome™"*'”*1®_ This brucellosome then moves by altered intracellular trafficking,
transiently interacting with early and late endosomes and the lysosome (although avoiding
destruction by the lysosome) finally associating with the endoplasmic reticulum (ER)

membranes to form a replicative vacuole*'’

420

. Here Brucella multiply extensively, preventing
death of the cell by inhibiting apoptosis™~. Killed Brucella are also taken up by
macrophages but fail to associate with the ER and are rapidly degraded, suggesting that de
novo protein synthesis and/or secretion is required for bacterial trafficking and survival

421 Once Brucella has established its intracellular niche it is then able to

during infection
persist chronically, with the infection persisting or relapsing for years**2. The way in which
Brucella controls its gene expression in response to environmental signals has therefore
been widely investigated. Several regulators of global gene expression have been identified
in Brucella that are implicated in its adaptive response to different environments*>**%.
Many of these genes encode transcriptional regulators, others encode systems crucial
during macrophage infection for internalisation and subsequent fusion with the ER, such as

309417 and flagella which may have evolved for a purpose

the virB type IV secretion system
other than motility in Brucella*®*". No secreted effector molecules of the VirB type IV
secretion system have yet been identified. Brucella also responds to the lack of nutrients
within the phagosome with what is called a stringent response that involves a halt in the

428 Brucella also

synthesis of periplasmic transporters and an alteration to the TCA cycle
use a two-component regulatory system to allow individual bacteria to adjust gene
expression in response to environmental stimuli*®*. A blue light signalling system has
recently been discovered which appears to contribute to virulence®'. Brucella establishes
an intracellular niche and persists chronically in the host which means control of virulence

factor expression is particularly important in Brucella pathogenesis.

1.6.4.1.  Brucella melitensis and TLR signalling
In contrast to classical enterobacterial LPS, those of Brucella sp. (from both the rough and

. . . . . 32
smooth strains) are several hundred times less active and less toxic than E. coli LPS™?. The
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unconventional LPS of Brucella is necessary for entry into cells and early development of
the brucellosome. It also has immunomodulatory activities, forming non-functional
complexes with the MHC II, and has been shown to impair anti-microbial host responses
by inhibiting complement activity, preventing the action of anti-microbial peptides and the

synthesis of immune mediators >4

although the rough strains are more sensitive to
normal serum and complement attack. The Brucella B-1, 2-glucan is also implicated in

early biogenesis of the brucellosome.

The highly subversive nature of Brucella sp. and their ability to persist intracellularly
suggest they must evade the TLR system in some way. However, apart from the non-
stimulatory LPS, few effectors with direct affects on the TLR system have been identified
and it is still somewhat unclear as to how Brucella is able to remain hidden from the
immune system and cause chronic disease. Brucella sp. encode for an operon termed virB
that forms a type IV secretion system (T4SS). A number of studies have confirmed that this
operon is clearly involved in virulence’®**®, but to date none of its effectors have been
identified. Various inflammation and immunity-specific genes are induced during infection
with B. abortus and B.melitensis but not in their virB mutants so it does seem that the T4SS
is actively involved in host immune regulation. One can speculate that at least some of the

T4SS effectors, when fully described, will affect TLR signalling.

One Brucella TLR-specific effector protein has been described however. Brucella sp.
encode for a TIR domain protein which has been postulated to be “Mal-like” as it is able to
associate with phosphoinositides through its N-terminal domain and disrupts Mal-
dependent TLR signalling. A Brucella mutant in this TIR domain protein presented an
attenuated phenotype in an immunocompromised mouse model and this likely forms one

way in which Brucella sp. are able to modulate TLR signalling for their own gain®*3%,
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1.7. Aims of this research

Bacterial species deemed to be bioterrorism threats are by their very nature highly
pathogenic. In order to cause disease within a host a pathogen must subvert the host
immune system in some way, and since TLR signalling plays such a pivotal role in both the
innate and adaptive immune response it is reasonable to assume that highly pathogenic
bacteria may target these pathways (and indeed it is evident that they do). One recently
postulated evasion strategy involves bacteria using proteins that contain TIR domains to
disrupt the host homotypic TIR interactions in TLR signalling (Section 1.5.3.1). This has
the advantage of modulating early in the pathway (the association of TIR domains is the
first intracellular step in TLR signalling) and that TIR domain interaction is used by all
TLRs and the IL-1R giving the potential for widespread disruption of the immune response
at this point. The only survey of TIR domain proteins in bacterial species mentioned in the
literature is that carried out by Newman et al. but their list of putative TIR domain proteins
is not available so the presence of TIR domain proteins in potential bioterrorism agents

remains unknown.
This study aims to:

— Investigate whether CDC bioterrorism category A and B bacterial pathogens encode for

proteins that contain TIR domains

— If found, to assess whether these TIR domain proteins have an effect on mammalian

immune signalling in vitro.

— To assess the effect of bacterial TIR domain proteins on infection in vivo by generating

a TIR domain protein deletion mutant.
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Chapter 2: General Methods

2. Bioinformatic methods

2.1.1. Saturated BLAST

Amino acid sequences (Table 2-1) of known TIR domains (as defined in the literature)
were used to initiate a cascade of PSI-BLAST searches, as implemented in the Saturated
BLAST program™®, to identify proteins with potential TIR domains in a selection of CDC
Bioterrorism Category A and B bacterial pathogens. Five iterations of Saturated BLAST
were run with all other parameters as default. The results were probed for bacteria of
interest by searching for species name and manually recorded. Proteins found in this way
were subjected to a round of Saturated BLAST searches to confirm they yielded known
Tdps.

Protein seed Protein ID
Residues 625 — 786 from TLR1, Homo sapiens CAG38593
Residues 643 — 784 from TLR2, Homo sapiens AAH33756
Residues 751 — 904 from TLR3, Homo sapiens AAH59372
Residues 671 — 819 from TLR4, Homo sapiens CAH72619
Residues 691 — 840 from TLR5, Homo sapiens AAI09119
Residues 641 — 790 from TLR6, Homo sapiens BAA78631
Residues 890 — 1035 from TLR7, Homo sapiens AAQ88659
Residues 892 — 1048 from TLR8, Homo sapiens AAQ88663
Residues 863 — 1020 from TLR9, Homo sapiens AAQ89443
Residues 629 — 775 from TLR10, Homo sapiens AAQ88667
Residues 81 — 170 from Mal, Homo sapiens NP 001034750
Residues 395 — 527 from TRIF, Homo sapiens BAC44839
Residues 78 — 180 from TRAM, Homo sapiens AAO74498
Residues 160 — 294 from MyD88, Homo sapiens NP 002459
Residues 543 — 696 from Sarm1, Homo sapiens NP 055892
Residues 167 — 304 from SIGIRR, Homo sapiens CAG33619
Residues 41 — 173 from A46, Vaccinia virus XP 636358
Residues 578 — 718 from Tir-1, Caenorhabditis elegans NP 001021253
Residues 401 — 550 from IL-1RAPL, Homo sapiens QI9NZN1

Table 2-1:  TIR domain proteins used as seeds for Saturated BLAST searches

Amino acid residues of TIR domain proteins used as seed sequences to initiate Saturated BLAST
searches. Accession numbers refer to the NCBI nr database.
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2.1.2. PSI-BLAST

Eighteen eukaryotic TIR domain sequences (Table 2-2) were used as seeds in PSI-BLAST
searches via the NCBI BLAST interface at http://blast.ncbi.nlm.nih.gov against the non-

redundant (nr) protein database to investigate TIR domain distribution in bacteria, fungi,
archaea and viruses. Default search parameters were used until no new results were
returned with an e-value cut-off of <0.05. Results were filtered for proteins from whole
bacterial, archaeal, fungal or viral genomes and de-duplicated using the “my xBASE”

component of xBASE*’

. Results from subgenomic fragments in nr (e.g. deposits of single
proteins) were removed and the final list of proteins transferred to a Microsoft Excel

spreadsheet (Appendix B).

Protein seed Protein ID
Residues 639 - 775 from TLR1, Homo sapiens CAG38593
Residues 643 - 784 from TLR2, Homo sapiens AAH33756
Residues 758 - 862 from TLR3, Homo sapiens AAH59372
Residues 636 - 774 from TLR4, Homo sapiens CAH72619
Residues 695 - 832 from TLR5, Homo sapiens AAI09119
Residues 644 - 780 from TLR6, Homo sapiens BAA78631
Residues 893 - 1034 from TLR7, Homo sapiens AAQ88659
Residues 882 - 1020 from TLR8, Homo sapiens AAQ88663
Residues 872 - 1009 from TLR9, Homo sapiens AAQ89443
Residues 636 - 774 from TLR10, Homo sapiens AAQ88667
Residues 86 - 168 from Mal, Homo sapiens _ NP 001034750
Residues 395 - 527 from TRIF, Homo sapiens BAC44839
Residues 81 - 174 from TRAM, Homo sapiens AAO74498
Residues 176 - 305 from MyD88, Homo sapiens NP_002459
Residues 561 - 700 from Sarm1, Homo sapiens NP_055892
Residues 167 - 304 from SIGIRR, Homo sapiens CAG33619
Residues 821 - 915 from TirA, Dictyostelium discoideum AX4 XP_636358
Residues 578 - 718 from Tir-1, Caenorhabditis elegans NP_001021253

Table 2-2:  TIR domain proteins used as seeds for PSI-BLAST searches

Amino acid residues from TIR domain proteins used as seed sequences to initiate PSI-
BLAST searches. Accession numbers refer to nr database on NCBI server.
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2.13. FUGUE

Proteins encoded by bacteria of interest were subjected to structural homology analysis

using the FUGUE web server**® (http://tardis.nibio. £0.jp/fugue/prfsearch.html). Given a

query sequence, FUGUE uses parts of the HOMSTRAD structure database to search
known domain structures, and calculates the sequence-structure compatibility, producing a
list of potential homologues and alignments. This produces a statistical measure (the “Z
score”) of how structurally similar two proteins are. The probability that two proteins will

have the same secondary structure is classified as follows:

2>26.0 “Certain” 99% confidence
Z>4.0 “Likely” 95% confidence
Z>35 “Marginal”  90% confidence
2>20 “Guess” 50% confidence
2<20 “Uncertain” < 50% confidence

2.14. 3D Jury

3D jury 1s a meta prediction server, that is, it predicts the consensus structure of a given
sequence, bringing together a variety of individual structure prediction tools, including
FUGUE. It was implemented through the Structure Prediction Meta Server
(http://Biolnfo.PL/Meta/) online and used to give a consensus for the position of a-helices,

loop regions and B-sheets for bacterial TIR domain proteins in order to annotate the

multiple sequence alignments.

2.1.5. The GOLD database
The Genomes OnLine Database (GOLD) is a curated database of completed and on-going
genome sequencing projects439. Numbers of sequenced genomes for particular species can

be searched for via their website (http://www.genomesonline.org) or the data can be

downloaded.

2.1.6. Pfam

Proteins of interest were entered into the Pfam database to investigate domain architectures

(http://pfam.sanger.ac.uk). The Pfam database is a large collection of protein families (both

manually curated (PfamA) and automatically generated (PfamB)) each represented by

multiple sequence alignments and hidden Markov models. Pfam will identify previously-
77



Chapter 2

assigned domains to a protein of interest and produce a multiple sequence alignment and

schematic representation of domains.

2.1.7. Multiple sequence alignments

Initial multiple sequence alignments after the Saturated BLAST searches were performed
using the Clustal W algoritm in MegAlign (DNASTAR, Lasergenc®, Version 7.0, default
parameters). After the PSI-BLAST searches multiple sequence alignments on Tdps from
selected agents were performed using the Clustal W2 algorithm on the EMBL-EBI server
(default parameters) which is compatible with the Jalview editing software which allowed
the production of publication-quality coloured alignments. Alignments in Jalview were
coloured using the ClustalX colour scheme for conservation of residues (Figure 2-1).
Sequences to align with bacterial TIR domain proteins were chosen from the results of PSI-

BLAST searches using the bacterial proteins as seed sequences.

2.2 Buffers and Media
Luria Bertani (LB) broth was prepared with 10 g tryptone, 5 g yeast extract and 5 g NaCl
in 1 1 of distilled water, adjusted to pH 7.5 and autoclaved. L-agar was made with the same

constituents plus 1.5% agar.

Blood agar base (BAB) broth was prepared with 15 g proteose peptone, 2.5 g liver digest,
5 g yeast extract (all Oxoid) and 5 g NaCl (Sigma-Aldrich Ltd., UK) in 1 1 distilled water.

BAB agar was made with 40 g blood agar base No 2 (Oxoid) in 1 | distilled water,
autoclaved at 121°C for 15 min and then cooled to 47°C before the addition of 8 ml filter-
sterilised hemin solution made up as follows: 0.25 g hemin (Sigma-Aldrich Ltd., UK)
dissolved in 20 m! 1 M NaOH, made up to 100 ml with distilled water and filter sterilised.

SOC broth was purchased from Invitrogen Ltd. UK

Complete Dulbecco’s Modified Eagle Medium (¢cDMEM) was prepared by
supplementing DMEM (Gibco, UK) with 2 mM glutamine and 10% heat-inactivated fetal
bovine serum (FBS) (Invitrogen, UK).
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(A)
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(K.R): {60%, kr¥{85%, q}
(T} {50%, tsH{B60%, wivimafcyhp}
(S} {50%, ts3{80%, wivimafcyhp}
(M} {50%, n¥B85%, d;
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(P} {always}
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ABIHTFR El1SoHLLE-AICEEMI ci1vvFrBkENas
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Figure 2-1:  Clustal colourscheme for Jalview alignments

(A) Rules for residue colours in Clustal colourscheme used by Jalview alignment editing
software. Amino acid residues are given in round brackets and the rules in curly brackets
which include the minimum % and the residues which must meet or exceed this % within
the column of residues in the alignment. If a group of residues is concentrated together e.g.
“rstv,” then any combination of these residues in total must meet or exceed the given % for
the colour to be applied. For residues or residue groups separated by commas, at least one
of these must by itself exceed the %. (B) Section of an alignment coloured using this
scheme for reference.
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HEK-Blue™-DMEM was prepared by supplementing complete DMEM with HEK-Blue™

selection antibiotic mix (InvivoGen, France).
Serum-free medium used in these studies was Opti-MEM® (Invitrogen, UK)

PBST wash buffer was composed of phosphate-buffered saline (PBS) supplemented with
0.1% (v/v) Tween®-20 (Sigma-Aldrich, UK).

BLOTTO was prepared by dissolving 5% (w/v) non-fat dried milk powder in PBST.

Transfer buffer had the following constituents:
80 ml 25x Novex® Tris-Glycine Transfer buffer (Invitrogen Ltd., UK)
100 ml methanol

820 ml deionised water

RIPA cell lysis buffer plus protease inhibitors (RIPA_PI) was prepared by adding 20
ul/ml protease inhibitor cocktail (Sigma-Aldrich, UK), 10 pl/ml phenylmethanesulfonyl
fluoride (PMSF) at 100mM and 10 pl/ml sodium orthovanadate (NaOV) at 200mM to
RIPA buffer purchased from Sigma-Aldrich, UK.

Lysis buffer 1 had the following constituents:

50 mM Tris pH7.5

250 mM NaCl

10 % glycerol

1 mM EDTA

0.05 % CHAPS (w/v)

0.5 % Triton® X-100

Before use 10 pl/m! PMSF at 100 mM, 10 p/ml NaOV at 200 mM and 30 pl/ml aprotinin at
1 pg/ml were added.

Lysis buffer 2 had the following constituents:
50 mM HEPES

200 mM NaCl
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1 mM EDTA pH 7.5

10 % glycerol

1 % NP-40

Before use 10 pl/ml PMSF at 100 mM, 10 p/ml NaOV at 200 mM and 30 pl/ml aprotinin at
1 pg/ml were added.

Fixative for confocal microscopy consisted of 3 % (w/v) paraformaldehyde (PFA) in PBS.

Perm/quench solution consisted of 50mM NH4Cl and 0.2 % (w/v) saponin in PBS kept in
the dark.

PGAS consisted of 1 % fish skin gelatine (Sigma-Aldrich Ltd., UK), 0.02 % (w/v) saponin,
0.02 % (w/v) NaN3 in PBS kept in the dark.

23. Animals

All animal studies were carried out in accordance with the UK Scientific Procedures Act
1986. Animal handling and infection studies were carried out by trained staff at Dstl.
Pathogen-free 6- to 8-week old female BALB/c mice were obtained from Charles River
Laboratories (Margate, UK) and housed in high-efficiency particulate air-filtered barrier
units. For challenge with ACDP category III bacteria mice were moved to a similar facility
but housed within biological safety cabinets for the duration of the experiments. Mice were
always allowed to acclimatise to new surroundings for at least 7 days before experimental
work began. Mice were given food and water ad libitum and were kept at 25°C with
alternating 12 h periods of light and dark. Animals that had reached the humane endpoint
described in the UK Home Office project licence used for this work were culled by cervical
dislocation. Study plans for the in vivo experiments detailed in this work are shown in

Table 2-3 and Table 2-4.

2.3.1. Methods of inoculation
For intravenous (i.v.) inoculation of mice with Y. pestis strains 100 pl of inoculum was
injected into the tail vein. For subcutaneous (s.c.) inoculation with Y. pestis strains 100 pl

of inoculum was injected sub-dermally into the scruff of the neck.
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o e Procedure
y . (e.g. vaccination/challenge)

6 mice arrive from supplier and transferred to isolator

-7 Caged in 1 group of 6 mice.
Acclimatisation period

0 All mice injected i.v. with 10* cfu/mouse of Y.pestis GB and Y. pestis
AYpTdp in a 1:1 ratio.

5 Cull surviving mice, remove spleens for culture
STUDY END

Table 2-3:  Study timetable for the assessment of the competitive index of Y. pestis

AYpTdp in competition with wild-type Y. pestis GB
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Procedure

sy lies vaccination/challenge)

48 BALB/c arrive from supplier.
-7 Animals grouped 8 x 6 mice per cage.
Acclimatisation period

5 groups of 6 mice given 100 pl of the following dilutions of a 1 x 10®
cfu/ml Y. pestis AYpTdp starting culture via the s.c. route: 10'4, 107, 10'6,
0 107,10°®

3 groups of 6 mice 100 pl of the following dilutions of a 1 x 108 cfu/ml .
pestis GB starting culture via the s.c. route: 10°, 10, 10~

Twice-daily monitoring of clinical signs, animals reach humane endpoint
to be killed by cervical dislocation.

14 End of experiment, cull survivors.

Table 2-4:  Study timetable for assessment of median lethal dose of Y. pestis
AYpTdp.
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2.3.2. Analysis of bacterial colonisation

Mice were culled by cervical dislocation and the spleens were removed and placed in cold
PBS. The spleens were then macerated through a cell strainer (Becton Dickinson Labware.
US) in 3 ml PBS. Suitable serial dilutions of emulsified tissue were spread onto BAB agar.

supplemented with antibiotic if necessary.

24. Bacteria

Transformed Escherichia coli One Shot® TOP10 cells (Invitrogen Ltd., UK) were routinely
grown in LB at 37°C with orbital shaking at 180-200 rpm, or streaked for single colonies
on L-agar plates. For storage, a single colony of was used to inoculate 5 ml LB and
incubated for 16-18 h. 3 ml culture was then centrifuged at 13,000 rpm for 5 min and the
pellet was resuspended in 30% (v/v) glycerol and was stored at -70°C. L-agar and LB were

both supplemented with 100 pg/ml ampicilin (Sigma-Aldrich Ltd., UK) where appropriate.

Yersinia pestis GB was originally isolated from a human case of Y. pestis infection at the
Health Protection Agency (HPA), Porton Down, UK. This strain was obtained from Prof.
Petra Oyston, Dstl, UK. Y. pestis GB was routinely grown in BAB broth at 28°C with
orbital shaking at 180 rpm, or streaked onto BAB agar plates. Plates were incubated at
28°C for 48 h for growth of Y. pestis. For incubation of Y. pestis at 37°C BAB broth was
supplemented with 2 mM CaCl,. Overnight cultures were set up by inoculating 10 ml BAB
broth with a 10 pl loopful of colonies from a freshly streaked BAB agar plate. For storage,
an overnight culture was set up and incubated 16-18 h at 28°C with orbital shaking. This
overnight culture was then diluted 1:1 with 60% (v/v) sterile glycerol and stored at -70°C.
Both BAB agar and broth were supplemented with 50pg/ml kanaymcin where appropriate.

24.1. Production of electrocompetent cells

Electrocompetent Y. pestis was produced by Dr. D. Ford to the following method: A
loopful of Y. pestis from a freshly streaked plate was used to inoculate 10 ml BAB broth
supplemented with 50 pg/ml trimethoprim and 0.8 % (v/v) arabinose. This was cultured at
28°C overnight shaking at 180 rpm. These overnights were then used to seed BAB broth as
above to an ODsgp of 0.3 in 10 ml and this was cultured for 3 h at 28°C with shaking at 180

pm.
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2.4.2. Growth curves

Y. pestis was cultured for 16-18 hr at 28°C with orbital shaking. This culture was then
diluted 1:10 in 50 ml BAB broth and incubated at the appropriate temperature with orbital
shaking for the desired amount of time. At defined intervals the cultures were removed
from incubation and 1 ml of culture removed for optical density reading at 590 nm. This 1

ml of culture was then discarded and the cultures returned for incubation.

2.4.3. Surface hydrophobicity assay

Y. pestis was cultured for 16-18 hr at 28°C with orbital shaking. The cultures were then
diluted 1:10 to a final volume of 50 ml BAB broth and shaken at 28°C. At specific
timepoints culture was removed and washed two times with PBS and the final ODsg was
adjusted to ~ 1.0. Then, 2 ml of bacterial suspension and 600 pl of n-hexadecane (Sigma-
Aldrich Ltd., UK) were mixed, vortexed for 60 s, and allowed to stand for 15 min for phase
separation at RT before ODsgo values were recorded for the aqueous phase. Percentage

hydrophobicity was calculated as follows:

% hydrophobicity = (ODsgg_of washed culture — ODsqo of aqueous phase) x 100 %

ODsgp of washed culture

244. Autoaggregation assay

Y. pestis was cultured for 16-18 hr at 28°C with orbital shaking. The cultures were then
diluted 1:10 in BAB broth and shaken at 28°C for 4 h. At this point 3 ml culture was
transferred into a cuvette and left to stand at room temperature. The ODsgo was recorded at

different timepoints. A reducing ODsgy reflects the settling of bacterial aggregates.

2.4.5. Minimum inhibitory concentration (MIC) assay

Polymixin B was appropriately diluted in sterile BAB broth to give a stock concentration of
250 pg/ml. This was then doubly diluted across the rows of a 96-well micro-titre plate in
triplicate to give a final volume of 100 ul in each well. A row of wells with no polymixin B
were included as a positive control for bacterial growth. A row of wells with broth only
served as a negative control. 100 pl of a solution of between 10° and 10° cfw/ml Y. pestis
was overlaid into the appropriate wells. Bacterial counts in this input culture were

determined by enumeration on BAB agar plates. The plates were incubated at 28°C and the
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optical density of each well at 600 nm recorded at 24 and 48 h. The % survival of bacteria

in concentrations of polymixin B were calculated as follows:

(Mean ODgoo of polymixin B wells — Mean ODg, of negative control wells) x 100%

(Mean ODgqo of positive control wells — Mean ODggo of negative control wells)

The MICs, (lowest concentration of polymixin B that inhibits the growth of the bacteria by
50%) was calculated from a one-phase exponential decay best fit curve drawn from the

average of two independent experiments.

2.4.6. Salt shock assay

Y. pestis was cultured for 16-18 hr at 28°C with orbital shaking. The cultures were then
diluted 1:10 in BAB broth and shaken at 28°C for 4 h. At this point 100 pl of the cultures
were added to 10 ml NaCl at 0.05 M and 0.5 M and incubated with orbital shaking at 28°C
for 3 h. Serial dilutions of the NaCl cultures were plated onto BAB agar for enumeration of
bacteria. Bacteria in the input culture were also enumerated % survival in [NaCl] was then

calculated as follows:

cfu NaCl culture] x 100 %
cfu input culture

24.7. Preparation of inoculum for animal dosing

Y. pestis was cultured for 16-18 hr at 28°C with orbital shaking. The culture was then
diluted 1:10 in BAB broth and incubated at 28°C with orbital shaking until the ODsgq of the
culture reached 0.6 (approx. 5 h). At this point serial dilutions of the culture were made in
PBS and the appropriate dilutions taken for the challenge of mice. For the in vivo
competitive index study the 10™* dilution of the appropriate cultures were mixed together to
form the inoculum. The actual cfu was measured by enumeration of bacteria plated onto

BAB agar.
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2.4.8. Infection of macrophage cell line with bacteria

Y. pestis was cultured for 16-18 hr at 28°C with orbital shaking. Subsequently the ODsgqq of
the culture was adjusted to 0.6 in BAB broth and then mixed at a 1:1 ratio with complete
DMEM. 200 pl of this solution was used to infect 1 x 10° J774 cells (Section 2.6) giving a
multiplicity of infection (MOI) of 10. The actual MOIs were calculated by enumeration of
bacteria in the input culture by plating on BAB agar, and by cell counting of the J774s.
When calculated empirically the average MOI was +/- 30% of the target inoculum. The
bacteria were allowed to infect the macrophages for 60 min at 37°C in a sealed container
with one CO; gas pack (BioMerieux, France) present. Then, 1 ml gentamicin (Sigma-
Aldrich Ltd., UK)) per well at a final concentration of 10 pg/ml was used to kill
extracellular bacteria by incubation with the cells for 45 min. The macrophages were then
washed twice in PBS and lysed in 1 ml distilled H,0. Serial dilutions of this lysate were
plated on BAB agar plates with or without appropriate antibiotics for enumeration of

intracellular bacteria.

2.5. DNA

2.5.1. Vectors

The mammalian expression vector pcDNA3.2/V5/GW/D-TOPO® (Invitrogen, UK, Figure
2-2A) was used to clone genes for expression in mammalian cell lines. The TOPO® cloning
vector pCR2.1 (Invitrogen, Figure 2-2B) was used for the routine cloning of PCR products
for sequencing. The pRL-TK control luciferase reporter vector was used as an internal
luciferase control (Promega, UK Figure 2-2 C). The NF«B-luciferase reporter vector and
TIR adaptor-expressing vectors (pMyD88, pMal and pTRIF) were kind gifts from Prof.
Andrew Bowie (Trinity College, Dublin, ROI). pK2 was a kind gift from Prof. P. Oyston
(Dstl, Porton Down, UK, Table 2-4)
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Figure 2-2: Schematic representation of commercially available vectors used in this
work

(A) pcDNA3.2VS/GW/D—TOPO® vector (Invitrogen) (B) pCR2.1-TOPO (Invitrogen) (C)
phRL-TK (Promega)
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i aims Vector Antibiotic it Gifted b A
7 backbone resistance e, ifted by | Description
Eukaryotic: Expresses full-
Neomycin Marta Muzio FER length h
pMyD88 pcDNA3 . ! Bowie, €ng Uma
Prokaryotic: 1997 TCD MyD88 with AU1
Ampicillin tag
Information not Prokaryotic: Andr.ew Expresses full-
pMal . o Unknown Bowie, length human
available Ampicillin i
TCD Mal with HA tag
Information not | Prokaryotic: Andr.ew Expresscs full-
pTRIF ; o i Unknown Bowie, length human
available Ampicillin ,
TCD TRIF with Flag tag
Reporter
construct
ic:N A ini
BELabasIc Eukaryot@ one Rnbart ndr.ew c.ont'alnln.gS NFkB
pNFkB-luc P — Prokaryotic: Hofrmelense Bowie, binding sites
& Ampicillin TCD upstream of
firefly luciferase
gene
pGEM-T-Easy Eukaryotic: None Petra Used for
containing . Petra Oyston, o R
pK2 ; Prokaryotic: Oyston, amplifying Kan
kanamycin . Dstl
Kanamycin Dstl cassette
cassette
Table 2-5:  Details of vectors used in this study given as gifts
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2.5.2. Genomic DNA

Burkholderia pseudomallei K96243 genomic DNA (gDNA) was kindly provided by M.
Sarkar-Tyson, Yersinia pestis CO92 gDNA was kindly provided by P. Oyston, and
Brucella melitensis 16M gDNA was kindly provided by S. Perkins (all Dstl, Porton Down,
UK).

2.5.3. Polymerase chain reaction (PCR)

The genes encoding bacterial Tdps were amplified from genomic DNA template using PCR
and the primers listed in Table 2-6 in 50 pl reactions. The DNA encoding for residues 130
— 285 of the YpTdp gene was amplified from the plasmid pET26b(+) YpTIR, a gift from R.
Rana, Imperial College, London, using PCR and the primers listed in Table 2-6 in a 50 pl
reaction. In order to generate a PCR product for the creation of the mutant in Y. pestis the
kanamycin cassette from vector pK2 was amplified using PCR and the primers listed in
Table 2-6. These primers had 20 bases homologous to the kanamycin cassette and 50
nucleotides homologous to the right and left flanking DNA of the gene to be replaced by
homologous recombination. These PCRs were carried out using the HotStarTaq® Plus
DNA polymerase kit (Qiagen, UK). 50 pl reactions contained 1 pl gDNA, 0.5 pl each
primer (100 pmol/ul), 5 pl of 10X PCR buffer, 1 ul dNTP mixture, 0.5 pl HotStarTaq®
DNA polymerase and nuclease-free water (Promega, UK) to 50 ul. Typically, cycling
conditions were as follows: 15 min at 95°C for activation of HotStarTaq®, followed by 30
cycles of 94°C, 30 s for denaturation, 50-55°C, 30 s for annealing, 72°C, 1-3 min extension,
followed by 72°C, 10 min for final extension, then hold at 4°C. Specific annealing

temperatures and extension times for each PCR can be found in Table 2-6.

Transformed colonies were screened by colony PCR using a T7 promoter primer (5°-
TAATACGACTCACTATAGGG -3°) and the reverse primers detailed in Table 2-6 using
the following process: bacterial colonies for screening taken from agar plates were
resuspended in 20 pl dH,0, boiled for 5 min and centrifuged at 13,000 rpm for 30 s.
Subsequently, 5 pl of this lysate was screened using PCR in 50 ul reactions using Taq
DNA polymerase (Roche Applied Science, UK). 50 pl reactions contained 5 pl colony
lysate, 1 ul each primer (100 pmol/ul), 5 pl of 10x PCR cardload buffer (Qiagen, UK), 1 pl
dNTP mixture, 0.5 pl Taq
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Gene Primers 5’ — 3’ Annealing | Extension
Temp (°C) | time (sec)
Vg Fwd: CACCATGGCAAGCTGCATCCC
PTEP | Rev: GGGCACAATCTTGTTTACAGTCTCGATAAAT 30 20
e Fwd: CACCATGTCTAAAGAGAAACAAGC
P | Rev: GATAAGGGAATGCAGTTCTTTCGC 0% 60
amrdgy | FWd: CACCATGAATCGTACGCACTGGGC
P< | Rev: AAAGGTGATGAGGGCGACGCGCTCGG = i
_ Fwd: CACCATGTATTATCATATTAGAATTA
P- | Rev: ATACGTAACTTTTAATCCAGC AU 60
. Fwd: CACCATGACAGTTACAATTAAAGATGTGGC
PTAP | Rev: GCTTTTTGTTGCATAATGATCGC = =
- Fwd: CACCATGGCAAGCTGCATCCC " .
P Rev: GGGCACAATCTTGTTTACAGTCTCGATAAAT 8
Upstream flank:
can s CAATAACCAATCAAAGCTCACTCAAAGAAGCCACTAAGAGGGACATTATG
GATCTGCCACGTTGTGTCTC
YpTdp 65 60
Flatiles Downstream flank:
AATTTGCCTGTCTCCGTTGTTGGAGTGAAGATATCAAAAACAGGCAATTA
GCTCTGCCAGTGTTACAACC
o Fwd: GCATGACACCGGACATTATC s 0
Rev: AGGATGCGTCATCGCCATTG
Gam Fwd: TGGGAATTCGAGCTCTAAGG s 60
Rev: TGCGAGTGCAGTACTCATTC
- Fwd: ACAACTGGCTCTGCTAGAAC e 60

Rev: TCACAATACGCCACGCTTAG

Table 2-6:  Oligonucleotide PCR primers used in this study

Underlined bases added to 5° end of the Fwd primer allow Directional-TOPO (D-TOPO)
cloning into pcDNA3.2. Bases in red represent regions of primer homologous to flanking
DNA of a gene, rather than a gene itself. Tdp = TIR domain protein from: Yp (Yersinia
pestis), Bm (Brucella melitensis), Bp (Burkholderia pseudomallei), Ba (Bacillus anthracis),
Bth (Burkholderia thailendensis). Kan = kanamycin resistance gene. Fwd = Forward
primer, Rev = Reverse primer. PCR for BthTdp was unsuccessful.
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DNA polymerase and nuclease-free water (Promega, UK) to 50 pl. Cycling conditions

were as follows: 4 min at 94°C, followed by 30 cycles of 94°C, 30 s for denaturation, 65°C.
90 s for annealing, 72°C, 90 s extension, followed by 72°C, 10 min for final extension, then

hold at 4°C.

In order to produce the PCR product required for recombination into the Y. pestis
chromosome the Kanamycin resistance cassette from plasmid pK2 was amplified with the
left and right flanking regions of the gene of interest in the Y. pestis chromosome
incorporated into the primers (Table 2-6). Cycling conditions were as follows: 2 min at
94°C, followed by 30 cycles of 94°C, 60 s for denaturation, 65°C, 60s for annealing, 72°C,

60 s for extension, followed by 72°C, 10 min for final extension then hold at 4°C.

For all PCRs primers were obtained from Euro fins and PCRs were carried out on a 2720
Thermal Cycler (Applied Bio systems, US). DNA was analysed by gel electrophoresis as
described in Section 2.5.4.

2.54. Agarose gel electrophoresis

Generally analysis of DNA samples was performed by agarose gel electrophoresis using
1.2% pre-cast gels (Invitrogen). PCR samples contained gel loading buffer within the PCR
buffer (Cardload buffer, Qiagen, UK) and so samples were diluted 1:4 in dH,O to a final
volume of 20 ul for loading onto the gel. DNA samples not containing loading buffer were
diluted 1:10 with DNA loading buffer (Invitrogen Ltd., UK). DirectLoad™ Wide Range
DNA ladder (Sigma-Aldrich Ltd., UK) was added to gels alongside the samples for size
determination. The gels were run at 70V, 60 mA for 30 min and the DNA was visualised
and photographed under UV light using a Gel Doc™ 1000 Molecular Analyst system (Bio-
Rad laboratories Ltd., UK).

2.5.5. PCR product purification
PCR fragments were purified from the reaction mixture using QIAquick PCR purification

kit (Qiagen, UK) according to the manufacturers’ instructions, and eluted in 30 pl nuclease-

free distilled water (Promega, UK).
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2.5.6. DNA ligation

For PCR product ligation into TOPO vectors the following reaction mixture was used: 1 pl
purified PCR product (purified as Section 2.3.5), 1 pl vector, 1 ul salt solution (supplied in
TOPO vector kit) plus 3 pl nuclease-free distilled water (Promega). This was incubated at
room temperature (RT) for 5 min. Subsequently, 2 ul of this ligation mixture was used to

transform E. coli TOP10 cells (Section 2.5.7).

2.5.7. Transformation of DNA into chemically competent bacteria

Plasmid DNA was transformed into E. coli TOP10™ cells (Invitrogen Ltd. UK) by heat
shock at 42°C for 30 sec, followed by incubation in SOC broth (Invitrogen Ltd. UK) for 1 h
at 37°C, 180 rpm and then the transformants were plated onto selective agar and incubated

at 37°C for 16-20 h. Transformants were screened by colony PCR (Section 2.5.3).

2.5.8. Transformation of DNA into electrocompetent bacteria
DNA was electroporated into 1 ml Y. pestis at 2.5 V, 200 Q which was then incubated
statically at 28°C overnight with the addition of 500 ul BAB broth supplemented with 0.8%

(v/v) arabinose.

2.5.9. DNA extraction

Plasmid DNA for sequencing was extracted from E. coli TOP10™ cells using the QiaSpin
Mini prep kit (Qiagen, UK) according to the manufacturer’s instructions and eluted in 50 pl
distilled water (Gibco, UK). Plasmid DNA for the transfection of mammalian cell lines was
extracted from E. coli TOP10™ cells using the QiaSpin Endotoxin-free Maxi-prep kit
(Qiagen, UK) according to the manufacturer’s instructions and eluted in 500 pl distilled
water (Gibco, UK).

2.5.10. Quantification of DNA
Plasmid DNA was quantified using the absorbance reading at 260 nm as measured using

the nanodrop 1000 (Thermo Scientific, US). A ratio of A260/A280 was used a measure of
DNA purity.
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2.5.11. DNA sequencing

DNA sequencing of plasmid DNA was carried out by Cogenics-Lark (Essex, UK) using the
T7 promoter forward primer (see Section 2.6.1) and a TKpolyA reverse primer (5’ —
CTTCCGTGTTTCAGTTAGC - 3°). Sequences were visualised using SeqMan
(DNASTAR Lasergene® version 7.0).

2.6. Cell culture

2.6.1. Routine maintenance of cell lines

HEK293H cells (Invitrogen, UK) and HEK-Blue™ hTLR4 cells (InvivoGen, France) were
maintained in Complete DMEM or HEK -Blue™-DMEM, respectively. Cells were
incubated at 37°C in 5% CO,/95% air (v/v) and maintained as monolayers in sub-confluent
growth. The cells were passaged by removal from the monolayer by gentle scraping with a
rubber policeman, splitting the cells 1:10 in the appropriate media and seeding into fresh
flasks. Cells were stored by freezing in Recovery™ growth medium (Invitrogen, UK) at a

concentration of approximately 10° cells/ml in cryotubes and stored at -80°C.

2.6.2. Seeding of cells for confocal microscopy
Cells for confocal microscopy were seeded onto glass coverslips that had been individually

sterilised by autoclaving in 6-well tissue culture plates.

2.6.3. Transient transfection

For the transfection of HEK293 cells with vector DNA for the expression of proteins for
Western blot analysis: HEK293H cells (1.5 x 10°) were seeded in 100mm dishes in
complete DMEM and transfected 24 h later with 24 pg endotoxin-free plasmid DNA as
prepared in Section 2.5.9, using Lipofectamine™ 2000 (Invitrogen Ltd. UK) as
manufacturer’s instructions. Briefly 60 ul Lipofectamine™ 2000 was diluted in 1.5 ml
Opti-MEM® serum free media (Invitrogen Ltd. UK) and incubated for 5 min at room
temperature. Meanwhile 24 pg DNA was also diluted in 1.5 ml of Opti-MEM®. The diluted
Lipofectamine™ 2000 and DNA were then combined and incubated for 20 min at room
temperature. These complexes were then added to the cells and allowed to incubate with

the cells for 24 h.
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For NF«B luciferase reporter assays HEK293H cells (2 x 10* per well) were seeded into

96-well plates and transfected 24 h later with 60 ng pNFxB-luc, 20 ng phRL-TK, and 150
ng experimental/control vector with Genejuice® (Merck Biosciences, UK) as manufactuer’s

instructions. The cells were then incubated 37°C, 5 % CO, for 16 h prior to stimulation.

For NFkB SEAP reporter assays HEK-Blue™ hTLR4 Blue cells (InvivoGen, France) were
seeded (5 x 10° per well) in 6-well plates and transfected 24 h later with 4 pg
experimental/control/stimulation vector DNA using Lipofectamine™ 2000 (Invitrogen Ltd.

UK). Cells were left to recover for 24 h before stimulation with exogenous ligand.

2.6.4. Stimulation of cells

For NFxB luciferase reporter assays downstream of IL-1B and TNFa, cells were stimulated
in situ in the 96-well plates in which they were transfected. The cells were stimulated with
100 ng/ml IL-1B (BD biosciences, UK) or 100 ng/ml TNFa (Sigma Aldrich Ltd. UK) in
complete DMEM for 6 h at which point the cells were lysed for analysis. Where

appropriate, supernatants were removed for analysis.

For NFxB SEAP reporter assays (exogenous stimulation) HEK-Blue™ hTLR4 cells were
detached from the monolayer by gentle scraping with a rubber policeman, enumerated and
adjusted to 2.8 x 10° cells/ml. Subsequently, 180 pl of this suspension was re-seeded with
20 ul E. coli K12 LPS (InvivoGen, France) to a final concentration of 1 pg/ml in HEK-
Blue™-DMEM in a 96-well plate. Cells were then incubated at 37°C with 5% (v/v) CO; for
24 h. For NF«xB SEAP reporter assays down-stream of TIR adaptor expression (stimulation
occurs via protein expressed from introduced DNA vector) constructs expressing stimulant
were transfected at the same time as experimental/control vectors and therefore stimulation

occurs simultaneously. Where appropriate, supernatants were removed for analysis.

2.6.5. Preparation of cell lysates

At 24 h post transfection media was removed and the cells washed twice with 1ml ice-cold
PBS and scraped using a rubber policeman into 1ml ice-cold Cytobuster™ (Merck
Biosciences, UK), RIPA+PI (Section 2.2) or homemade lysis buffers (Section 2.2). The

cells were lysed on ice for 5-30 min and then spun at 13,000 rpm for 5 min at 4°C to
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remove cell debris. The supernatant was either then used immediately to make SDS-PAGE

samples for Western blotting (Section 2.7.2.1) or frozen at -20°C for future use.

The lysis of cells for measurement of luciferase activity was carried out by removing media
from the cells, washing the monolayer gently with 50 p1 PBS and subsequent incubation
with 20 pl Passive Lysis Buffer (PLB, Promega, UK) for 20 min at RT with gentle

agitation.

2.6.6. Measurement of luciferase activity

Firefly and Renilla luciferase activity were measured by addition of the substrates for these
luciferases supplied within the Dual-Luciferase® reporter assay system (Promega, UK) and
subsequent analysis of light released by a ThermoFisher MultiSkan luminometer and
Ascent software. 100 pl of the firefly luciferase substrate (LARII) was added to the cell
lysates by automatic injection using the system in the luminometer and readings were taken
using a pre-programmed 10 s integration assay on the Ascent software (Thermo Scientific,
UK). 100 pul of Renilla luciferase substrate plus a quenching reagent for the firefly reaction
(Stop and Glo®, Promega, UK) was then added to the lysates by automatic injection and
further readings were taken. Results were displayed as relative luciferase units (RLU) and

the firefly results were normalised by division by the Renilla readings.

The RLU values in the presence of the bacterial Tdps were then normalised as a % NF«B
activity compared to control (EV) by dividing the mean RLU in the presence of a Tdp by
the mean RLU in the presence of EV and multiplying by 100 to give a %. This was done
for unstimulated (basal NF«B activity) and IL-1pB- and TNFa-induced activity for each

independent experiment. Table 2-7 demonstrates this for one experiment.

2.6.7. Measurement of alkaline phosphatase activity

Measurement of NFxB activity in the HEK-Blue™ hTLR4 cells downstream of TLR4 did
not require the lysis of cells as the SEAP enzyme was exported from the cells into the
supernatant. Therefore, 40 pl supernatant was removed from cells and added to 160 pl of
SEAP substrate present in Quanti-Blue™ reagent made to the manufacturer’s instructions

(InvivoGen, France). This was then incubated for 15 - 60 min and optical absorbance at 620

96



Chapter 2

EV BthTdp EV BthTdp EV BthTdp
Unstimulated Unstimulated IL-18 IL-1B TNFa TNFa
36.105820 13.958240 449.128600 70.728070 1239.951 368.8932
47.018120 16.405930 405.904400 61.281320 2481.257 349.9248
23.833220 10.079630 433.837200 32.558910 2077.023 NR

Mean | 35.65239 | |13.48127| EZQ.GZB:I !54.8563 11932'7ﬂ |359.409|
Basal NFkB activity IL-1B-induced NFkB activity TNFa-induced NFkB activity

Table 2-7:

stimulation.

Example normalisation of NFkB activity in the presence and absence of

To calculate the % basal NFxB activity in the presence of BthTdp compared with EV the mean
RLU value for unstimulated cells in the presence of BthTdp (green box) was divided by the mean
RLU value for unstimulated cells in the presence of EV (red box) multiplied by 100 to give a %.
This was repeated for all independent experiments.

- §
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nm measured at defined intervals. Results were used when the majority of values
(unstimulated and stimulated) were between 0.1 and 1. Normalisation to % NF«B activity

was done in a similar manner to the luciferase reporter assays (Table 2-7).

2.6.8. Cell viability assays

Cells were scraped in the media in which they had been growing and a sample diluted 1:1
with trypan blue. The percentage of dead cells (having taken up the trypan blue dye) was
calculated using the Cellometer™ Auto T4 cell counter (PEQLAB Ltd., Germany).

2.6.9. Staining of cells for confocal microscopy

Media was removed from the cells and replaced with fixative (3 % w/v) paraformaldehyde
(PFA) in PBS and incubated at RT for 15 min. Fixative was then removed and replaced
with perm/quench solution (Section 2-2) which was immediately replaced with fresh
perm/quench solution and incubated at RT for 15 min. The perm/quench solution was then
removed and replaced with PGAS (Section 2-2) and incubated at 30 min RT or 4°C
overnight. Primary antibodies were then diluted 1:500 in PGAS and incubated with the
fixed cells for 1 h at RT. The cells were then washed three times with PGAS for 5 min and
the twice for 3 min. The secondary antibodies were then diluted in PGAS and incubated
with the cells for 1 hr in the dark. The cells were then washed as above with PGAS and

once with PBS before being viewed under the confocal microscope.

2.7. Protein methods

2.7.1. Antibodies

Bacterial Tdps were detected using a rabbit-anti-V5 IgG polyclonal antibody (Santa Cruz
Biotechnology, Germany) and a goat-anti-rabbit HRP-linked IgG secondary antibody (Bio-
Rad laboratories, UK). MyD88 was detected using a rabbit-anti-AU1 primary antibody
(Santa Cruz Biotechnology, Germany) and secondary antibody as above. These antibodies
were also used for co-immunoprecipitation. For immunofluorescence studies V5-tagged
proteins were detected using the primary antibody as above followed by a goat-anti-rabbit
IgG-AlexaFluor® 488 secondary antibody. MyD88 was detected using a mouse-anti-
MyD88 IgG2a primary antibody followed by a donkey-anti-mouse IgG-TexasRed
secondary antibody (all Santa Cruz Biotechnology, Germany).
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2.7.2. Western blot

2.7.2.1.  The production of SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

samples
Cell lysates produced according to Section 2.6.5 were diluted 1:1 in 2 x Laemmli sample

buffer (Sigma Aldrich Ltd., UK). The samples were then boiled for 3 min and used

immediately or stored at RT for use the next day or -20°C for longer-term storage.

2.7.2.2. SDS-PAGE

Lysates were resolved by SDS-PAGE using pre-cast 4-12 % Tris-glycine gels using the
Xcell SureLock Mini-Cell system and 1 x Tris-glycine running buffer (all Invitrogen Ltd.
UK) at 125V for 2 hr. A mixture of MagicMark™ and SeeBlue Plus™ protein standards
(both Invitrogen Ltd., UK) at a 1:15 ratio were used for protein size determination and

blotting efficiency.

2.7.2.3. Transfer of Proteins to Membrane

The resolved proteins were transferred to Immobilon-P polyvinylidene diflouride (PVDF)
membrane (Sigma-Aldrich, UK) using a semi-dry transfer system (Invitrogen Ltd. UK).
The membrane was activated in 100 % methanol, washed in water and then soaked in
transfer buffer (Section 2.2). All other components of the stack for transfer (gel, filter
paper) were also soaked in transfer buffer. A constant voltage of 20 V was then applied for

40 min.

2.7.2.4.  Antibody Blotting

PVDF membranes were blocked for non-specific binding by incubation in BLOTTO
(Section 2.2) at RT for 2 h. The membrane was washed for 5 minutes in PBST (Section
2.2) and then incubated for 2 h at RT or at 4°C overnight with primary antibody diluted
1:1000 in BLOTTO. Next, the membrane was washed a further three times in PBST and
incubated with a horseradish peroxidise-linked secondary antibody diluted 1:1000 or
1:2000 in BLOTTO for 1 h at RT.

99



Chapter 2
2.7.2.5.  Detection of immunoblot by Enhanced Chemiluminescence (ECL)
Following incubation of Western blots with secondary antibody (Section 2.7.2.4). the
PVDF membranes were washed for 3 x 5 min and then for 1 x 15 min with PBST and then
incubated with ECLPlus™ reagent according to manufactuer’s instructions (GE healthcare,
UK). The membranes were wrapped in SaranWrap™ and placed in an X-ray film cassette

for exposure to autoradiography film, enabling visualisation of the Western blot.

2.7.3. Co-immunoprecipitation

Cells in 100 mm dishes were transiently transfected with vectors expressing the two
proteins of interest (Section 2.6.3) then lysed in 850 pl of the appropriate lysis buffer
(Sections 2.2, 2.6.5). Then, 50 pl of this lysate was used to make SDS-PAGE samples and
the remaining lysate split for co-immunoprecipitation using an antibody to one of the
proteins attached to protein G sepharose beads (Sigma-Aldrich Ltd., UK). Antibody was
either pre-coupled to the beads overnight at 4°C, or separate antibody and beads added to
the lysate for coupling. The lysate was incubated with beads plus antibody overnight at
4°C. The beads were then sedimented at 1000 rpm for 3 min, the supernatant removed and
the beads washed in combinations of lysis buffer and then PBS between 5 and 7 times.
Finally the beads were resuspended in 50 pl Laemmli buffer (Sigma-Aldrich Ltd., UK) and

boiled for 3 min.

2.74. Enzyme-linked immunosorbant assay (ELISA)

For the determination of IL-8 concentrations in cell supernatants a BD OptEIA™ Set
Human IL-8 (Becton Dickinson (BD) Biosciences) was used to manufacturers’ instructions.
Briefly, 96-well plates were coated with 100 ul per well of mouse anti-human IL-8
antibody diluted 1:250 in coating buffer (BD biosciences, UK). Plates were covered and
incubated at 4°C overnight or a maximum of 72 h. Plates were washed twice in wash buffer
(Reagent Set B, BD biosciences, UK) and then blocked with 250 ul per well of assay
diluent (BD biosciences, UK) and incubated at RT for 1-2 h before further washing. Either
IL-8 standards (in the range of 0.03 - 0.2 ng/ml) or samples were added at 100 pl per well
and incubated for 2 h at RT, then plates were washed 3 times. 100 pl of biotinylated anti-
human IL-8 antibody (BD biosciences, UK) diluted 1:250 in assay diluent plus Streptavidin
conjugated to horseradish peroxidise (SAv-HRP) reagent (BD biosciences, UK) diluted
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1:250 in the Detection antibody mixture were added to each well. Plates were incubated at

RT for 2 h and then washed 7 times. Then 1001 of substrate solution was added to each
well and incubated in the dark for 30 mins followed by the addition of 50 ul of Stop
solution added to each well and the absorbance from each well measured at 450 nm using a
ThermoFisher microplate reader. Standard curves were constructed relating IL-8

concentrations to absorbance at 450 nm and were used to determine IL-8 concentrations.

2.8. Statistics
All transformations of data and statistical tests were performed using GraphPad Prism® 5

software (GraphPad, US). A p value of <0.05 was considered significant for all studies.
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Chapter 3: Identification of TIR domain proteins in bacteria

3.1. Introduction

Since the recent discovery that proteins containing TIR domains are present in bacteria, it
has been postulated that the function of these proteins in bacteria is to interact with, and
modulate, eukaryotic TIR-dependent immune signalling pathways in order to evade these
responses. Pathogenic organisms engage in a wide variety of immunomodulatory activities
and disruption of early detection methods, such as TLR signalling, is of paramount
importance. This fact, combined with the experimental data on bacterial TIR domain
proteins, means it is logical to postulate this role for bacterial TIR domain proteins in
immune subversion, and the disruption of their immunomodulatory activities at this point
could form a common point of intervention for therapy. It would therefore be interesting to
know whether highly pathogenic organisms deemed to be a public health risk encode

proteins containing TIR domains capable of disrupting the mammalian immune response.

Although Newman et al. reported that they had produced a list of bacterial Tdps before
their subsequent evaluation of the Tdp from S. enteritidis’*, this list was not published.
Therefore, in order to assess whether Tdps are present in highly pathogenic bacteria
deemed to be a potential public health threat, a new survey of Tdps in bacteria will need to
be carried out. Searches of this nature are done by taking a protein sequence known to
contain an area of interest (i.e. the TIR domain) and comparing this sequence to other
sequences in a database and assessing their similarity. This has been made infinitely easier

by the advent of automated computer tools.

The enormous pace with which genetics and computational biology have progressed now
means that all researchers have a wide variety of sophisticated and intuitive computational
tools with which to probe protein structure, function and evolutionary relationships
available at their fingertips before even reaching the bench. One of the most useful
advances in this field is the creation of large curated databases of sequence information,
allowing one to search for genes or proteins by organism, protein name, function, structure
or homology. A leader in this area is the National Centre for Biotechnology Information
(NCBI). Not only do they provide up-to-date databases of nucleotide and protein sequences

but also a vast array of tools for their investigation. One of the most useful and widely used
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tools created by NCBI is their Basic Local Alignment Search Tool (BLAST). This program

uses an algorithm that allows the researcher to compare a query sequence (seed) with a
database of sequences (both nucleotide and amino acid) to identify sequences that resemble
the seed. The search for homologous sequences is an indispensable tool in the study of
evolution and the function of proteins. The presence or absence of particular proteins or
domains within whole groups of organisms informs the timeline of evolution. BLAST
would therefore be a useful tool for investigating whether bacterial species possess proteins

that contain TIR domains using seed sequences of already-defined TIR domains.

BLAST finds homologous sequences by locating short matching sequences (“words™)
between the query sequence and those in the database, rather than comparing the whole
length of the protein. For the protein search version of BLAST (BLAST-p) the default word
size is 3 amino acids. This process of finding initial words is called “seeding.” BLAST then
begins to make local alignments and matches are reported that are statistically similar to the
seed sequence (measured by the “expect” (e) value for which a threshold is set; e <0.05 is
the default value). In this way BLAST-p finds the protein sequences most homologous to a
protein of interest. TIR domains show relatively little sequence conservation either within,
or between, species, however, and are therefore likely to have significantly diverged
throughout evolution. BLAST-p would be insufficient to find these hits. An iterative
version of the program, however, was designed just for this purpose. In this search strategy
a single protein sequence is entered again as a “seed” and a round of BLAST-p is initiated.
Results are listed in the standard way, but these proteins are now combined into a general
“profile” sequence which summarises significant features present in these sequences. A
BLAST-p search is now run using this profile. A larger group of proteins is now found and
this group is used to construct another profile and the process is then repeated for a set
number of iterations or until no new results are found. Before each iteration the list of
proteins found by the previous iteration can be checked and the next iteration must then be

manually initiated.

A derivative of PSI-BLAST was developed at the Burnham Institute in California called
Saturated BLAST. Saturated BLAST automatically carries out a user-defined number of
PSI-BLAST iterations without the researcher having to manually initiate each iteration. The

program, along with an appropriate database of sequences to search. needs to be
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downloaded rather than using a web server. This program was used by Newman et al. for

their survey of Tdps in bacteria and so may prove useful here.

Once a list of Tdps in bacteria of interest has been accumulated, using the search strategies
discussed, other bioinformatic tools can be used to confirm the presence of a TIR domain in
these proteins. The fact that TIR domains show relatively little sequence conservation
suggests that only a proportion of the residues within the domain are crucial for function
and that their secondary and tertiary structure are also important factors. Distant
homologues identified using PSI-BLAST can therefore be confirmed using bioinformatic
programs that investigate the similarity in secondary structure between proteins in addition
to tools investigating their primary sequence. In addition, reverse PSI-BLAST searches
should be initiated using the bacterial Tdp result as a seed to ensure the original seed can be

found in this way.

Initially Saturated BLAST using the NCBI nr sequence database was chosen as the search
strategy for identifying Tdps in bacterial species. A selection of known TIR domain
sequences were chosen as seeds (Table 2-1). These were primarily mammalian TIR domain
sequences since the bacteria of interest in this study are mammalian pathogens and in order
to interact with, and modulate, a mammalian immune response it seemed logical that these
sequences would be most similar to mammalian sequences. Tdp seeds from other
phylogenetic groups were then included to evaluate whether these produced new bacterial
Tdp results. During the use of Saturated BLAST it became apparent that this bioinformatics
approach was limited in the manner it was being employed and thus an alternative approach
was then taken using the PSI-BLAST search tool on the NCBI web server. This approach is
more time-consuming as the results are manually monitored and collated but was both

intrinsically more reliable, and more intelligently used.

3.2 Aims and objectives

The aim of this Chapter is to investigate whether proteins containing TIR domains are
encoded within the genomes of bacterial species classified as bioterrorism agents, and to
investigate their sequence and structural features bioinformatically before functional studies
are carried out. Tdps have already been identified in bacterial species and been shown to

modulate immune signalling (as discussed in Section 1.5.3.1). Since this function depends
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on the interaction of TIR domains, their sequence and structural features may provide

information as to their likely mode of action.

The specific aims of this Chapter are to:

— Compile a list of TIR domain proteins within Category A and B bacterial pathogens
using a PSI-BLAST search strategy (either Saturated BLAST or PSI-BLAST on the
NCBI server).

— Confirm the presence of a TIR domain within these proteins using reverse PSI-BLAST
searches, a secondary structure homology tool (FUGUE) and domain alignments
(Clustal W, Pfam).

— Down-select a list of proteins for functional characterisation of their effect on
mammalian immune signalling in vitro

— Probe the sequence features of the down-selected proteins using multiple sequence

alignments (Clustal W).

3.2.1. Nomenclature

Proteins containing TIR domains have been given a variety of acronyms in the literature
including “TIR-containing proteins” (Tcps), in the case of the bacterial TIR proteins from
E. coli and B. melitensis**°, and “TIR-like proteins” (Tlps) in the case of the TIR domain
proteins from S. enteritidis and P. denitrificans®****!. The “TIR-like” nomenclature is mis-
leading as it does not infer a directly evolutionary relationship. Thus, throughout this study
proteins containing TIR domains have been referred to as “TIR domain proteins” and

therefore will use the acronym “Tdp” for the bacterial TIR domain protein nomenclature.
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3.3. Results

3.3.1. Bacterial TIR domain protein results from Saturated BLAST

Initially the bioinformatics program Saturated BLAST was used to find bacterial proteins
with homology to known TIR protein sequences. The program was downloaded onto the
Dstl server by Bry Lingard (Dstl, Porton Down) and run on the Windows operating system
using the NCBI nr database also downloaded to the Dstl server in September 2006.
Nineteen protein sequences were used as seeds for these bioinformatic searches (Table 2-1,
Section 2.1). Each seed was entered into the program and the number of iterations to be run
was set at five (all other parameters as default). When these iterations had finished, proteins
in bacteria of interest were identified by searching for the species name. All results from
bacteria of interest were recorded manually. These proteins were then subjected to reverse
Saturated BLAST searches using the same parameters (Section 2.1.1), secondary fold
prediction using the homology search tool FUGUE (Section 2.1.3) and multiple alignments
using the ClustalW algorithm (Section 2.1.7). The Saturated BLAST searches produced
many proteins in Category A and B agents but it became apparent during the confirmatory
bioinformatic tests that most of these did not meet the criteria for possessing a TIR domain.
This raised concerns that these searches had produced many false positives. Nevertheless,
using the confirmatory tests it was decided that four proteins from Category A and B agents
were likely to contain a TIR domain (Table 3-1). One protein identified is the S. enteritidis
TIR protein TlpA which therefore does confirm the ability of this search strategy to find
previously characterised bacterial Tdps. The three newly discovered proteins (y2426 in Y.
pestis KIM, BMEI1674 in B. melitensis 16M and BPSL0748 in B. pseudomallei K96243),
plus one from a model organism for the Category B agent B. pseudomallei (BTH_I3242
from B. thailendensis) were down-selected for experimental investigation and are discussed

briefly below.
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TIR domain
ory A i
Category SrGteing Protein
Bacillus anthracis No -
Yersinia pestis Yes (1) Equwalent.to Y2426 in Y. Pestis KIM, conserved
across strains
Variola virus No -
Francisella
. No -
tularensis
Filoviruses No -
Arenaviruses No -
Category B
Brieellasn: Yes (1) Equivalent to BMEI16?4 in B. meliteneis 16M,
conserved across strains.
Yes (1),
Salmonella sp. certain TIpA from Salmonella enteritidis
strains
E. coli 0157:H7 No -
Shigella sp. No -
Burkholderia mallei | No -
. Yes (1),
Burkho/der/a- certain BPSLO748 in Burkholderia pseudomallei K96243.
pseudomallei .
strains
Chlamydia psittaci No -
Coxiella burnetti No -
Rickettsia prowaceki | No -
Alphaviruses No -

Table 3-1:

TIR domain proteins in CDC Category A and B agents (Saturated

BLAST search strategy)

This table details the distribution of TIR domain proteins in CDC Category A and B agents
as found using the Saturated BLAST search strategy followed by further down-selection
using reverse Saturated BLAST searches, assessment of secondary structure homology
(FUGUE) and multiple sequence alignments.
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3.3.1.1. Yersinia pestis
The Saturated BLAST searches and confirmatory analysis revealed one Tdp conserved
across genome sequenced Y. pestis strains corresponding to y2426 in Y. pestis KIM
(referred to as YpTdp throughout this manuscript to avoid strain specificity). This protein
produced human Tdps on reverse Saturated BLAST, its TIR domain aligned well with other
TIR domains and it was classified as “Likely” (Section 2.1.3) to contain a TIR domain from
FUGUE analysis (p < 0.05).

3.3.1.2. Brucella melitensis

The Saturated BLAST searches and confirmatory analysis revealed one Tdp in Brucella sp-,
corresponding to BMEI1674 in B. melitensis 16M. This protein is conserved across
Brucella sp. and so is referred to as BmTdp throughout this manuscript to avoid strain
specificity. BmTdp produced human Tdps on reverse Saturated BLAST, its TIR domain
aligned well with other TIR domains and it was classified as “Certain” (Section 2.1.3) to be
a TIR domain from FUGUE analysis (p < 0.001)

3.3.1.3.  Burkholderia pseudomallei and Burkholderia mallei

The Saturated BLAST searches and confirmatory analysis found no Tdps in B. mallei. The
searches did find two Tdps in species of Burkholderia that are not considered to be
pathogenic (B. thailendensis and B. xenovorans), although B. thailendensis is studied for its
pathogenicity in immunocompromised patients, particularly those suffering with cystic
fibrosis and B. thailendensis is also used as an ACDP (Advisory Committee on Dangerous
Pathogens) level 2 model organism for B. pseudomallei (which is an ACDP level 3

pathogen).

The Saturated BLAST searches did find a potential Tdp in B. pseudomallei. However, this
protein (BPSL0748 in strain K96243, called BpTdp throughout this thesis) gave mixed
results from the confirmatory bioinformatic analysis. In reverse Saturated BLAST analysis
it only produced two human Tdps in the final iterations, but in multiple sequence alignment
analysis it appeared to possess some sequence motifs characteristic of a TIR domain and
had strong sequence conservation in Box 2. FUGUE analysis, however, did not confirm its

identity as a TIR domain. When the Tdp from vaccinia virus (A46) was subjected to similar
108



Chapter 3
bioinformatic tests it too produced conflicting findings (some sequence conservation but

not deemed to be structurally homologous to TIR domains using FUGUE) and yet
functionally the data for its ability to disrupt TIR-dependent signalling events was strong. It

was therefore decided that BpTdp should be down-selected for experimental investigation.

3.3.2. TIR domain protein results from PSI-BLAST

For a variety of reasons it was realised that the Saturated BLAST searches had not
produced the most reliable, or easily collatable, results. Therefore the search for Tdps in
bacterial species was performed again using the PSI-BLAST search tool on the NCBI web
server in 2008. Eighteen characterised eukaryotic TIR domain sequences were used as
seeds and the results were collated into one list by Dr. Nick Loman at the University of
Birmingham. The way in which the searches were run is as follows. Figure 3-1 shows the
front screen of a PSI-BLAST search. The seed sequence is entered into the box marked in
red. The database of sequences to compare the seed sequence to is selected from a drop-
down menu (blue arrow). The type of protein Blast is selected (green arrow). The
parameters of the search, such as word size, or the statistical cut off for the inclusion of
alignments, can also be changed. Features that are altered from default are then highlighted
in yellow. In these searches all parameters were left as default except the number of results

returned in one iteration (1000).

After the first iteration is initiated a results screen will appear. The results are shown
graphically (top 100 results, Figure 3-2A), as a list (Figure 3-2B), and as detailed pairwise
alignments Figure 3-2C). The list of sequences producing significant alignments is used to
form the profile for the next iteration of the search which is started by pressing “Go”
(Figure 3-2B, red arrow). The results table of sequences from the second iteration is shown
in Figure 3-3. “New” sequences, not found in the previous search are now involved in
creating the sequence profile for the next search (Figure 3-3). Eventually no new sequences

will be produced and these PSI-BLAST searches were run until this point.
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Screen shot of the first page of the web-based PSI-BLAST search
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Figure 3-2:  Screen shots of PSI-BLAST results
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A list of the results from the first iteration
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(A) Graphical representation of aligned hits, (B) List of sequences whose aligmnent score is better
than threshold and will be used to make the sequence profile for the next iteration of searches (C)

Full Smith-Waterman alignments are shown for each significant hit.
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For the PSI-BLAST searches the survey of Tdps was extended beyond bacterial species to

include fungi, archaea and viruses to assess the distribution of Tdps in the unicellular (or
noncellular, in the cases of viruses) world. The searches were run with all sixteen seeds and
then the results were formatted for bacteria, fungi, archaea and viruses. The results were
then collated into a list giving a final number of 922 bacterial proteins containing a TIR
domain (for summary of results see Table 3-3, a full list of results can be found in
Appendix B). Each time a search was run with a new seed sequence some new bacterial
Tdps were found (although this number reduced with ongoing searches). This implies that
the final list of 922 proteins is not exhaustive. When weighted against the number of

completed and ongoing genome sequencing projects using the GOLD database**®

, the
numbers of Tdps in bacterial phyla generally correlate with the proportion of genomes
sequenced, with the most notable exception of the Cyanobacteria (accounting for 13.8% of
Tdps but only 3.19% of sequencing projects). Tdps were also found in Bacteroidetes,
Chlorobi, Proteobacteria, Firmicutes, Fusobacteria, Nitrospirae, Acidobacteria,
Verrucomicrobia, Aquificae, Chloroflexi, Actinobacteria, Planctomycetes, Spirocaetes and

Tenericutes (Table 3-3).

With regards to fungal species: a single Tdp was found in fungi (hypothetical protein
An11g08390 from Aspergillus niger). Six archaeal proteins were found to contain TIR
domains (two from Methanococcoides burtonii, one from Methanocsarcina barkeri one
from Thermofilum pendens and two from an uncultured archaean). One archaeal protein
contains a SEF/IL-17 (SEFIR) domain and three contain Domain of Unknown Function
(DUF)-1863 domains (Table 3-3). Many of the bacterial proteins identified were also
annotated as containing SEFIR or DUF1863 domains. PFAM classifies these domains with
TIR domains within the STIR domain superfamily442. However, given the presence of all
three domains together in the PSI-BLAST output their classification as three separate
domains is probably unnecessary, rather they are just variants of the TIR domain. Reverse
PSI-BLAST searches and the structural homology prediction tool FUGUE both bring out
TIR domains when a SEFIR domain is used as the seed and this is also the case for
DUF1863 domains. This is the first report of the presence of STIR domains in both fungi

and archaea. No Tdps were identified in viruses.
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Table 3-2:  Summary table of TIR domain proteins in bacterial and archaeal
species.
BACTERIA
N Qo wv
o L, c [}
ZEE EZp GE
, ESs g 23% %<
Phylum Family Genus = gz ° g gL @ &
Acidobacteria Acidobacteriaceae n/a 1 3
Solibacteraceae Solibacter 1 7
Total Acidobacteria 2 10 5 40
Actinobacteria Coriobacteriaceae Collinsella 2 2
Corynebacteriaceae Corynebacterium 1 1
Frankiaceae Frankia 3 60
Micrococcaceae Arthrobacter 4 4
Micromonosporaceae Salinispora 1 2
Mycobacteriaceae Mycobacterium 2 2
Nocardiaceae Rhodococcus 1 4
Nocardioidaceae Nocardioides 1 2
Nocardiopsaceae Thermobifida 1 1
Pseudonocardiaceae Saccharopolyspora 1 1
Streptomycetaceae Streptomyces 24 49
n/a n/a 1 1
Total Actinobacteria 42 129 269 15.6133
Aquificae Aquificaceae Hydrogenivirga 1 1
Total Aquificae 1 1 11 9.09090
Bacteroidetes Bacteroidaceae Bacteroides 9 11
Cyclobacteriaceae Algoriphagus 3 3
Flavobacteriaceae Kordia 1 1
Polaribacter 1 1
Psychroflexus 4 5
Robiginitalea 1 1
Flexibacteraceae Cytophaga 1 1
Microscilla 2 3
Porphyromonadaceae Parabacteroides 1 1
Porphyromonas 2 4
Rikenellaceae Alistipes 1 1
Sphingobacteriaceae Pedobacter 1 1
n/a n/a 2 2
Total Bacteroidetes 29 35 118 24.5762
Chlorobi Chlorobiaceae Chlorobaculum 1 7
Chlorobium 3 22
Chloroherpeton 1 4
Pelodictyon 1 27
Prosthecochloris 1 18
Total Chlorobi 7 78 12 58.3333
Chloroflexi Chloroflexaceae Chloroflexus 2 3
Total Chloroflexi 2 3 21 9.52381
Cyanobacteria Nostocaceae Anabaena 1 4
Nodularia 5 S
Nostoc 11 27
Prochlorococcaceae Prochlorococcus 1 il
n/a Acaryochloris 3 10
Crocosphaera 1 1
Cyanothece 38 83
Gloeobacter 1 1
Lyngbya 1 1
Microcystis 1 6
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Desulfovibrionaceae

Desulfuromonadaceae
Ectothiorhodospiraceae

Enterobacteriaceae

Erythrobacteraceae
Geobacteraceae
Helicobacteraceae
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Escherichia
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Vibrio
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Xylelia
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Endoriftia
Leptothrix
Magnetococcus
Reinekea
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Sulfurovum 1 8
n/a 5 5
Total Proteobacteria 242 374 1062 227871
Spirochaetes Spirochaetaceae Treponema 1 2
Total Spirochaetes 1 2 52 1.92307
Tenericutes Entomoplasmataceae Mesoplasma 1 1
Mycoplasmataceae Mycoplasma 2 2
Total Tenericutes 3 3 9 33.3333
Verrucomicrobia Opitutaceae Opitutus 1 3
Verrucomicrobia subdivision 3 n/a 3 3
Verrucomicrobiaceae Verrucomicrobium 1 7
n/a Chthoniobacter 3 3
Total Verrucomicrobia
8 16 9 88.8888
Total Bacteria 500 922 2416 20.6953
ARCHAEA
5, # g
[ <]
SER EEE 2F
E2E & E35% s
Phylum Family Genus 283 2 S o5 < 3
Crenarchaeota Thermofilaceae Thermofilum 1 1
Total Crenarchaeota 1 1 46 2.17391
Euryarchaeota Methanosarcinaceae Methanococcoides il i}
Euryarchaeota Methanococcoides 1 1
Euryarchaeota Methanosarcina ! 1
Total Euryarchaeota 3 3 94 3.19148
Uncultured n/a n/a 2 2
Total Archaea 6 7 142 4.22535

Table 3-3:

species.

Summary table of TIR domain proteins in bacterial and archaeal
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The PSI-BLAST searches revealed six Tdps in CDC category A and B agents (Table 3-4);

three of these are common with those identified in the Saturated BLAST searches (Tdps
from Y. pestis, B. melitensis, and S. enteritidis). The Tdp in B. thailendesis was also
confirmed. The Tdp from B. pseudomallei identified in the Saturated BLAST searches was
not identified by PSI-BLAST, but this search identified two further Tdp in B. pseudomallei
and one in B. anthracis. Results that differ from the Saturated BLAST searches are
highlighted in blue in the table. These six Tdps were confirmed using reverse PSI-BLAST
searches, structural homology using FUGUE and multiple alignments using Pfam and
ClustalW2. These findings are summarised below and in Table 3-5 at the end of the
chapter.

3.3.2.1. Yersinia pestis

The PSI-BLAST results reveal the same as the Saturated BLAST results in that Y. pestis
strains encode for one protein that contains a TIR domain which corresponds to y2426 in Y.
pestis KIM (YpTdp). YpTdp is 358 amino acids in length (Appendix A) and exists in all Y.
pestis strains present in the NCBI nr database. It is annotated as a hypothetical protein in all
strains but Y. pestis CO92 and Y. pestis Angola where it is annotated as a pseudogene due
to the fact that in these sequences the neighbouring insertion sequence (IS285) is annotated
as overlapping the end of the Tdp gene by 23 nucleotides. This is, in fact, no different than
for the genes annotated as hypotheticals and so this appears to be an anomaly of annotation.
In some Y. pestis strains the gene encoding this Tdp contains three extra nucleotides, in

frame, which encode an additional serine residue.

The YpTdp gene, along with a number of other genes, is in between two transposases. The
genomic environment also includes an insertion sequence and an integrase implying
horizontal acquisition, potentially of phage origin. In many pathogens, phages have been
instrumental in the acquisition of virulence traits 44344 This TIR gene also exists in
sequenced strains of Yersinia pseudotuberculosis and Yersinia intermedia but not in
Yersinia enterolitica. The region of the genome in which this gene occurs is also of below
average GC content (46%). Y. pestis contains three regions of low GC content usually

caused by the very recent acquisition of DNA (e.g. from a prophage) or by the inversion or
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Category A i ¥emain Protei
g protein? 4
Bacillus anthracis Yes (1) Equivalent to BA4098.in B. anthracis Ames,
conserved across strains
Yersinia pestis Yes (1) Equwalent.to Y2426 in Y. Pestis KIM, conserved
across strains
Variola virus No .
Francisella
y No -
tularensis
Filoviruses No -
Arenaviruses No -
Category B
Bealia'sn. Yes (2) Equu'valer-wt to BMEI1674 and BMEI121§ in B.
meliteneis 16M, conserved across strains
Yes (1),
Salmonella sp. certain TIpA from Salmonella enteritidis
strains
E. coli 0157:H7 No -
Shigella sp. No -
Burkholderia mallei | No -
Burkholderi Yes (2), BpseD_010100000475 from B. pseudomallei DM98
e a. certain and Bpse7_010100021343 from B. pseudomallei
pseudomallei :
strains 7894
Chlamydia psittaci | No -
Coxiella burnetti No -
Rickettsia
. No -
prowaceki
Alphaviruses No =

Table 3-4:

search strategy)

TIR domain proteins in CDC Category A and B agents (PSI-BLAST

This table details the distribution of TIR domain proteins in CDC Category A and B agents
as found using the PSI-BLAST search strategy followed by further down-selection using
reverse PSI-BLAST searches, assessment of secondary structure homology (FUGUE) and
multiple sequence alignments.
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translocation of blocks of DNA. The gene for YpTdp is next to the so-called Yersinia “high

pathogenicity island” involved in iron sequestration and survival of Y. pestis in the flea.

After this sequence was down-selected from the PSI-BLAST results it was subjected to
reverse PSI-BLAST analysis to confirm its identity as a Tdp. Mammalian Tdps appeared
after just two iterations and included human SARM, Mal, TLR1 and TLR&. By the third
iteration all other human TLRs except TLR7, TLR8 and TLRY had appeared along with
human IL-18R, MyD88, Drosophila Toll, C. elegans tir-1 and TirA from Dictyostelium
indicating that YpTdp is able to find TIR domain proteins when it is used as a seed
sequence. The eukaryotic protein that YpTdp is most closely related to is a protein from the
Rotifer Adineta vaga, a microscopic animal that lives in freshwater feeding on dead
bacteria and algae. YpTdp was also subjected to secondary fold analysis using FUGUE
which confirmed it is “likely” to contain a TIR domain (p < 0.05). Figure 3-4 shows an
alignment of y2426 from Y. pestis KIM with a variety of Tdps. From this it is clear that the
TIR domain from YpTdp shares homology in regions important for the definition and
function of eukaryotic TIR domains, including in “Box 1” and in the BC helix. However,
differences are also clear: YpTdp lacks the conserved “Box 2” motif RDxxPG'®?, although
it does contain the conserved proline residue demonstrated to be important for eukaryotic
TLR signalling function'®. YpTdp also lacks a “Box 3 motif, although the importance of

- - Lo 160,162,445
this region for function is less clear >~

3.3.2.2.  Burkholderia mallei and Burkholderia pseudomallei

In line with the Saturated BLAST results the PSI-BLAST analysis found no Tdps in B.
mallei. Unlike Saturated BLAST, the PSI-BLAST analysis produced two Tdps residing
within B. pseudomallei strains, one in B. pseudomallei DM98 (BpseD_01010000475) and
one in B. pseudomallei 7894 (Bpse7_010100021343). These are not the only B.
pseudomallei strains to be sequenced, however, so these two proteins are not conserved.
TIR domains in these proteins were confirmed by reverse PSI-BLAST searches, PFAM and
FUGUE analysis but Bpse7 010100021343 and BpseD_01010000475 were not down-
selected for experimental investigation because of the difficulty in obtaining genomic DNA
from these B. pseudomallei species. An interesting point from the bioinformatic analysis of
these proteins is that the eukaryotic protein most similar to BpseD_0 1010000475 1s a

hypothetical protein from the lancelet Branchiotoma floridae, an early invertebrate
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Figure 3-4:  Multiple sequence alignment of y2426 from Y. pestis KIM with eukaryotic TIR domain protems

Multiple sequence alignment carried out using the Clustal W2 algorithm on the EBI web server (http://www ebi.ac.uk/tools/clustalw2)'® and coloured according to the
Clustal X colourscheme using Jalview (Section 2.1.7). TIR domain sequences taken from Homo sapiens, Caenorhabditis elegans, Dictyostelium discoideum and
Drosophila melanogaster. The grey boxes correspond to areas of a-helix and the grey arrows correspond to areas of B-sheet. The lines connectm% these structures
correspond to the loop regions of sequence. Secondary structure predicted using 3D Jury web server' ® and published crystal structures'®>'%*!¢7:1¢
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Chapter 3
normally found buried in sand in shallow parts of temperate or tropical seas, an

environment in which B. pseudomallei might very well reside.

The B. pseudomallei protein identified as a possible Tdp from the Saturated BLAST
searches (BPSL0748, Section 3.3.1.3) did not fall within the threshold (e <0.05) for these
PSI-BLAST searches and was therefore subsequently considered likely to be a false
positive from the Saturated BLAST search.

Tdps were found in other Burkholderia sp. not characterised as potential bioterrorism
agents including B. thailendensis BTH_13242 (BthTdp) which was also a result from the
Saturated BLAST searches and went forward for in vitro investigation. The genomic
environment around the BTH_ 13242 gene suggests it is likely to be of phage origin.
Reverse PSI-BLAST and FUGUE analysis confirm the presence of a TIR domain with
greatest similarity to plant TIR domains. Tdps were also found in Burkholderia ambifaria,

multivorans, phymatum, vietnamiensis, xenovorans, sp. 383 and sp. H160 (Table 3-3).

3.3.2.3. Bacillus anthracis

Unlike the Saturated BLAST searches, the PSI-BLAST searches found Bacillus anthracis
strains to have one Tdp, in B. anthracis Ames (Appendix A). This is BA4098 (referred to
throughout this thesis as BaTdp). This protein is conserved across B. anthracis strains but
not across other Bacillus sp. although does show some homology (54% identity) to a
protein in Bacillus thuringiensis. The genomic environment surrounding the B44098
suggests it is in a region of phage DNA. A reverse PSI-BLAST pulls out one protein from
Dictyostelium discoideum AX4 at iteration one and a plant TIR domain protein. Otherwise
this reverse search does not produce other eukaryotic proteins. FUGUE does not find any
highly scoring matches for BaTdp, and no matches for TIR domain structures. The highest
match is for histidine biosynthetic enzyme (Z = 4.44). Pfam does, however, recognise
BaTdp as containing a TIR domain. This suggests that in primary sequence part of BaTdp
1s homologous to TIR domain proteins, but that structurally it may differ from previously
solved TIR domain structures. The multiple sequence alignment of BaTdp with
homologous TIR domain proteins as found during the reverse PSI-BLAST search (Figure

3-5) shows that BaTdp shows a high degree of homology at Box 1, but very little at Box 2.
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Figure 3-5:  Multiple sequence alignment of BaTdp with homologous TIR domain proteins

Multiple sequence alignment carried out using the ClustalW2 algorithm on the EBI web server (http://www.ebi.ac.uk/tools/clustalw2)'® and coloured according to the
Clustal X colourscheme using Jalview (Section 2.1.7). TIR domain sequences for alignment with BA4098 were taken from reverse PSI-BLAST results when BA4098
was used as a seed and include the following proteins (NCBI accession numbers): ZP_02346495.1, YP_314574.1, XP_635389.1, XP_002537270.1, YP_001254590.1,
XP 639069.1. The grey boxes correspond to areas of a-helix and the grey arrows correspond to areas of B-sheet. The lines connecting these structures correspond to the
loop regions of sequence. Secondary structure predicted using 3D Jury web server'® and published crystal structures'%%'¢*!¢7.1%%
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and its sequence here is almost unrecognisable from the archetypal Box 2 sequence from
mammalian TIR domains as first described by Xu et al.'%%. BaTdp also shows limited

homology at Box 3. Interestingly, BaTdp is also missing the aD helix and DD loop of
traditionally described TIR domains.

3.3.2.4. Brucella melitensis

In addition to the Tdp identified by Saturated BLAST (BMEI1674, termed BmTdp), the
PSI-BLAST searches found one additional Tdp conserved across Brucella species

(BMEI1216 in B. melitensis 16M, referred to throughout this manuscript as BmTdp2).

3.3.2.4.1. BmTdp

BmTdp is 250 amino acids long (Appendix A) with the TIR domain predicted to be at its
C-terminus (approx. residues 120-250). It is annotated as a hypothetical protein and the
gene encoding this protein is located in a 20 kb genomic island on chromosome 1. The
genomic environment here suggests this island has been acquired recently via a phage-
mediated integration event. During a reverse PSI-BLAST search mammalian Tdps did not
feature in the results. Instead this protein produced plant Tdps from the first iteration
suggesting the TIR domain in BmTdp is more closely related to the TIR domains within
plant resistance proteins. The results of the FUGUE analysis suggest BmTdp may have
some structural homology to the annexins. These are a large family of intracellular
phospholipid-binding proteins which also have extracellular roles in innate immune
signalling and apoptosis, although no annexin family proteins have ever been identified in
prokaryotes. This is further discussed in Section 3.4. The multiple sequence alignment of
BmTdp with homologous TIR domain proteins as found during the reverse PSI-BLAST
search (Figure 3-6) shows that BmTdp has a high degree of homology with other TIR
domain proteins at Box 1, but that the Box 2 region is not only quite different from the
proteins it is most homologous to, but is also almost unrecognisable from a mammalian
TIR domain protein Box 2 as originally described by Xu et al. 162 The TIR domain of
BmTdp is also truncated at its C-terminal end. It lacks the DE and EE loops, BE sheet and

oE helix, and consequently, Box 3.
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Figure 3-6: Multiple sequence alignment of BMEI1674 with homologous TIR domain proteins

Multiple sequence alignment carried out using the Clustal W2 algorithm on the EBI web server (http://www.ebi.ac.uk/tools/clustalw2)
Clustal X colourscheme using Jalview (Section 2.1.7). TIR domain sequences for alignment with BMEI1674 were taken from reverse PSI-BLAST results when
BMEI1674 is used as a seed and include the following proteins (NCBI accession numbers): ABI116465.1, CAN83385.1, AAN73010.1, YP_638640.1, AAD25976.1,

1% and coloured according to the

XP 002310389.1. The grey boxes correspond to areas of a-helix and the grey arrows correspond to areas of B-sheet. The lines connecting these structures correspond to

162,163,167,168

the loop regions of sequence. Secondary structure predicted using 3D Jury web server'® and published crystal structures
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Chapter 3

332.4.2. BmTdp2

BmTdp2 is 178 amino acids long with the TIR domain ostensibly taking up the entire
protein. BmTdp2 is “Certain” to contain a TIR domain by FUGUE analysis (p < 0.01).
During reverse PSI-BLAST searches plant proteins containing TIR domains are visible at
iteration two and mammalian Tdps are visible from iteration three, including human TLR1,
TLR2, TLR10, TLR6, TLR4, MyD88 and SIGIRR. The multiple sequence alignment of
BmTdp2 with homologous TIR domain proteins as found during the reverse PSI-BLAST
search (Figure 3-7) shows that it has a high degree of homology with other TIR domain
proteins at Boxes 1, 2 and 3 although Box 2 differs somewhat from the originally described
sequence. Interestingly though, BmTdp2 is missing the aD helix and DD loop. In the
PdTIR structure, to which BmTdp2 shows high homology by FUGUE analysis, the DD and
EE loops were shown to mediate the dimer interface. The lack of a DD loop in BmTdp2
perhaps suggests it acts as a monomer or that, if dimeric, this structure is mediated by the

BB loop, as for mammalian TIR domains.

The bioinformatic characteristics of all the Tdps from potential bacterial bioterrorism

agents are summarised in Table 3-5.
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Figure 3-7: Multiple sequence alignment of BMEI1216 with homologous TIR domain proteins
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Multiple sequence alignment carried out using the Clustal W2 algorithm on the EBI web server (http://www .ebi.ac.uk/tools/clustalw2)
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and coloured according to the

Clustal X colourscheme using Jalview (Section 2.1.7). TIR domain sequences for alignment with BMEI1216 were taken from the reverse PSI-BLAST results when
BMEI1216 is used as a seed and include the following proteins (NCBI accession numbers): YP_002216067.1, XP_002406802, YP_003167638.1, AAO53555.1,

AAQ91321.1, NP 998926.1, XP_002274306.1. The grey boxes correspond to areas of a-helix and the grey arrows corres?ond to areas of B-sheet. The lines connecting
|
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these structures correspond to the loop regions of sequence. Secondary structure was predicted using 3D Jury web server'®® and published crystal structures
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Table 3-5:  Summary table of the bioinformatic characteristics of TIR domain proteins from CDC category A and B bacteria

This table details all the TIR domain proteins found in CDC category A and B bacteria from the PSI-BLAST searches, and their bioinformatic characteristics. One TIR
domain protein was also investigated from an environmental organisms (Burkholderia thailendensis) (light grey shaded row).
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Chapter 3
34. Conclusions

The survey of Tdps in bacteria carried out by Newman ef al. in which 200 bacterial proteins
with TIR domains were found, and their work on TIpA from Salmonella enteritidis paved
the way for them, and others, to put forward a “subversion hypothesis” for the function of
proteins that contain TIR domains in bacterial species. A bioinformatic search for Tdps in
micro-organisms has also been carried out in this work, including analysis of the
bioinformatic distribution and characteristics of the proteins probed with particular

attention focussed on a group of highly pathogenic bacteria and viruses classed as potential

bio-terror agents.

Due to their low sequence homology any search for Tdps will require in-depth
bioinformatic scrutiny. The Saturated BLAST search tool, as used by Newman et al. for the
discovery of TIpA in S. enteritidis aims to make these searches easier by automating the
iterations. However, in this study this search tool proved problematic for a number of
reasons including the fact that it was not able to be run on its preferred operating system
(LINUX) which made the collation of data difficult. Additionally, its features were not used
to their full advantage (statistical cut offs etc.) due to inexperience, and the inclusion of
vaccinia virus A46 as a TIR domain seed likely increased false positive results. Through
this work (A46 was absent from the PSI-BLAST results), and that of others. it is now clear

331 1n fact, there was no evidence for a TIR

that A46 is unlikely to contain a TIR domain
domain in A46 or any other viral protein using BLAST or PSI-BLAST—homology search
methods that allow unbiased searching of sequence libraries and provide an objective
statistical evaluation of each alignment. Searches starting with known TIR domains do not
find A46 and searches starting with A46 do not find TIR domains. Instead, both BLAST
and PFAM searches reveal homology of A46 to other vaccinia proteins of known structure
(B14 and A52), which contain a Bcl-2 fold*®. The PSI-BLAST search tool does rely on the
divergent evolution of proteins, so it is reasonable to suggest that A46 may have evolved to
have TIR-like properties by convergent evolution. There are conflicting views on how

- . . . . 446,447
likely the convergent evolution of domain architectures 1s, however .

Subsequently the survey of Tdps in bacteria was carried out using PSI-BLAST without A46
as a seed. Results were collated for bacteria, archaea, fungi and viruses. As already

mentioned Tdps were completely absent from viruses in these results and not widespread in
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archaea or fungi. This bioinformatic survey did, however, find 922 Tdps across bacterial

species. This number of proteins far exceeds that found by Newman et al. using the
Saturated BLAST search tool, despite the same statistical cut off for similarity being used
(p <0.05). Even taking into account the fact that its features were not being used to their
optimal effect, this bioinformatic tool did not appear particularly effective at finding and
collating Tdps. Although not all 922 proteins found by PSI-BLAST have been tested for
their likely validity as Tdps, a proportion of the proteins were tested using reverse PSI-
BLAST searches and 3D homology search tools and all the proteins tested were returned as
being highly likely to contain a TIR domain. The bioinformatic analysis reported in this
chapter show that Tdps in bacteria show a very sporadic distribution (Appendix B); they are
present in bacterial species classically thought of as “pathogenic” and “non-pathogenic”
and are often not particularly well-conserved. For example, the t/pA4 gene occurs in only 5
of >70 genome-sequenced strains of Salmonella enterica, while tcpB occurs in only a
minority of uropathogenic E. coli isolates, so neither gene can be considered an essential
conserved component of enteropathogenesis or uropathogenesis, respectively. This sporadic
occurrence of genes encoding bacterial Tdps may be seen as problematic for the subversion
hypothesis. However, the patchy phylogenetic distribution of 7dp genes in bacteria which
seldom, if ever, follow vertical lines of descent, need not count against the subversion
hypothesis. One sees similar patchiness in the genomic distribution of well-established
subversion factors, such as type-III secretion effectors, where it is a hallmark of horizontal

gene transfer.

However, two other lines of evidence from the bioinformatic survey suggest that the
subversion hypothesis cannot explain the function of all bacterial Tdps. Firstly, when one
looks at the broad phylogenetic distribution of bacterial Tdps, one finds the vast majority of
these proteins are encoded within the genomes of environmental organisms not usually
thought of as pathogens. Perhaps the starkest example of this is their over-representation
within the cyanobacteria which seldom, if ever, engage in subversive interactions with
metazoans or plants. It is also worth noting that the closest homologue of the TcpB TIR
domain (52% identity) occurs in a marine flavobacterium that has no credible role in human
disease. However, on the eco-evo view of bacteral pathogenomics448 a role for bactenal

Tdps in “non-pathogens” as agents of subversion against microbial eukaryotic predators or

competitors cannot be ruled out.
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Secondly, the survey confirms the already-observed association of TIR domains with other
apoptosis domains and also reveals that TIR domains in bacteria are promiscuous in their
co-occurrence with other domains in individual proteins - dozens of domain architectures
were found around TIR domains (Figure 3-8). This counts against any unified theory that
attempts to shoe-horn all bacterial Tdps into a single functional category. In fact, together,
these two lines of evidence suggest that the TIR domain is no different from many other
“eukaryotic signalling domains”, which were first associated with signalling in eukaryotes,
but then found to occur widely in bacteria. In almost all such cases, the signalling function
occurs in a specific context in eukaryotes that is not shared by bacteria. Instead, the micro-
organisms adopt and adapt the domains for their own uses. For example, tetratricopeptide
repeats mediate protein-protein interaction in humans and bacteria, but in different contexts
(in eukaryotes as scaffolds for the assembly of multiprotein complexes in the nucleus or
peroxisome or for binding cargo on microtubules; in bacteria as chaperones in type III
secretion)449. Similarly, serine-threonine protein kinases, although prominent in signalling
in humans, are also intimately integrated into bacterial signalling pathways (particularly

within the mycobacteria)**".

As well as casting doubt on the subversion hypothesis the bioinformatic results give other
insights into the history of the TIR domain within proteins. Their sporadic distribution and
frequent occurrence within regions of phage or otherwise-acquired DNA suggest the genes
for Tdps have been mobile. Their absence in archaea and fungi but their presence in other
early eukaryotes such as D. dicosedium suggests that perhaps these genes were transferred
from prokaryotes to single-celled eukaryotes via horizontal gene transfer, or potentially
during mitochondrial endosymbiosis. The Tdp from D. dicosedium is required for immune
cell function and for vegetative amoeba to feed on live bacteria. The presence of a Tdp in
D. dicosedium and its role in feeding suggests an ancient foraging mechanism was adapted
for defence purposes well before the diversification of animals. Unlike apoptotic domains
there is a suggestion that TIR domains were useful to organisms before the evolution of
multi-cellularity, or perhaps during the evolution of multi-cellularity. Multi-cellularity first

appeared in cyanobacteria and it is within this species of bacteria that TIR domain proteins

appear to be over-represented.
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Figure 3-8:

Diverse domain architectures of bacterial proteins containing TIR domains
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Another interesting feature of the bioinformatic searches is that certain mammalian TIR

domains did not produce homologues in bacterial species. For example, TLRs can be
divided into five sub-families: TLR2, TLR3, TLR4, TLRS, and TLR9 sub-families. The
TLR2 family contains TLR1, TLR2, TLR6 and TLR10. TLR1 and TLR6 seem to have
arisen by evolutionary duplication. The TLR9 subfamily contains TLR7, TLR8 and TLRSY,
which all recognise nucleic acids. TLR3, TLR4 and TLRS are each alone in their own
subfamily**'. The TIR domains from TLR3, TLRS and TLR7, TLR8 and TLR9 did not
produce bacterial results when used as seeds. Neither did the TIR domain from the adaptor
TRIF. This adaptor protein and these TLRs (with exceptions) are involved in the
recognition of nucleic acids and therefore primarily viruses. All TIR domain sequences
from the TLR2 family produced bacterial results. In addition, some of the bacterial Tdps
were more closely related to the Tdps from plants rather than animals. The immune
pathways within plants and animals that use TIR domains are postulated to have evolved
independently*>***. In addition some of the bacterial Tdps show interesting differences in
their secondary structure. For example, BmTdp is truncated at its C-terminal end by
approximately the same number of residues that are removed after caspase-1 cleavage of
Mal at its C-terminal end*’. Also, two of the proteins, BaTdp and BmTdp2 lack an aD
helix and DD loop perhaps suggesting a common lineage between these proteins. None of
the bacterial Tdps show a particularly high level of sequence conservation with the
hallmark boxes of sequence in mammalian Tdps. Separate TIR domain sequence hallmarks
are probably appropriate for bacterial Tdps and it would be interesting to characterise these

across the 922 bacterial proteins identified.

Despite questions surrounding the subversion hypothesis being raised by these
bioinformatic results, they do not necessarily indicate that the hypothesis should be
completely rejected. It may be that a subversive role is an exception, rather than the rule, or
that these domains can “moonlight” as subversion proteins in addition to another role.
Bacterial TIR domains occur in a wide variety of domain architectures in a wide variety of
bacteria and are therefore likely to play diverse roles in bacterial physiology of which
innate immune subversion may be one, particularly in highly pathogenic organisms. Future
studies of bacterial TIR domain proteins, particularly in classical “non-pathogen,” may

enable the identification of other functions.
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Chapter 4: The effect of bacterial TIR domain proteins on
mammalian immune signalling

4.1. Introduction

Previous studies have demonstrated that if mammalian cells are stimulated with IL-1R or
TLR agonists in the presence of bacterial TIR domain proteins (Tdps) then immune
signalling readouts, such as transcription factor activity or cytokine production, are

modulated in their presence’**~*

. Three different bacterial Tdps have so far been
investigated for their effect on mammalian immune signalling. The first bacterial Tdp to be
identified was TIR-like protein A (TlpA) in Salmonella enterica serovar Enteritidis**. In
this study, Newman et al. showed that TIpA down-regulated NF«B activation downstream
of TLR4, IL-1R and MyD88, which are all TIR domain-dependent signalling pathways, but
not downstream of TNFa stimulation, which is a TIR domain-independent signalling
pathway to NF«B**. They demonstrated that TIpA reduces the DNA binding activity of
NF«B and can induce caspase-1 activation and thus the secretion of IL-1B. They could not,
however, demonstrate an interaction between TIpA and a variety of TIR domain-containing
proteins. Subsequently, Tdps were investigated from Brucella melitensis and Escherichia
coli. A Tdp from B. melitensis, equivalent to BmTdp identified in this study (Chapter 3),
has now been investigated by three research groups. With regards to its effect on signalling
these groups have produced conflicting findings; Salcedo et al. showed that BmTdp could
down-regulate signals downstream of murine TLR2 but not human TLR2, and had no effect
on any TLRY signalling tested>*®. Two other studies have shown that it is able to down-
regulate signalling from TLR2 and TLR4***% although its ability to affect signalling
downstream of the over-expression of Mal is conflicting in these studies. BmTdp has been
postulated to be “Mal-like” in that it is able to bind phospholipids and exerts its effects on
TLR2 and TLR4 signalling. Sengupta et al. demonstrate that this is via the induced
degradation of Mal by BmTdp>**. The third Tdp that has been investigated is from an
uropathogenic strain of E. coli, and is denoted TcpCm. Cirl et al. showed that TcpC could
down-regulate signalling to NFkB downstream of TLR2 and TLR4 and that it could bind
MyD88***. From these proteins studied so far it appears that different bacterial Tdps

specifically affect signalling from different TLRs, or the IL-1R.
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In this study, six Tdps were down-selected following bioinformatic identification for

further investigation (Chapter 3). One protein is equivalent to the Tdp from Brucella sp.
investigated by other groups but studies on the other five Tdps have not previously been
reported. The Tdps come from bacteria with very different characteristics: five are from
pathogenic bacteria categorised as potential bioterrorism agents: Burkholderia
pseudomallei, Yersinia pestis, Brucella melitensis and Bacillus anthracis. The first three are
gram-negative bacteria with an intracellular aspect of their lifestyle whereas B. anthracis is
a spore-forming gram-positive bacterium able to replicate within macrophages once
germination has occurred. All four pathogens rely somewhat on the modulation of the
innate immune response, including TLR signalling, to survive and replicate within the host,
most notably Yersinia pestis and Brucella melitensis as discussed in Section 1.6. The sixth
protein is from Burkholderia thailendensis which is considered to be “non-pathogenic” but
a close relative of B. pseudomallei and is often employed as a model for this organism.
Tdps from these different bacterial species were down-selected to enable a determination of

the effect of the Tdps on TIR domain-dependent signalling.

4.2. Aims and objectives
The aim of this chapter was to screen the candidate Tdps down-selected from the
bioinformatic studies in Chapter 3 for their effect on mammalian immune signalling in vitro

in order to determine whether Tdps from disparate organisms had a similar activity.

Specific objectives of this chapter were to:

— Clone each gene encoding the selected Tdp into a mammalian expression vector and
confirm sequence

— Confirm Tdp expression from these constructs in a mammalian cell line

— Set up a reporter assay for NFxB activity downstream of IL-1/TLR signalling in this
cell line

—> Screen all the candidates for their affect on IL-1/TLR signalling downstream of a
variety of stimulants

—> Assess the specificity of action via TIR-independent signalling assays and dose-

dependent effects
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Four Tdps (YpTdp, BthTdp, BmTdp, BpTdp) were down-selected from the Saturated

BLAST searches and their genes were cloned into an expression vector for investigation of
their effect on signalling to NFkB. Following the subsequent PSI-BLAST searches. two
further candidates were selected for investigation (BaTdp, BmTdp2) and one protein from
the Saturated BLAST searches was discounted (BpTdp). Results for all of these proteins
can be seen in the following Sections. Figure 4-1 and Table 4-1 summarise the candidates
selected from the bioinformatic studies in Chapter 3 and demonstrate how the selection

informed the experimental work described in this Chapter.
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Figure 4-1:  Flow diagram explaining the link between the bioinformatic searches
and subsequent experimental work



Protein name in this
document

Bacterial species

Result of which searches

Reason for down-selection

Colour code
on figures

YpTdp

Yersinia pestis

Saturated BLAST & PSI-BLAST

CDC category A agent, strong candidate
bioinformatically

Pink

BaTdp

Bacillus anthracis

PSI-BLAST

CDC category A agent, strong candidate
bioinformatically

Green

BthTdp

Burkholderia thailendensis

Saturated BLAST & PSI-BLAST

Model organism for Category B agent B.
pseudomallei but “non-pathogenic.”
Interesting to assess affect on
mammalian immune signalling

BmTdp

Brucella melitensis

Saturated BLAST & PSI-BLAST

CDC category B agent, strong candidate
bioinformatically

BmTdp2

Brucella melitensis

PSI-BLAST

CDC category B agent, strong candidate
bioinformatically

Orange

BpTdp

Burkholderia pseudomallei

Saturated BLAST, later
discounted

Weak candidate bioinformatically but
only B. pseudomallei candidate from
Saturated BLAST. Down-selected before
completion of PSI-BLAST searches.

Purple

Table 4-1: Bacterial TIR domain proteins down-selected for initial in vitro signalling assays
Amino acid sequences for these proteins can be found in Appendix A
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4.3. Results

4.3.1. Cloning of the genes encoding selected bacterial TIR domaijn proteins

The genes for expression of the six candidate proteins were amplified from genomic DNA
by PCR. These PCR products were then purified and ligated into the mammalian
expression vector pcDNA3.2 using a directional TOPO method. This vector allows the
protein of interest to be expressed with a V5 tag. This is a small tag comprised of fifteen
amino acids of the sequence GKIPIPNPLLGLDST. PCR reactions were successful for five
out of the six candidates (data not shown) but were unsuccessful for BthTdp. The genome
of Burkholderia sp. is naturally very GC rich meaning that hairpins are a frequent
occurrence and PCR from this genomic DNA can be difficult. The BthTdp gene was
therefore synthesised, attached to a V5 tag, and cloned into the expression vector
pcDNA3.1. This vector is similar to pcDNA3.2 but it is not a TOPO vector and
transcription termination is provided by the bovine growth hormone (BGH) poly-
adenylation (polyA) site instead of the thymidine kinase (TK) polyA site. The genes cloned
into both vectors are under the control of the same promoter in the same vector backbone
and therefore should express to similar levels. Cloning of authentic genes into the

expression vectors was confirmed by sequencing (Appendix C).

4.3.2. Expression of bacterial TIR domain proteins in HEK293 cells

HEK?293 cells were chosen as the cell line in which to carry out immune signalling assays.
HEK?293 cells naturally express appreciable levels of the IL-1R but show little, or no,
expression of the TLRs*®. Thus the cells are amenable to the study of the IL-1R pathway
alone, and for the study of individual TLR pathways via the stable transfection of TLR-
expressing constructs. A variant of HEK293 cells (HEK293H cells) were chosen for the IL-
I-induced NFkB activity assays since these cells show greater adherence to the wells of
tissue culture plates making the addition of media/washing of cells easier. Confirmation
that the genes encoding the bacterial Tdps cloned into pcDNA3.2 or pcDNA3.1 were
expressed as V5-tagged proteins in HEK293H cells was carried out before immune
signalling assays were undertaken. HEK293H cells were transfected with each Tdp-
expressing construct or control vector (pcDNA3.2_Cat, see Section 4.3.3) and incubated for
24 h to allow expression. At this time the cells were lysed, cleared of debris and used to
produce SDS-PAGE samples (Section 2.7.2.1). The samples were separated by PAGE and

analysed by Western blot using a primary antibody for the V5 tag (Figure 4-2).
139



Chapter 4

= =]
= [}
. o 2
i
T 2 ©T B8 2 & a g ¢
i) © = - © = K] = ©
kba ® = E E = £ 5 & &
—
d —_ o) [oa) s} s Fos) > a =
>0~ (]
40 - *” v
iy -
30 -

Figure 4-2:  Expression of bacterial TIR domain proteins in HEK293H cells.

In order to show expression from cloned 7dp genes HEK293H cells were transfected with
Tdp-expressing vectors and after 24 h expression the cells were lysed, cleared of cell debris
and used to make reduced SDS-PAGE samples. Lysates were separated by PAGE and
blotted onto PVDF membrane. After blocking, this membrane was incubated with rabbit
anti-VS5 antibody and then anti-rabbit-HRP secondary antibody before detection using ECL
substrates. Tdp = TIR domain protein from Ba (Bacillus anthracis), Bm (Brucella
melitensis), Bp (Burkholderia pseudomallei), Bth (Burkholderia thailendensis), and Yp
(Yersinia pestis). Positope™ (Invitrogen) is a positive control protein containing a V5 tag.
Total protein sizes predicted/observed (kDa): BaTdp-V5 = 35.51/¢.36, BmTdp-V5 =
32.17/c.34, BmTdp2-V5 = 24.71/c.26, BpTdp-VS = 44.03/c.42, BthTdp-V5 = 40.22/c.41,
YpTdp-V5=42.27/c.40, Positope™ = 53.00.
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4.3.3. Setting up the NFkB luciferase reporter assay

In order to assess IL-1 signalling to NF«B in the presence of bacterial Tdps, a luciferase
reporter assay was set up using a reporter vector encoding the gene for firefly luciferase
located downstream of five NFxB binding sites. The IL-1 pathway is activated by
exogenous addition of IL-1f which signals to activate NFxB thus inducing transcription of
the luciferase gene and production of this enzyme. When its substrate luciferin is
introduced, the enzyme converts luciferin to oxyluciferin with the concurrent production of
light. The amount of light produced is proportional to the amount of luciferase enzyme
present, and thus the activity of NFxB and the immune signalling pathway (Figure 4-3). To
ensure that any change in luciferase activity observed is due to the modulation of
signalling, rather than the viability of the cells, a control luciferase vector was used
expressing the Renilla reniformis luciferase gene under the control of the constitutive HSV-
thymidine kinase promoter (pRL-TK). This promoter is relatively weak but is useful for

providing neutral constitutive expression of the Renilla luciferase.

Light emitted as a result of both the Renilla and firefly luciferase activity can be measured
using a luminometer and the ratio of firefly activity over Renilla activity gives a relative
luciferase unit (RLU) reading. Changes in the activity of a pathway leading to NF«B (in the
presence of Tdps, for example) can be correlated with changes in the RLU. This system can
also be used to investigate TNFa signalling to NF«B through the TNF receptor (TNFR)
since HEK293 cells also naturally express this receptor. TNFa signalling is a useful control
pathway when studying the effects of Tdps since this pathway is independent of TIR

domain interactions.

Additionally, HEK293 cells stably transfected with human TLR4 (HEK-Blue™ hTLR4
cells) were used to assess the effect of the bacterial Tdps on signalling initiated by LPS.
These HEK-Blue™ hTLR4 cells were stably transfected with an NFxB reporter system
whereby activation of NFkB caused the expression of secreted embryonic alkaline
phosphatase (SEAP). SEAP catalyses the hydrolysis of para-nitrophenyl phosphate (pNpp)
producing the yellow end product para-nitrophenol. This can be measured using light
absorbance with the level of colour change correlating with pathway activation and

therefore the effect of Tdps on signalling can be inferred.
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Figure 4-3: The catalysis of luciferin into oxyluciferin with the concurrent emission
of light as catalysed by firefly luciferase.
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The first screening assay for the action of the selected Tdps was to investigate their effect

on the IL-1 pathway. This assay was to be conducted in the presence and absence of the six
down-selected bacterial proteins. Empty vector DNA is often employed as a control, and
for keeping the amount of DNA transfected constant. However, since pcDNA3.2 is a TOPO
vector, it is linear in its empty form. A control vector supplied with the TOPO vector
contains the gene for chloramphenicol acetyltransferase (Cat) which confers
chloramphenicol resistance. To assess its utility as a control vector, the effect of Cat on [L-
1P signalling to NF«B was assessed. HEK293H cells were seeded into a 96-well plate and
transfected with pcDNA3.2_Cat in addition to the NF«kB luciferase reporter vector and
control Renilla luciferase vector. Control cells were transfected only with the luciferase
vectors. The cells were then stimulated with IL-1B or PBS and lysed after 6 hours of
stimulation for the measurement of luciferase activity. Figure 4-4 shows that the presence
of Cat had no effect on IL-1f signalling to NF«kB (p = 0.9810, unpaired t-test) and

pcDNA3.2 Cat was suitable for use as a control vector.

4.3.4. The effect of Tdps on IL-1p signalling to NFxB.

In order to test the effect of the bacterial Tdps on IL-1 signalling HEK293H cells were
transfected with the six candidate Tdp-expressing vectors or control vector in at least
triplicate. Subsequently, 24 h after transfection NF«B activation was induced by
stimulation with 100 ng/ml IL-1p for 6 h at which time the cells were lysed and luciferase
activity was analysed. PBS was used as a control stimulant. A stimulation event was
deemed to be successful if the luciferase activity from the IL-1B-stimulated cells was
significantly increased over unstimulated (PBS) cells (p < 0.05, one-way ANOVA with

Bonferroni’s post test).

Luciferase activity is expressed as relative luciferase units (RLU) which are calculated by
dividing the amount of light emitted from the firefly luciferase reaction (in arbitrary units)
by the amount of light emitted from the renilla luciferase reaction (in arbitrary units).
Although RLU values were relatively consistent between wells in the same experiment.
values changed hugely between experiments on different days. However the difference
between RLU values for unstimulated and stimulated cells remained relatively constant.
This variation in RLU values on different days likely reflects the age and health of the cells

which will affect the amount of IL-1R naturally expressed, and enzymatic reactions within
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Figure 4-4: The effect of chloramphenicol acetyltransferase on NFxB activity
downstream of IL-1f stimulation.

HEK293H cells were transfected with the pNFxB-luc and pTK-renilla reporter vectors
alone (black bars), or along with pcDNA3.2_Cat (white bars). After 24 h the cells were
stimulated with PBS (control) or 100 ng/ml IL-1f for 6 hr and luciferase activity was
measured as described. p =0.5927 unstimulated control, p = 0.9810 IL-1p stimulation
(unpaired t-test).
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the cells. Figure 4-5 shows a graph of the data from each well from one representative

experiment for each bacterial Tdp. Initially each experiment contained triplicate wells for
each condition, but due to the variation in the assay and the fact that occasionally a value
was not returned for a well (if the Renilla luciferase activity was recorded as zero for
example), subsequently up to six wells per condition were used. Significant induction of
NF«B activity on stimulation with IL-1f, and the significance of the effect of each bacterial
Tdp in each experiment were analysed by one-way ANOVA with Bonferroni’s post test.

Experiments for each Tdp were conducted five times (significant stimulation events).

In order to normalise the differences in RLU values between experiments, and to compare
each bacterial Tdp for its affect on IL-1p signalling, average RLU values in the presence of
control vector (stimulated or unstimulated) were normalised to 100% for each experiment.
Signalling in the presence of each Tdp was then expressed as % of this control signalling
(calculation detailed in Table 2-7, Section 2.6.6). The results for IL-1p signalling are
summarised in Figure 4-6. A one-sample column t-test was used to assess whether the

NF«B activity in the presence of each Tdp differed significantly from 100%.

Modified NFkB activity after IL-1p stimulation was demonstrated by the addition of 3 out
of 6 Tdps tested. NFxB activity was reduced to 52.9% of control signalling in the presence
of YpTdp (p = 0.0036) indicating that the over-expression of YpTdp is able to down-
regulate IL-1B signalling to NF«B in this system. Similarly, in the presence of BthTdp
NF«B activity was 31.7% of control signalling (p = 0.0009) suggesting that IL-1f3
signalling is modulated in the presence of BthTdp. Somewhat surprisingly, when BmTdp2
was expressed in this system NF«xB activity after IL-1p stimulation increased by 92% (p =
0.0119). This could mean that the TIR domain from BmTdp?2 is actually facilitating the
binding of downstream adaptor proteins in this case. Whether this is physiologically
relevant remains to be investigated. Using p < 0.05 as a cut-off for this hypothesis test
meant that there was no difference in signalling in the presence of BaTdp, BmTdp or
BpTdp (p = 0.8692, 0.4063 and 0.5769 respectively). This is unsurprising for BpTdp since
the PSI-BLAST searches discounted this protein as a Tdp. Somewhat surprisingly, like
BmTdp2, BmTdp may cause an up-regulation of signalling to NF«xB in the presence of IL-
1B (based on individual assay data), although this is not statistically significant when

independent experiments are averaged.
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Figure 4-5:

Results from representative IL-1p signalling experiments

RLU values for each well in a representative IL-1B-induced NFxB activity experiment for each
bacterial Tdp. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001 using a one-way
ANOVA with Bonferroni’s post-test. RLU — relative luciferase units.
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Figure 4-6:  The effect of selected bacterial Tdps on IL-1B-induced NFkB activity.

HEK293H cells were transfected with Tdp-expressing vectors or control vector. Subsequently, 24 h post-transfection they were stimulated with IL-1 at
100 ng/ml and then luciferase activity measured as described. PBS was the control stimulant for all experiments (Figure 4-7). RLU values for cells

stimulated with [L-1f in the presence of control vector were normalised to 100% for each experiment and signalling in the presence of the Tdps is
expressed as a % of this signalling. Data 1s expressed as the mean + SEM of five biological replicates each being the mean of at least three technical

replicates. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001 by column t-test compared to 100%
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4.3.5. The effect of Tdps on basal NFkB activity

Control conditions in the luciferase assays also included the absence of pathway stimulation
to assess the affect of each bacterial Tdp on the basal activity of NFxB in the absence of
exogenous stimulant (Figure 4-7). Here basal NFxB activity in the presence of control
vector is normalised to 100% for the purposes of comparing each Tdp. These studies
indicate that BthTdp down-regulates basal NF«B activity to 24.8 % of control (p = 0.0002).
This undermines a TIR-dependent affect for BthTdp on NF«B activity. None of the other

Tdps had any significant affect on NF«kB activation in the absence of stimulation.

4.3.6. The effect of Tdps on TNFa signalling to NFkB.

In order to assess whether the observed effects of the bacterial Tdps on IL-1p signalling to
NF«B was likely to be due to disruption at the level of TIR domain interactions, the NFxB
reporter assay was also carried out downstream of TNFa signalling. TNFa signals through
the TNFR receptor in a manner that does not rely on any interaction between TIR domains.
Figure 4-8 shows the effect of each bacterial Tdp on TNFa signalling to NFkB. NFkB
activity induced by TNFa in the presence of control vector was normalised to 100% for
each experiment. None of the bacterial Tdps had a significant effect on TNFa signalling to
NF«B, although there is an indication of an effect in the presence of BthTdp but more
studies would be needed to confirm this. This contributes to the supposition that the effect
of BthTdp on NFxB activity may not be entirely TIR-mediated. The lack of affect on TNFa
signalling from YpTdp and BmTdp2 suggests that their action on the IL-1p signalling
pathway is likely to be TIR-mediated.

4.3.7. Specificity of the effect of YpTdp and BthTdp on IL-1p signalling to NF«B.
YpTdp and BthTdp were tested for their specificity of action on the IL-1f pathway to
NF«B by investigating their effect at varying doses. Varying amounts of the YpTdp- or
BthTdp-expressing vectors were transfected into HEK293H cells with NF«xB- and control
luciferase reporter vectors. The amount of DNA transfected was kept constant by the
addition of control vector DNA. NF«B activity induced by IL-1p in the presence of control
vector was normalised to 100% for each experiment and activity in the presence of YpTdp

or BthTdp is expressed as a % in comparison. PBS was the control stimulant for
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Figure 4-7:  The effect of selected bacterial Tdps on the basal activity of NFkB (in the absence of any exogenous immune
stimulation).

During the experiments to determine the effect of bacterial Tdps on IL-1f signalling to NFkB control wells were included: HEK293H cells were
transfected with the Tdp-expressing vectors or control vector. Subsequently, 24 h post-transfection they were incubated with PBS for 6 h and then
luciferase activity measured. RLU values for cells incubated with PBS in the presence of control vector were normalised to 100% for each experiment
(basal NFkB activity) and NFkB activity in the presence of the Tdps is expressed as a % of this activity. Data is expressed as the mean + SEM of five
biological replicates cach being the mean of at least three technical replicates. *** denotes p < 0.001 by column t-test compared to 100%
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Figure 4-8: The effect of selected bacterial Tdps on NFkB activity downstream of TNFa stimulation

HEK293H cells were with the Tdp-expressing vectors or control vector. Subsequently, 24 h post-transfection they were stimulated with
TNFa at 100 ng/ml and then luciferase activity was measured. PBS was used as the control stimulant for these experiments (data not shown).
RLU values for cells stimulated with TNFa in the presence of control vector were normalised to 100% for each experiment and signalling in
the presence of the Tdps is expressed as a % of this signalling. Data is expressed as the mean + SEM of three biological replicates each being
the mean of at least three technical replicates.

p 121dey )



Chapter 4
these assays (data not shown). YpTdp reduced IL-1B-induced NFxB activity when the

highest concentration of vector was transfected (150 ng, Figure 4-9, p = 0.0455, column t-
test). Linear regression analysis gives a correlation value (rz) of 0.6259 for the correlation
between dose of pcDNA3.2_YpTdp (and hence likely amount of YpTdp present in the cells)
and NF«B activity. This suggests that the altered dose of YpTdp vector correlates well with
NFxB activity but that there are likely to be other factors involved (an r* value of > 0.7 is
considered to be high and therefore a good correlation between x and y). This may be
expected since transfection efficiency and pipetting accuracy are likely to impact on the
correlation. In addition there will be saturation in the system (the amount of DNA able to
be transfected and concentrations of IL-1R in the cells). Considering all the variables it
seems there is a good correlation between amount of YpTdp and level of IL-18 induced
NFxB activity. A similar analysis was carried out for BthTdp (Figure 4-9). BthTdp causes a
significant reduction in NFkB activity at every dose of vector transfected suggesting that
perhaps more functionally available protein is expressed per ng of vector than YpTdp, or
that BthTdp has a higher affinity for the human TIR domain proteins in the pathway.
BthTdp certainly appears to express better in the HEK293H cells than YpTdp when
compared by Western blot (Figure 4-4). Linear regression analysis gave an r* value of
0.7720 for the correlation between amount of pcDNA3.2_BthTdp transfected and NFxB
activity which indicates a good correlation between the amount of BthTdp in the cells and

the extent to which NFxB activity is reduced.

4.3.8. The effect of Tdps on LPS signalling to NFxB.

HEK-Blue™ hTLR4 cells, with a SEAP reporter system for NFkB activity (Section 4.1),
were used to assess the effect of the bacterial Tdps on signalling initiated by LPS. BpTdp
and BthTdp were excluded from these experiments since BpTdp was discounted as a Tdp
and studies suggested that BthTdp may have a non-specific effect on NFxB activation.
HEK-Blue™ hTLR4 cells were seeded into 6-well plates and transfected 24 h later with the
Tdp constructs or control vector. At 24 h post-transfection the cells were stimulated with E.
coli K12 LPS (or PBS) for 24 h and subsequently the media was removed from the cells
was assessed for its alkaline phosphatase activity. A stimulation event was deemed to be

successful if the absorbance of light at 620 nm (A¢2o) in the media from stimulated cells -
3



Chapter 4

(A) (B)

IL-1B stimulation IL-1B stimulation

* k% *k

1209 120

*

110 110
100

% NFxB activity
% NFxB activity

0 50 100 150 0 50 100 150
pcDNA3.2_YpTdp pcDNA3.2_BthTdp
(ng per transfection) (ng per transfection)

Figure 4-9:  The dose-dependent affect of YpTdp and BthTdp on IL-1p signalling to
NFkB.

HEK293H cells were transfected with different amounts of YpTdp- or BthTdp- expressing
vectors. Total DNA was kept constant at 230 ng with the addition of control vector.
Subsequently, 24 h post-transfection the cells were stimulated with 100 ng/ml IL-1 for 6 h
and then luciferase activity measured as described. PBS was the control stimulant for these
assays (data not shown). RLU values for cells stimulated with IL-1p in the presence of
control vector only were normalised to 100 % for each experiment and signalling in the
presence of varying amounts of YpTdp/BthTdp is expressed as a % of this control
signalling. Data is expressed as the mean + SEM of three biological replicates each being

the mean of at least three technical replicates.
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was significantly increased over unstimulated cells (p < 0.05, one-way ANOVA with

Bonferroni’s post test). Due to the presence of transfected TLR4 within these cells the
variability in reporter activity (SEAP) within and between experiments was vastly reduced
when compared to the luciferase assays which relied on endogenous expression of the IL-1
and TNFa receptors. Therefore an experiment containing triplicate wells was repeated on
three separate occasions for each Tdp. Figure 4-10 shows a graph of one representative
experiment for each Tdp. Activity in the presence of control vector was normalised to
100% for each experiment and signalling in the presence of the Tdps was expressed as a %
of this for comparison of Tdps across experiments (Figure 4-11). In these assays, NFkB
activity was reduced to 83% of control signalling in the presence of YpTdp (p = 0.0323)
indicating that YpTdp is likely to down-regulate LPS signalling to NFxB. In the presence
of BmTdp, NF«xB activity was 77% of control signalling (p = 0.0129) suggesting that LPS
signalling is also modulated in the presence of BmTdp. BaTdp may also modulate LPS-
dependent signalling to NF«kB although the data generated here does not demonstrate
significant activity (77% of control signalling, p = 0.0984). LPS signalling in the presence
of BmTdp2 was not significantly different from control (p = 0.8193). NF«B activity in
these TLR4 cells in the absence of LPS stimulation (basal activity) was again assessed and
none of the bacterial Tdps tested had an effect on basal NFkB activity in this TLR4
background (Figure 4-12).

Unlike the NF«kB luciferase reporter assay the HEK-Blue™ hTLR4 SEAP reporter system
does not include a reporter control for cell viability (neutral constitutive expression of
SEAP). Conceivably, the reduction in LPS signalling observed in the presence of BmTdp
and YpTdp could be caused by a reduction in viability of these cells. In the protocol for
stimulation of the HEK-Blue™ hTLR4 cells post-transfection, the cells are scraped,
counted and re-seeded in the presence of LPS. In order to assess whether the expression of
the bacterial Tdps had an effect on cell viability the cells were scraped in the media in
which they were seeded and counted in the presence of trypan blue. The results indicate
that a reduction in NFxB activity in the presence of YpTdp and BmTdp does not correlate

with a reduction in cell viability (Figure 4-13). Transfection with empty vector alone
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Figure 4-10: Results from representative LPS signalling experiments

The graphs depict the absorbance of light at 620 nm for each well in a representative LPS-
induced NF«kB activity experiment for each bacterial Tdp. * denotes p < 0.05, *** denotes

p<0.001.
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Figure 4-11: The effect of selected Tdps on NFkB activity downstream of LPS
stimulation

HEK293H cells were transfected with Tdp-expressing vectors or control vector.
Subsequently, 24 h post-transfection the cells were scraped and counted, and reseeded in
the presence of E. coli K12 LPS to a final concentration of 1 pg/ml. PBS was the control
stimulant for all experiments (Figure 4-12). After 24 h stimulation the media from the cells
was removed and assessed for alkaline phosphatase (SEAP) activity. SEAP activity in the
presence of control vector was normalised to 100% and activity in the presence of the
bacterial Tdps expressed as a % of this. Data is expressed as the mean + SEM of three
biological replicates each being the mean of at least three technical replicates.
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Figure 4-12: The effect of selected bacterial Tdps on basal NFxB activity (absence of
any exogenous immune stimulation) in HEK-Blue™ hTLR4 cells

During the experiments to determine the effect of bacterial Tdps on LPS signalling to
NF«B control wells were included: HEK293H cells were transfected with the Tdp-
expressing vectors or control vector. Subsequently, 24 h post-transfection the cells were
scraped and counted, and reseeded in the presence of PBS for 24 h. Then the media from
the cells was removed and assessed for alkaline phosphatase (SEAP) activity. SEAP
activity in the presence of control vector was normalised to 100% and activity in the
presence of the bacterial Tdps expressed as a % of this. Data is expressed as the mean +
SEM of three biological replicates each being the mean of at least three technical replicates.
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Figure 4-13: Percentage viability of HEK-Blue™ hTLR4 cells 24 h after transfection
with Tdp constructs

HEK293-TLR4 cells were transfected with Tdp-expressing vectors. After 24 h the cells
were removed from the well by gentle scraping in their original media and counted in the
presence of trypan blue at a 1:1 (v/v) ratio in order to assess their viability. % viability is
shown for BmTdp and YpTdp since these proteins demonstrated a modulating the LPS

response.

-



Chapter 4
caused the death of 18% of cells and this was not significantly different in the presence of

YpTdp (17%) or BmTdp (12%).

44. Conclusions

Of the five candidate bacterial proteins found to contain a TIR domain in the PSI-BLAST
searches, YpTdp demonstrated a specific and significant effect on both IL-1B and LPS
(TIR-dependent) signalling to NFkB. BmTdp was seen to down-regulate LPS signalling,
whereas the second Tdp in Brucella sp (BmTdp2) appeared to exert an unusual effect on
IL-1p signalling to NFxB by actually increasing the activation of NFkB down-stream of
this signal. There was also an indication that BaTdp may have an effect on LPS signalling
to NFxB (Figure 4-10 and Figure 4-11). One important point to note is that, in general,
these reporter assays produced a fairly large amount of variability in the data (although the
SEAP reporter assays were much improved on the initial luciferase assay system). This is
likely attributed to the age and health of the cells, and the multiple steps within the assay
where variability could occur including, particularly for the luciferase assays, the transient
transfection of three or more vectors at one time. Therefore, far from being the initial
screening method for Tdp activity anticipated, additional experiments would be necessary

for conclusive results.

Looking at the results from these assays, however, and taking each bacterial Tdp in turn:
BaTdp had no significant effect on immune signalling downstream of IL-1 or TNFa but
there is an indication that it may affect LPS signalling to NF«B. Initially this may seem
unusual since B. anthracis is a gram-positive bacterium and does not possess LPS as a
stimulant for TLR4. However, TLR4 is the receptor for a wide variety of molecules aside
from LPS, including anthrolysin®®® (a molecule possessed by B. anthracis) and endogenous
danger signals. Therefore it is not inconceivable that during infection B. anthracis would

aim to disrupt TLR4 signalling.

BmTdp had no significant effect on immune signalling downstream of IL-1 or TNFa,
although there is an indication of up-regulation of IL-1-dependent signalling. Previous

reports on BmTdp are somewhat conflicting (Section 4.1). However, a down-modulatory
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effect of this protein on TLR4 signalling is generally accepted. In this work, a down-

regulation of LPS signalling to NFxB in the presence of BmTdp has also been observed. In
Chapter 3 the structural homology of BmTdp to the annexin family of proteins was
introduced. Annexins have been shown to be ligands for TLR4*7 and although proteins
from the annexin family are not thought to exist in bacterial species, an alternative
hypothesis to disruption at the level of the TIR domain is that BmTdp may be sufficiently
similar to the annexin family to block the TLR4 ligand binding site and therefore LPS

stimulation of this receptor.

A second Tdp in Brucella sp., which has not been previously reported, does not appear to
have any significant affect on basal NF«kB activity, or that induced by TNFa or LPS.
However, it appears to facilitate NFxB activity after IL-1 stimulation. This is unlikely to
be attributed to endotoxin contamination of the vector stimulating any low-level expression
of TLR4 in HEK293 cells since there was no up-regulation observed in HEK-Blue™
hTLR4 cells. Further studies would be needed to probe this further. B. melitensis causes
significant immune modulation in its host*'*, and this may include the up-regulation of
certain pathways for its own needs, whether this is in order to encourage immune cells to
the site of infection to provide its niche environment, or for the up-regulation of anti-

inflammatory molecules.

BthTdp showed a consistent and significant down-regulation of NFxB activity, but this also
included an effect on the basal activity of NFxB and some indication that it affected NFxB
activity downstream of TNFa signalling. These results suggest that BthTdp may be acting
on a TIR-independent signal to NFkB, on NFxB itself, or globally on transcription. BthTdp
acted in some senses as a control protein in these human immune signalling assays since it
is from a bacterial species largely avirulent to humans. However, it was still able to down-
regulate a human immune signalling pathway. This may suggest that these assays do not act
as a reliable method to assign physiological function to these proteins, or that B.
thailendensis does encode proteins that engage in modulation of immune signalling

pathways. Some studies, and information from patients, suggest that B. thailendensis may
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8 or perhaps it is engaged in the modulation of plant

be more virulent than 1s often thought

or insect immune pathways.

Table 4-2 summarises the results of these in vitro signalling assays. Lookin g at previous
studies of bacterial Tdps, and the assertion that their role is one of immune modulation. it
may have been expected that more of these Tdps would have a measurable effect on each of
the pathways investigated. Out of the five Tdps tested only YpTdp showed any effect on
both IL-1P and LPS signalling and, in general, the results showed variability and fairly
marginal effects. Bearing in mind that this system also relies on the over-expression of
these proteins within cells, these results perhaps add weight to the argument introduced
here that the modulation of IL-1/TLR signalling pathways is not the primary, or
physiological, role of bacterial Tdps. These assays, however, are limited and there may be
other explanations for the lack of observed modulation of signalling by these Tdps. It has
been postulated that BmTdp may have species-specific effects on TLR signalling
pathways®*, and this may be the case for the other Tdps. Only human IL-1/TLR signalling
has been assessed in these studies. Similarly, only NFkB activation induced by IL-1B, LPS
or TNFa has been investigated here. These bacterial Tdps may exert their effects on other
TIR-dependent signalling pathways, for example downstream of other TLRs involved in
the recognition of bacteria such as TLR2 or TLRS. Finally, as discussed at the beginning of
this Section, these reporter assays, in general, showed a considerable degree of vanability,
meaning that larger sample sizes and complementary tests will be necessary to fully explore

the effect of these bacterial Tdps on TIR-dependent signalling in this way.

In these limited studies it does, however, appear that the Tdp from Y. pestis exerts an effect
on human TIR-dependent signalling. In Chapter 5 this protein will be more fully
investigated for its effects of TIR-dependent signalling, and confirmation for the results

seen here will be sought.
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Table 4-2: A summary of the effect of selected bacterial TIR domain proteins on

TIR -dependent (IL-1/LPS) and -independent (basal, TNFa) signalling to NFkB

< no significant change, ! NF«B activity significantly reduced, T NF«B activity

significantly increased, ND not determined
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Chapter 5: Further in vitro investigation of YpTdp and its effects
on mammalian immune signalling

5.1. Introduction

In Chapter 4 the effect of YpTdp on IL-1B-, TNFo- and LPS-dependent signalling to NFxB
was investigated. YpTdp significantly down-regulated NFxB activity induced by IL-1p and
LPS stimulation, but not TNFa stimulation. YpTdp was down-selected for more in-depth.
and confirmatory, studies of its effect on TIR-dependent immune signalling pathways
downstream of signals other than IL-1f and LPS, and using methods in addition to the
NF«B reporter assays to confirm these results. NFkB reporter assays are a powerful
technique for assessing the activation of a wide variety of signalling pathways. However.
the luciferase assays, as carried out here, were plagued by variability which, as discussed in
Chapter 4, likely arose from the requirement to transfect up to five plasmids into the cells at
once and the reliance on endogenous expression of receptors. An assessment of other
readouts of pathway activation should help to solidify the data on the effect of YpTdp on
TLR signalling. The activation of NF«kB is a distal step in the TLR pathway. Other
measureable outputs proximal to this include the modification of pathway intermediates
(phosphorylation/ubiquitination) or their degradation (e.g.: IkBa) all of which can be
monitored by Western blotting. The binding and dissociation of proteins within the
pathway could be monitored by a technique such as Forster resonance energy transfer
(FRET), although whether this would be powerful enough to see changes in signalling in
the presence of an interfering protein is not clear. At the level of transcription factor
activity, apart from reporter assays, their binding to promoters could be measured by an
assay such as an electrophoretic molecular shift assay (EMSA) and the appearance of
selected mRNA transcripts could be monitored by real time reverse transcriptase PCR
(QRT-PCR) or globally by microarray. Finally the production of protein downstream of
pathway activation could be monitored by ELISA and Western blotting. In order to
investigate the effect of YpTdp on pathway activation a technique was chosen to
investigate one process proximal to NFkB activation (the degradation of IxkBa) and one

distally (the production of I1-8).
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In addition, YpTdp will also be tested for its interaction with mammalian Tdps to assess at

which point in the assembly of a signalling platform at the TIR domain it acts. This C hapter
also aims to investigate whether the signalling effects observed in the presence of YpTdp
are attributable to its TIR domain or whether other parts of the protein contribute to any
effect. In order to do this the region of DNA that encodes solely for the TIR domain of
YpTdp (YpTIR) will be cloned and expressed in HEK293 cells for the same assays carried
out with YpTdp in Chapter 4. The evaluation of just the TIR domain of a bacterial TIR
domain protein has not been previously reported. Using bioinformatics, the TIR domain has
been identified as covering approximately residues 137 to 285 in YpTdp. YpTIR will
therefore be expressed as residues 130 to 285. These residues were chosen to give 7

residues around the proposed TIR domain.
5.2 Aims and objectives

The aim of this chapter is to confirm an effect of YpTdp on TIR-dependent mammalian
immune signalling and to investigate specifically which pathways and molecules are

affected by YpTdp expression.

Specific objectives of this chapter are to:

— Clone and express the TIR domain of YpTdp (residues 130-285, YpTIR) to investigate
whether the effects on mammalian immune signalling observed in Chapter 4 could be
attributed solely to this domain, or whether regions of the protein outside of the TIR
domain contribute.

— Investigate the effect of YpTIR expression in immune signalling experiments as
described in Chapter 4 (IL-1p and TNFa-induced signalling to NF«xB via luciferase
reporter assays and LPS-induced signalling to NF«B via an alkaline phosphatase
reporter assay) and compare directly to YpTdp activity.

— Determine effects of YpTdp and YpTIR on immune signalling by methods other than

NFkB activity reporter assays to consolidate results.

163



Chapter 3
— Determine the effects of YpTdp and YpTIR on immune signalling induced by the over-

expression of the TIR adaptor proteins. When compared to their effects on signalling
induced by exogenous stimulation this may give an indication as to where in the

pathways YpTdp may be exerting its effect.

— Assess whether YpTdp is able to interact with mammalian TIR domain containing

molecules.
5.3. Results
5.3.1. Cloning and expression of the YpTdp TIR domain (YpTIR)

From bioinformatic analysis, the TIR domain from YpTdp is predicted to occur at amino
acids residues 130 — 285 (Section 3.3.2.1). DNA to encode this region from the YPO1883
gene in Y. pestis CO92 was amplified by PCR from the vector pET 26b(+)_YPTIRo kindly
provided by Dr. Rohini Rana at Imperial College, London. This PCR product was ligated
into pcDNA3.2, transformed into E. coli, and its sequence was checked (Appendix C). This
vector (pcDNA3.2 YpTIR) was then purified free of endotoxin and transfected into
HEK?293 cells for confirmation of expression by Western blotting (Figure 5-1).

5.3.2. The effect of YpTIR on IL-1B, TNFa and LPS signalling to NFxB

Like YpTdp (Chapter 4), YpTIR was expressed in HEK293 and HEK-Blue™ hTLR+ cells
and its affect on basal NFxB activity, and NFkB activity downstream of IL-1B, TNFa or
LPS was assessed using the reporter assays as detailed in Section 4.3.4. Figure 5-2 shows
the normalised results for these assays in comparison with the results for full-length YpTdp
from Chapter 4. These results show that YpTIR had no significant affect on IL-1f-, TNFa-
or LPS-induced signalling to NFkB (p = 0.8884, 0.6291 and 0.1906 respectively) which
indicates that the down-regulation of NFxB activity seen in the presence of YpTdp is not
attributable solely to the TIR domain, or that when expressed alone the YpTdp TIR domain
is not folded as it is in the full length protein. As before, control experiments without any

stimulation were carried out for each stimulation event and YpTIR had no effect on basal

NF«B activity (data not shown).
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Figure 5-1:  Confirmation of the expression of YpTIR-V5 in HEK293 cells by
Western blotting

HEK293H cells were transfected with pcDNA3.2 YpTIR and 24 h later the cells were
lysed, cleared of cell debris and used to make reduced SDS-PAGE samples. These samples
were run on a Tris-Glycine gel alongside MagicMark™ ladder (Invitrogen) and blotted onto
PVDF membrane. After blocking, the membranes were incubated with rabbit anti-V5
antibody and then goat-anti-rabbit IlgG-HRP antibody before detection of protein using
ECL substrates. YpTIR-V5 = 19 kDa
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Figure 5-2:  The effect of YpTIR on NFkB activity after IL-1p, TNFa or LPS stimulation.

(A) and (B) HEK293H cells were transfected with pcDNA3.2 YpTIR, or _Cat and, at 24 h post-transfection, stimulated with IL-1p or TNFa
for 6 h at which point luciferase activity was measured. Data is expressed as the mean of five separate experiments containing at least three
biological replicates + SEM (C) HEK-Blue™ hTLR4 cells were transfected as above and stimulated with E. coli K12 LPS for 24 h. The
media was then assayed for alkaline phosphatase activity. Data is expressed as the mean of three separate experiments containing three
biological replicates + SEM. For all experiments the data for cells stimulated in the presence of control vector (black bars) were normalised
to 100% and signalling in the presence of YpTIR is expressed as a % of this signalling (yellow bars). The results from YpTdp (Chapter 4)
are also displayed for comparison (pink bars). Addition of PBS formed the control stimulation for these experiments (data not shown). *

denotes p <0.05, ** denotes p < 0.01 column t-test.
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Chapter 3
5.3.3. IL-8 production

The chemokine IL-8 is produced on stimulation of both the IL-1R and TLR4 pathways.
Cell culture media from cells used in IL-1B-stimulated luciferase assays, or LPS-stimulated
SEAP reporter assays was removed and stored at -20°C. Media from replicate wells was
pooled. Subsequently, these samples were analysed for IL-8 content by ELISA to assess
whether the production of IL-8 in the presence of YpTdp or YpTIR was altered, when
compared with control. In line with the reporter assays (luciferase in particular) the amount
of IL-8 secreted varied between experiments (generally corresponding with level of NFxB
activation). Figure 5-3 shows the concentration of IL-8 in the media for a representative

NF«B reporter experiment. Media from replicate wells was pooled and assayed in duplicate
wells on the ELISA plate.

In the presence of YpTdp, IL-8 secretion from HEK293H cells stimulated with IL-1 is
reduced when compared with control (p < 0.05 one-way ANOVA with Bonferroni’s post
test, Figure 5-3). However, there is no effect on the amount of IL-8 secreted in the presence
of YpTIR. These results reflect the IL-1B-dependent signalling assays to NFxB whereby
YpTdp causes a reduction in NFkB-induced luciferase activity, whereas YpTIR does not. A
similar reflection of the IL-1B-dependent NF«kB activity assays is seen with IL-8 secretion
down-stream of TNFa stimulation where neither YpTdp nor YpTIR have any effect on IL-8
secretion (one-way ANOVA with Bonferroni’s post test, Figure 5-3). However, the IL-8
results from LPS stimulation of HEK-Blue™ hTLR4 cells do not follow the trend of the
reporter assay. In these experiments, neither YpTdp nor YpTIR have any measurable effect
on IL-8 production downstream of LPS stimulation (one-way ANOVA with Bonferroni’s
post test, Figure 5-3), whereas YpTdp was shown to significantly down-regulate NFxB
activity after LPS stimulation (Figure 4-8). This may indicate that IL-8 is being produced

from a pathway involving a transcription factor other than NFxB in this assay.

3.34. IxBa degradation

An indirect method to assess the activation status of NFkB is to monitor the presence of its
inhibitor protein IxBa. In a resting cell IkBa holds NF«B in the cytoplasm, unable to

translocate to the nucleus and initiate transcription. The regulation of NFxB in this way
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LPS

Graphs show a representative ELISA for YpTdp and YpTdp and their effect on IL-1B-, TNFa- or LPS-induced production of IL-8. Media
was removed from IL-1B- (A) and TNFa- (B) induced NFkB luciferase assays or LPS- (C) induced NFkB SEAP assays. The concentration
of IL-8 in the media was assayed by ELISA and calculated from a standard curve performed on each plate. Media from technical replicates
within signalling assays was pooled and represented in duplicate on the plate. Addition of PBS formed the control stimulation for these
experiments. Data is expressed as the mean IL-8 concentration between duplicate wells + SEM. * denotes p < 0.05, ** denotes p < 0.01, ***
denotes p < 0.001 one-way ANOVA with Bonferroni’s post test.
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Chapter 3
means that it can be quickly activated in the absence of transcription or translation. On

stimulation of a pathway leading to NF«kB activation, IxBa is phosphorylated and degraded
by the 26S proteosome (Section 1.2.3). As an alternative approach to assess signalling to
NF«B in the presence of YpTdp, IxBo degradation after stimulation of cells was monitored
by Western blotting. Initially IxBa levels were monitored at timepoints after I1-1 B-
stimulation of HEK293 cells in the presence and absence of YpTdp and YpTIR. Figure 5-4
shows that IxBa is degraded just 15 min after pathway stimulation and is at its lowest level
in this time course at 30-45 min. In the presence of YpTdp and YpTIR, however, IxkBa
degradation appears delayed and is at its lowest level in this time course at 60 min (Figure
5-4). The presence of YpTdp and YpTIR also appears to ameliorate the feedback loop in
which activation of NF«xB induces the expression of IkBa causing its levels to rise after
signalling. A histogram representation of the fold change in IkB levels demonstrates more
clearly how the resynthesis of IxBa after signalling appears to have been blunted (Figure
5-4 C). In the absence of YpTdp/YpTIR, IxkBa was re-synthesised to unstimulated levels by

120 min, consistent with previous data of this type**

. However, in the presence of
YpTdp/YpTIR re-synthesis is delayed to 240 - 480 min, and to a lower level than in control

cells.

3.3.5. Interaction studies

The reporter assays and cytokine analysis suggest that YpTdp is able to disrupt signalling,
possibly by binding the TIR domain of either the receptor or adaptor proteins. For IL-1f
signalling the receptor is the IL-1R and the adaptor proteins are IL-1IRAPL and MyD388.
For LPS signalling the receptor is TLR4 and the adaptors used could either be a
combination of MyD88 and Mal or TRIF and TRAM (Section 1.2.3). Studies to investigate
whether YpTdp is able to bind to MyD88, which participates in both IL-1R and TLR4
signalling were therefore carried out to investigate the hypothesised binding. In order to do
this co-immunoprecipitation (co-IP) and co-immunofluorescence (co-IF) studies were

performed.
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Figure 5-4: The effect of YpTdp and YpTIR on IxBa levels after IL-1p stimulation.

Cells were stimulated with IL-1p, lysed at defined timepoints, and samples were used for \\'csl_cm
blotting with an antibody to IxBa (A). Densitometry was performed on the Western b'lol and h\_Bu‘
levels normalised to a B-actin control. Fold change of IkBa levels compared to T = 0 in the presence

and absence of YpTdp/YpTIR is shown by line graph (B) and by column graph (C).
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To probe any interaction between YpTdp and MyD88 by co-IF, HEK293H cells were
immobilised onto sterilised glass coverslips and transfected with equal amounts of YpTdp-
and MyD88-expressing vectors. At 24 h post-transfection the cells were fixed in
paraformaldehyde, permeabilised and incubated with YpTdp- and/or MyD88-specific
primary antibodies followed by fluorescent secondary antibodies. The co-IF studies showed
that MyD88 had a distinct pattern of location when over-expressed in HEK293 cells
(Figure 5-5). It appears to be located at the plasma membrane of the cells. and in a distinct
pattern intracellularly, perhaps at endosomes (although these were not stained for). Figure
5-6 shows that YpTdp did not share this distinct location of expression when co-expressed
in HEK293H cells with MyD88 inferring that the proteins do not interact when over-

expressed together.

For the co-IP studies HEK293H cells were seeded into 100 mm dishes and transfected 24 h
later with equal amounts of YpTdp- and MyD88-expressing vectors. The cells were lysed
24 h after transfection and the lysate was split for [P with AU1- (the MyD88 tag) or V5-
antibodies. The co-IP studies did not clearly demonstrate an interaction between YpTdp
and MyD88. A variety of different permeatations of the co-IP were attempted. Lysis buffers
of different strengths were employed to lyse the cells initially including two homemade
buffers (Lysis buffer #1 and #2, Section 2.2). The strongest lysis buffer tried was RIPA
buffer, often employed for the solubilisation of membrane proteins, which gave the best
visible expression of YpTdp. In addition, the co-IP experiments were attempted with and
without pre-coupling of the antibodies to the protein G beads and with incubation of the
beads with the cell lysate for 1 h at room temperature and overnight at 4°C. The washing of
the lysate away from the beads was attempted with lysis buffer only, or with a regimen of
buffers that gradually reduced in stringency (down to PBS). The use of a co-IP kit was also
tried whereby the beads are trapped within a column (the protein G IP kit, Sigma-Aldrich
Ltd., UK). These various methods either produced very little visible expression of YpTdp
in the cell lysate (weak lysis buffer) and therefore no pulldown of YpTdp with the V5- or
MyD88-specific antibody, or good visible YpTdp expression (RIPA lysis buffer) but
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Figure 5-5: Intracellular pattern of expression of MyD88 over-expressed in
HEK293H cells.

HEK293H cells were seeded onto class coverslips and transfected 24 h later with a vector
expressing MyD88. After 24 h expression the cells were fixed and permeabilised and
probed with an anti-MyD88 primary antibody followed by a secondary antibody tagged
with the AlexaFluor®488 flurophore. The cells were viewed under a confocal microscope
at a 60 x magnification and excited with a 488 nm laser.

1"‘\



Chapter 3

488 nm Transmitted 568 nm

Figure 5-6:  The intracellular expression pattern of YpTdp and MyD88 when over-
expressed together in HEK293H cells.

HEK293H cells were seeded onto class coverslips and transfected 24 h later with equal
amounts of vectors expressing MyD88 and YpTdp-V5. After 24 h expression the c;lls were
fixed and permeabilised and probed with anti-MyD88 and anti-V5 primary antibodies
followed by secondary antibodies tagged with the AlexaFluor 488 ﬂurophorg(M_x‘DSS) or
the TexasRed flurophore (YpTdp). The cells were viewed under a confocal microscope at a
60 x magnification and excited with a 488 nm or 568 nm laser. Inserts are enlarged and

cropped.
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then no interaction with MyD88 (high stringency washes), or non-specific interactions (low
stringency washes). An example of an experiment such as this is shown in F igure 5-7. Here
the cells were lysed with lysis buffer #2 (high stringency), incubated with pre-coupled
beads overnight and then washed with a medium stringency set of washes (lysis buffer
followed by PBS). Here IP with the V5-antibody in the presence of YpTdp did precipitate
MyD88. Unfortunately MyD88 is also precipitated using a V5-tag antibody in the presence
of Cat, although a smaller band is seen than for YpTdp (Figure 5-7). Despite the
optimisation of this assay the balance between no binding and non-specific binding could
not be achieved suggesting that there is either no interaction between YpTdp and MyD88,

or that the assay was not appropriate to measure this interaction.

5.3.6. TIR adaptor-induced signalling to NFxB

In HEK293 cells NFxB transcriptional activity can also be induced by exogenous over-
expression of the four TIR adaptor proteins that activate signalling (MyD88, Mal, TRIF and
TRAM). Several experimental approaches have been used to show that overexpression of
MyD88 results in the formation of functional homodimers, thereby bypassing the need for
ligand-mediated TLR4 oligomerisation and recruitment of MyD88 to the TLR/IL-1R

77184 "and this also appears to be the case for the other adaptors. In order to attempt

complex
to determine whether YpTdp is able to bind with a receptor or adaptor during signalling, the
effect on signalling induced by over-expression of MyD88, Mal or TRIF was assessed
downstream of TLR4 in the presence of YpTdp and YpTIR. HEK-Blue™ hTLR4 cells
were seeded into 6-well plates and transfected 24 h later with vectors expressing YpTdp,
YpTIR or control vector along with vectors expressing MyD88, Mal or TRIF. NF«xB
activity was evident 24 h after transfection of MyD88, Mal or TRIF DNA and therefore
media from the cells was sampled at this point and assessed for alkaline phosphatase
activity. Signalling in the presence of control vector was normalised to 100% and signalling
in the presence of YpTdp or YpTIR is expressed as a % of this control signalling (Figure
5-8). The results indicate that neither YpTdp nor YpTIR have any significant affect on
signalling downstream of MyD88 or TRAM. Interestingly YpTdp does reduce Mal-induced

NFxB activity slightly (NFkB activity is 85 % of control signalling in the presence of .
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Figure 5-7:  Co-immunoprecipitation of YpTdp and MyD88

HEK293 cells were transfected with vectors expressing MyD88-AU1 and YpTdp-V5 in
equal amounts. At 24 h post-transfection the cells were lysed in the presence of protease
inhibitors and the lysate split in order to be immunoprecipitated using a V5 antibody or
AUI antibody attached to protein G sepharose beads. Immunoprecipitation was allowed to
occur overnight at which point the samples were washed and analysed by SDS-PAGE and
Western blotting. This shows the IPs immunoblotted with AU1 primary antibody.
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Figure 5-8: The effect of YpTdp and YpTIR on MyD88-, Mal-, or TRIF-induced signalling to NFkB.

HEK-Blue™ hTLR4 cells were transfected with pcDNA_ YpTdp, YpTIR or cat and vector expressing human MyD88 (A), Mal (B) or
TRIF (C). Subsequently, 24 hr after transfection media from the cells was analysed for SEAP activity.

MyD88-induced NFkB activity in presence of YpTdp = 94.32% (p = 0.7575), YpTIR = 89.89% (p = 0.1757)

Mal-induced NFkB activity in presence of YpTdp = 84.74% (p = 0.0108), YpTIR = 93.78% (p = 0.5863)

TRIF-induced NFkB activity in presence of YpTdp = 89.40% (p = 0.1700), YpTIR =99.01% (p = 0.9059).

Data is expressed as the mean of at least three separate experiments containing three biological replicates + SEM.
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YpTdp, p = 0.011, column t-test), but this effect is abrogated when the TIR domain is

expressed alone (YpTIR). One of the B. melitensis proteins investigated in Chapter 4 that
has also been investigated in the literature (BmTdp) has also been shown to selectively
affect Mal signalling, although an effect on signalling induced by the overexpression of
Mal could only be demonstrated in one of the two studies that have investigated this**+
Neither YpTdp nor YpTIR had any effect on basal NF«B activation in these assays (data

not shown).

5.4. Conclusions

The aim of this chapter was to confirm and investigate further the effect of YpTdp on
mammalian immune signalling. In order to do this the effect of YpTdp on IL-1/TLR
signalling was investigated by methods other than transcription factor reporter assays, such
as the degradation of IxBa and the analysis of chemokine production. In addition, the TIR
domain only from YpTdp was cloned and expressed in HEK293 cells in order to assess
whether the effect on immune signalling seen in the presence of YpTdp could be attributed

to the TIR domain in this protein.

The affect of YpTdp on IL-1B-dependent NF«B activation was supported by a reduction in
IL-1p-induced IL-8 production in the presence of YpTdp, and a delay in the degradation of
IxBo and a reduction in its subsequent feedback expression. In comparison, when these
assays were carried out in the presence of YpTIR, all assays suggested it had no effect on
the pathways, apart from when IL-1 pathway activation was assessed via IxkBa degradation.
Given that YpTIR had no effect on IL-1p-dependent NF«B activation or production of IL-
8, it is surprising to see that it reduced IL-1pB-dependent degradation of IkBa. A delay in
IkBa degradation and an absence of its subsequent feedback expression is expected in the
presence of YpTdp because the immune signalling and cytokine assays showed a drop in
NF«B activity in the presence of this protein. However, the lack of affect of YpTIR on IL-
1-dependent NFkB activation or IL-8 production suggests that the immunomodulatory
properties of YpTdp have been lost in the truncation of this protein. The reason for the
conflict between the results from the NFxB reporter assays/IL-8 production and the results
from the IxkBa degradation analysis is unclear. The majority of the assays, however. do

suggest that the effects on IL-1/TLR signalling seen in the presence of YpTdp are lost in
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truncation of the protein to give the TIR domain alone (including the disruption of Mal-

induced signalling by YpTdp). There are a number of reasons why this may be the case and

these are discussed below and shown pictorially in Figure 5-9.

One hypothesis is that the effects observed with YpTdp are mediated by regions of the
protein outside of the TIR domain. No conserved domain architectures have been identified
for the other parts of the protein and it does not appear to be homologous to other proteins.
However, perhaps it is this part of the protein that contacts the receptor/adaptor proteins in
the I1-1/TLR pathways (Figure 5-9B). Alternatively, and perhaps most likely. it may be that
YpTdp binds to the mammalian Tdps at the level of the TIR domain but that other proteins
are prevented from binding to the platform by the absence of another interaction domain
(e.g.: a death domain for IRAK binding) and steric hindrance (Figure 5-9A). Alternatively
it may be that the TIR domain of YpTdp is not folded properly when expressed alone
(Figure 5-9C). This is considered unlikely, however, since collaborators at Imperial College
have demonstrated a similar fold in YpTIR as for MyD88 by 1D NMR (personal

communication).

A number of studies carried out here confirm that YpTdp can play a role in the modulation
of mammalian immune signalling. IL-8 production downstream of IL-1p stimulation is
reduced in the presence of YpTdp, and the degradation of IxBa after IL-1f stimulation
appears delayed and blunted. In addition YpTdp causes the down-regulation of TLR4
signalling to NFxB induced by over-expression of the adaptor Mal. However. there are
inconsistencies: IL-8 production after LPS stimulation of TLR4 is unchanged in the
presence of YpTdp, whereas LPS-dependent NF«B activity is reduced in the presence of
YpTdp. It may be that the NFkB activity activated in response to LPS in this system does
not affect the IL-8 gene. NFxB regulates a large number of genes and the specificity of the
immune response downstream of different signals occurs at a number of levels including
the differential use of NFkB subunits. Thus, it may be that the way in which YpTdp

modulates signalling to NF«B (as seen in the reporter assays) does not have an effect on
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transcription of the /L-8 gene. Further analysis of other intermediates of this pathway, and

other cytokines, would be useful to confirm the effect of YpTdp on LPS signalling. The
effect of YpTdp on Mal-induced signalling to NFxB suggests that any observed modulation

of LPS-induced signalling is likely to be via interaction with, or modulation of the activities
of, Mal.

It is also of paramount importance to investigate the interaction of YpTdp with other Tdps.
The interaction of a bacterial Tdp with a mammalian counterpart is something which is
absent from most of the limited number of publications focussing on the disruption of
signalling by bacterial Tdps>*, and yet it seems crucial to the full elucidation of their
function. Unfortunately, the interaction studies attempted here proved inconclusive.
However, collaborators at Imperial College, London carried out GST pulldown experiments
using purified YpTIR and MyD88. Here they saw a specific interaction between YpTIR
and MyD88 which became apparent on a Western blot when the eluate from the column
was concentrated three times (Dr. R. Rana, personal communication). This suggests that
YpTIR is able to bind MyD88 but whether this binding occurs at physiological levels is yet
to be determined and a GST-pulldown with full length YpTdp has not been possible due to
the fact that obtaining a high yield of pure YpTdp has proved very difficult. The co-IF
studies attempted in this chapter showed that YpTdp and MyD88 did not co-localise
suggesting that these proteins do not interact. It would be interesting to investigate whether

an interaction occurred after stimulation of the cells.

Co-IP studies with MyD88 and YpTdp suffered from a number of problems: The
appearance of YpTdp in HEK293 cell lysates by Western blot was not to a high level and
this is potentially due to aggregation and insolubility of the protein. Collaborators at
Imperial College, London found the full-length YpTdp very difficult to express in large,
pure amounts since it had a strong propensity to form large insoluble aggregates (Dr. R.
Rana, personal communication) which may be cleared from a lysate, or difficult to detect
using Western blot. It is also possible that YpTdp may be associated with membranous or
nuclear material in HEK293 cells which is cleared when the lysates are centrifuged. This
suggestion is given some weight by the fact that RIPA lysis buffer, often employed for the

solubilisation of membrane proteins, improved the appearance of YpTdp by Western
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blotting. Regardless of the reason behind the difficulty in expressing and visualising

YpTdp, the co-IP technique may not be best suited for demonstrating its interactions. An
assay whereby purified proteins are employed, rather than cell lysates, may be beneficial
and indeed GST-pulldown between YpTIR and MyD88 does yield a visible interaction. It
has not been possible to use purified YpTdp in these assays for the reasons given above,

and a GST-pulldown experiment introduces a level of artificiality over a co-IP.

Neither YpTdp nor YpTIR affected NF«B activation as induced by the over-expression of
the TIR adaptor proteins MyD88 or TRAM but, as discussed, YpTdp did down-regulate
signalling induced by the over-expression of Mal. The B. melitensis protein BMEI1674
(BmTdp) also acts of Mal-specific signalling pathways and has been postulated to be “Mal-
like” for its ability to interfere in TLR2 and TLR4 signalling and its ability to bind
phospholipids. An experiment to investigate whether YpTdp was also able to bind
phospholipids was conducted once but no interaction was identified (data not shown). This
would be an important avenue of investigation for future studies and would suggest that

efforts in studying the interactions of YpTdp should be focussed on Mal instead of MyDSS.

The lack of effect of YpTdp on MyD88-induced NF«B activity suggests that the down-
regulation of NF«B activation observed in the presence of YpTdp when cells are stimulated
with IL-1B is due to YpTdp disrupting signalling by binding to the IL-1R or IL-1APL,
rather than MyD88. However, this may not correlate with the observed interaction between
YpTIR and MyD88 in the GST pulldown experiments performed by collaborators. It is also
possible that the over-expression of MyD88 (and TRAM) in order to induce signalling
creates a vast excess of the adaptor proteins that may be enough to overcome any
interaction with YpTdp/YpTIR that would disrupt signalling to NF«B (although this does
not seem to be the case for Mal). A dose-dependent assessment of the amount of the vectors
expressing the adaptor proteins to transfect that would give NFxB activation was carried
out and the lowest dose of adaptor vector that gave significant NFxB activation was
employed. However, this still may be enough to overcome YpTdp inhibition in the case of

MyD88 and TRAM.
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In conclusion it seems likely that when over-expressed in a mammalian cell line YpTdp is
able to disrupt IL-1/TLR signalling. However, the mechanism of its disruption, including at
which point it binds, has yet to be fully elucidated.
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Chapter 6: Assessment of the contribution to the virulence of
Yersinia pestis from YpTdp

6.1. Introduction

Previous studies with bacterial Tdps have not provided a clear indication regarding their
roles in bacterial virulence. This is partly due to the fact that they have so far been
investigated in bacteria that, while pathogenic, do not cause lethal disease in an animal
model, or the disease caused in the model does not necessarily correlate well with the
disease in its natural host. Salmonella enterica serovar Enteritidis, investigated by Newman

et al’®

most frequently causes a gastrointestinal disease of livestock and humans but is
lethal in the oral infection murine model used in their study. The T/p4 mutant was not
significantly attenuated in its lethality in this model but was defective in its ability to
colonise the spleen. In vitro, the TlpA mutant was significantly attenuated in its replication
within a J774 macrophage cell line, but not in its uptake into these macrophages. Other Tdp
mutants present different characteristics. The BmTdp mutant of B. melitensis was not found
to be defective in intracellular replication within macrophages or HeLa cells but did show
an attenuated phenotype in the mouse model used®*®. However, brucellosis is not generally
a lethal disease in wild-type mice; in fact mice are remarkably resistant to Brucella, unlike
the debilitating phenotype of Brucella infection in other mammals/humans. Therefore IRF
knockout mice were used for the infections giving a somewhat artificial aspect to the study.
Similarly the uropathogenic strain of E. coli investigated by Cirl et al. in their study of
TepC**® is not lethal in a mouse model, or indeed in immunocompetent patients. The TcpC
mutant was attenuated in a urinary tract infection (UTI) model in mice, as determined by
the reduced appearance of the 7¢pC mutant bacteria in the urine and kidneys compared to
wild-type, and the pathology of the kidneys in this model was worse during the wild-type
infection where they showed a higher number of abscesses compared to mutant bacterial
infection. From these studies there is some indication that bacterial Tdps play a role in the
virulence of their cognate organism but it also seems important to investigate the effect of
removal of a bacterial Tdp on a highly virulent organism such as Y. pestis. In order to
investigate whether YpTdp is involved in the virulent colonisation and replication of Y.
pestis within a host, the gene encoding YpTdp will be genetically removed from Y. pestis

GB and the ability of this mutant bacteria to be taken up by, and replicate within, a murine
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macrophage cell line will be assessed. In addition, its ability to compete for niche and
colonise the spleen in a mouse model of infection will be investigated in two ways: using a

competitive index (CI) study, and by the assessment of its median lethal dose (MLD) in

mice in comparison with wild-type.

The pathogenesis of Y. pestis in mice has been investigated by a number of groups. One
study, specifically looking at Y. pestis GB (the strain used here) and its pathogenesis in
BALB/c mice found the course of disease to have three stages. The first phase (up to day 3)
showed a small number of intracellular bacteria within macrophages and neutrophils, with a
high amount of neutrophil apoptosis. This, and other evidence, suggests that neutrophils are
able to control bacterial numbers whereas the macrophage has been suggested to be a “safe
haven” for the bacteria. After day 3 Y. pestis GB was exclusively found in macrophage
cells and numbers reached between 10° and 10* cfu per spleen. At days 4 and 5 post-
infection there was a decrease in bacterial numbers and escape of bacteria into the

extracellular environment*”’.

It is clear from the lifestyle of Y. pestis that resident macrophages are a primary target for

. . 4
immunomodulation*®°

. If the YpTdp mutant of Y. pestis is defective in its ability to reduce
TLR signalling, it may be that macrophage cells are better able to resist entry or survival of
Y. pestis. Modulation of macrophage function and survival has been demonstrated for other
Y. pestis mutants defective in immunomodulatory strategies*®'*®%. In addition, if the Y.
pestis Tdp mutant is defective in its entry to, and survival within, macrophage cells the
disease severity and colonisation in vivo may be expected to be less than that of wild-type
bacteria in the second and third phases of infection. However, in a highly virulent pathogen
such as Y. pestis the removal of one immunomodulatory protein may not produce such
dramatic effects. Of the known immunomodulatory strategies in Y. pestis, in general these
must act in concert to overwhelm the host immune response. For example, deletion of
Yopl, the archetypal Yersinia immunomodulatory effector, in Y. pestis has no effect on the
virulence, systemic spread or colonisation of Y. pestis*®. At the other end of the scale,
deletion of the TLR2-dependent immunomodulator LerV in Y. pestis increases the MLD in

mice from 10 cfu to >10’ cfu*®. The point at which YpTdp fails on this scale is yet to be

determined.
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Previous studies on bacterial Tdp mutants have focussed on characterising the virulence
and immunomodulatory phenotype. However, since there is evidence to suggest that these
proteins may have other roles it would also be interesting to investigate other characteristics
of the mutant, including growth and sensitivity to stresses, information which has not been
assimilated on other bacterial Tdp mutants. To this end its growth in vitro will be assessed
and literature searching and experimental findings will lead the search for other

phenotypes.
6.2. Aims and objectives
The aim of this chapter is to investigate the role of YpTdp in the virulence of Y. pestis.

This will be achieved by addressing the following objectives:

— Genetically remove the gene for YpTdp (YpTdp) from Y. pestis GB by homologous
recombination between this gene and a kanamycin construct using the “lambda red
swap” method*®®. Confirm the mutant via PCR screening and sequencing.

— Assess the growth of the Yersinia pestis YpTdp mutant (AYpTdp) in vitro.

— Investigate the ability of Y. pestis AYpTdp to replicate within a macrophage cell line.

— Evaluate the median lethal dose of Y. pestis AYpTdp in a murine model of infection.

— Determine the competitive index value for Y. pestis AYpTdp in competition with wild-
type Y. pestis GB

— If virulence phenotype not identified, investigate clues to other phenotypes.
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6.3. Results

6.3.1. Production and confirmation of Yersinia pestis AYpTdp

A genetic knockout of the gene encoding for YpTdp was achieved using the “lambda (})
red swap” method of Datsenko and Wanner*®. In this method a PCR product encoding for
a knockout mutation of the gene of interest, flanked by its surrounding chromosomal DNA,
is introduced into the bacterial strain of interest by elecroporation. This strain is already
transformed with a “helper plasmid” pAJD434 which encodes for the A-red recombinase to
facilitate the recombination of the PCR product with chromosomal DNA. Figure 6-1 shows
the mutant making process and confirmatory PCRs for making a YpTdp knockout of Y.
pestis GB (steps highlighted in yellow). A kanamycin resistance cassette (to replace YpTdp)
was amplified from the vector pK2* surrounded by 50 bp of DNA homologous to the
DNA immediately flanking either side of the YpTdp gene including the START and STOP
codons (to minimise polar effects) and the PCR product was electroporated into Y. pestis
GB (Figure 6-1, Steps 1 & 2). Integration of this PCR product into the bacterial
chromosome then occurs due to regions of the PCR product DNA being homologous to the
chromosomal regions surrounding the gene to be removed. Recombination is aided by the
recombinase enzyme expressed on the pAJD434 plasmid also present within the cell.
Bacterial colonies were screened for their ability to grow on media containing kanamycin,
and by PCR using primers outside the gene of interest in order to see a size difference in the
PCR product of the mutant (“flanking PCR”, Figure 6-1, Step 3). This reflects the fact that
the gene for kanamycin resistance (KanR) is smaller than the gene of interest; the sizes of
PCR products for this confirmatory PCR are 1231 bp for KanR and 1338 bp for YpTdp. A
confirmatory PCR was also carried out with a kan-specific PCR primer which would give a
positive result only on mutant colonies (“Kan-specific PCR”, Figure 6-1, Step 3). Once a
potential YpTdp mutant was identified the helper recombinase plasmid was cured by growth
of the strain at 37°C (Figure 6-1, Step 4). Loss of the recombinase plasmid was confirmed
by the loss of PCR products corresponding to the exo and gam genes from the helper
plasmid (Figure 6-1). The presence of the Y. pestis virulence plasmid (pCD1) was
confirmed by PCR amplification of the yscC gene from this plasmid. The replacement of
the YpTdp gene with a kanamycin cassette was confirmed by amplifying the new insert

using PCR, cloning this product into pCR2.1 and subsequent sequencing of this construct.
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6.3.2. Growth of Yersinia pestis AYpTdp in vitro

The growth of the Y. pestis AYpTdp mutant in comparison with wild-type Y. pestis GB was
assessed by optical density reading and enumeration of serially diluted bacteria on agar
plates. The growth of wild-type and mutant Y. pestis were compared at 28°C. Growth at
28°C imitates the lifestyle of Y. pestis within the flea since this is approximately its body
temperature. Stationary phase cultures of Y. pestis GB and Y. pestis AYpTdp, grown
overnight in BAB broth were diluted 1:10 (v/v) in BAB broth (time = 0 h) and their growth
was monitored by absorbance of light at 590 nm (Figure 6-2 A). These initial growth curves
at 28°C appeared to indicate that the YpTdp mutant has a growth defect compared to wild-
type. However, in performing these experiments it became apparent that after
approximately 3 h of growth, Y. pestis AYpTdp started to form large aggregates. Wild-type
Y. pestis strains have an auto-aggregation phenotype which is believed to be due to the
addition of complex sugars to surface proteins and aids in the blockage of the flea stomach
by Y. pestis to enhance its dissemination®”*. This aggregation phenotype can make it
difficult to obtain an optical density (OD) reading for Y. pestis cultures. However, the
aggregates generally break up easily with gentle shaking and pipetting and an OD reading
can be obtained. The Y. pestis AYpTdp mutant, however, appeared to be forming larger
flocculent clumps that were difficult to disperse and this was likely to be affecting the OD
readings. The clumping of the mutant could be visualised in broth culture noticeably
(Figure 6-2B). The growth curves were therefore repeated after vortexing and pipetting of
the cultures before OD readings were taken which somewhat dispersed the aggregates and
gave a more accurate growth curve (Figure 6-2A). In addition, culture was removed at
defined timepoints, serially diluted and plated for the enumeration of bacteria (Figure 6-3).
The results of the growth curves with vortexing, and dilution plating, demonstrate that the

Y. pestis AYpTdp mutant has the same growth kinetics as wild-type Y. pestis.

The increased auto-aggregation observed with the AYpTdp mutant was quantified using a
sedimentation assay. This relies on the fact that a culture with more aggregates will
sediment more quickly than a smooth culture, if undisturbed. This sedimentation of bacteria

in culture is associated with a reduction in OD and sedimentation was monitored in this
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Figure 6-2:  Growth of Y. pestis GB and Y. pestis AYpTdp in BAB broth.

An overnight culture of Y. pestis GB or AYpTdp was diluted 1:10 (v/v) to a total of 50 ml in BAB
broth and incubated at 28°C with orbital shaking. (A) The ODsy of the culture was measured‘hourly
until 7 h and then at 24 h. A best fit curve was drawn using the Boltzman sigmoidal function in the
GraphPad™ Prism statistical package. Data is expressed as the mean + SEM of three independent

experiments (B) Cultures were photographed after 6 h of growth. “
1
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Figure 6-3: Enumeration of Y. pestis GB and Y. pestis AYpTdp at timepoints during
broth culture

An overnight culture of Y. pestis GB or AYpTdp was diluted 1:10 (v/v) to a total of 50 ml in
BAB broth and incubated at 28°C with orbital shaking. At defined timepoints after initial
inoculation 1 ml culture was removed, serially diluted and plated for the enumeration of
colonies. Cultures were vortexed prior to the samples being taken. Data is expressed as the
mean + SEM cfu/ml taken from counts on duplicate dilution plates from two independent
experiments.
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way for the wild-type and AYpTdp mutant (Figure 6-4). Overnight cultures were diluted
1:10 and incubated at 28°C for 4 h. At this time 3 ml culture was removed and placed in a
cuvette. The ODsgg of this culture was taken at defined timepoints with as little disturbance

of the cuvette as possible. From this it is apparent that the AYpTdp culture sediments at a
faster rate than the wild-type Y. pestis GB.

The increased auto-aggregation of the Y. pestis AYpTdp mutant in broth may suggest an
alteration in the membrane characteristics of the bacteria particularly that the membrane
may have become more hydrophobic in nature and therefore the bacterial cells clump
together in response to the hydrophilic broth environment. In order to investigate this Y.
pestis and Y. pestis AYpTdp were tested for their hydrophobicity using the bacterial
adhesion to hydrocarbon (BAH) test*07468, Overnight cultures of Y. pestis and Y. pestis
AYpTdp were diluted 1:10 (v/v) in 50 ml cultures and grown for 24 h. Their relative
hydrophobicity was measured at 4, 6 and 24 h. Results from this test show that there is no
difference in the hydrophobicity of the bacteria at these time-points (Figure 6-5).
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Figure 6-4: Sedimentation of Y. pestis GB and Y. pestis AYpTdp in culture

Overnight cultures of Y. pestis GB or AYpTdp were diluted 1:10 (v/v) to a total of 50 ml in
BAB broth and incubated at 28°C with orbital shaking. After 4 h growth 3 ml of the culture
was removed and placed into a cuvette. At various timepoints after this the ODsgo was
measured with as little disturbance to the cuvette as possible. The ODsgp at T = 0 was
normalised to 100% and the ODsgg at points after this calculated as a % of this starting
ODsgo. Data is expressed as the mean + SEM from three independent experiments.
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Figure 6-5: Hydrophobicity of Y. pestis GB and AYpTdp

Overnight cultures of Y. pestis GB or AYpTdp were diluted 1:10 (v/v) in a total of 50 ml in
BAB broth and incubated at 28°C with orbital shaking. At defined timepoints, culture was
removed, washed twice with PBS and resuspended in PBS to an ODsg of ~1.
Subsequently, 2 ml of this culture was overlaid with 600 pul hexadecane, vortexed for 1 min
and then left to stand for 15 min. At this point the ODsgg of the aqueous phase was
measured and % culture that partitions with hydrocarbon (% hydrophobicity) measured as
detailed in the Materials and Methods. Data is expressed as the mean + SEM from %
hydrophobicity calculated from three independent experiments where enumeration of

bacteria was carried out on duplicate dilution plates.
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6.3.3. Uptake and replication of Yersinia pestis AYpTdp in a macrophage cell line
To assess the interaction of the Tdp mutant of Y. pestis with macrophages its uptake into,
and replication within, the murine macrophage cell line J774 was assessed. The bacteria
were allowed to infect the macrophages at a multiplicity of infection (MOI) of 10 for 60
min, after which extracellular bacteria were killed by incubating the cells with 10 pg/ml
gentamicin for 45 min. This timepoint was considered T = 0 h. At 0 h and 24 h, the
macrophages were lysed, and intracellular CFU were enumerated by dilution plating of the
lysates. Figure 6-6 and two-way ANOVA analysis show that at T = 0 h there is no
difference in number of wild-type or mutant bacteria within the macrophage. This suggests
that the Y. pestis AYpTdp mutant is not attenuated in its ability to gain entry into this
macrophage cell line. There is also no difference in the numbers of bacteria within the
macrophages at T = 24 suggesting that Y. pestis AYpTdp is also not attenuated in its ability

to replicate within this macrophage cell line.

6.3.4. Virulence of Yersinia pestis AYpTdp in a murine model

In order to assess the effect that removing YpTdp from Y. pestis GB has on its ability to
colonise a host and cause disease, two in vivo studies were conducted: a competitive index
(CI) study and an experiment to determine the median lethal dose (MLD) for Y. pestis
AYpTdp, i.e. the dose of Y. pestis AYpTdp that kills 50% of a population. In a CI study both
wild-type and mutant bacteria are introduced into a host at a 1:1 ratio and allowed to
colonise for a defined amount of time. At this point the animals are culled and the
colonisation of the spleen by either wild-type or mutant bacteria is assessed. The ratio of
colonisation compared with input informs the researcher about the ability of the mutant
bacteria to compete with the wild-type bacteria for niche. In a MLD study animals are
given a variety of doses of mutant bacteria and their time to death is monitored. A
calculation (Reed-Meunch) can then be applied to calculate the dose of mutant bacteria that
would kill half a population of mice, and this can be compared to the MLD for the wild-

type strain.
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Figure 6-6:  The intracellular growth of Yersinia pestis GB and Yersinia pestis
AYpTdp in J774 murine macrophages

J774 macrophages were seeded at 1 x 10° cells per well in a 24-well plate and 16 h later
infected with 1 x 107 cfu Y. pestis GB or Y. pestis AYpTdp (MOI 10) for 60 min. At this
time the bacterial suspension was removed from the cells and extracellular bacteria killed
using 10 pg/ml gentamicin for 45 min. At this point (considered T = 0 h), the cells were
lysed and the lysates diluted for the enumeration of bacteria within the cells. A 2 pg/ml
solution of gentamicin was added to the cells for the T = 24 h timepoint and then at T = 24
the cells were washed, lysed and diluted as before. Data is expressed as the mean + SEM
cfu/ml as calculated from duplicate dilution plates from three independent experiments with

two technical replicates (wells).
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For the CI study stationary phase cultures of wild-type and mutant bacteria were diluted
1:10 (v/v) and allowed to reach log phase (an ODsg of 0.6). These cultures were then
diluted to 10 (approx 1000 cfu) and mixed at a 1:1 ratio. This mixture was used to
inoculate six BALB/c mice via the intravenous (i.v.) route. At a point when it was clear the
bacteria had extensively colonised the host (where the mice were showing significant
clinical signs) the mice were culled and their spleens were removed. For this study this
point was at 72 h post-challenge (phase 2 of Y. pestis infection). The spleens were then
disrupted by maceration through a fine sieve and plated onto BAB and BAB-kanamycin
plates for the enumeration of bacteria. The ratio of colonies on the BAB-kan plates divided
by the total bacteria present (as informed by the BAB plates) gives a competitive index
value. For this study a value of less than 0.2 was deemed to indicate a reduction in ability to
compete for nutrients and colonise a host of the mutant bacteria (i.e. one fifth of mutant
bacteria compared to wild-type are able to colonise the spleen) in line with other studies*®’.
The results of the in vivo CI experiment are summarised in Table 6-1. Results were only
used for four of the six mice inoculated since two of the mice were considered unlikely to
have received the whole dose due to problems with the i.v. dosing. The in vivo CI results
indicate that the Y. pestis AYpTdp mutant is not attenuated in its ability to compete with
wild-type for niche since the average CI value for Y. pestis AYpTdp in competition with
wild-type is 2.04. Enumeration of bacteria from spleen 1 indicated that there were more
mutant bacteria within the spleen than total bacteria; a 1:1 output ratio was therefore
assumed for this mouse. Results from the other three animals demonstrate that there are
approximately the same numbers of mutant bacteria as wild-type bacteria within the spleens

of these mice.

For the determination of the median lethal dose of Y. pestis AYpTdp, groups of six BALB/c
mice were challenged by the sub-cutaneous route with dilutions of a Y. pestis AYpTdp
culture ranging from 10™ to 10®. The neat culture contained 2 x 10® cfwml Y. pestis
AYpTdp (Table 2-4, Section 2.3). The sub-cutaneous route best mimics Y. pestis infection
by its most natural route — via the bite of an infected flea. In addition, entry via the sub-

cutaneous route means that the bacteria must encounter a host of immune barriers (more so
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Total CFU/spleen V- et alpldp Y. pestis GB CFU/
Spleen | (as determined by CFU‘{SP Ieen. spleen Ratio
number | counts on BAB gsun:sti;m;;e; : ayn = Total CFU - Y. WT : AYpTdp
plates) plates) pestis AYpTdp CFU
1 1.20 x 10’ 1.29 x 10’ -9.00 x 10° Assume 1:1*
2 5.67 x 10’ 3.84x 10’ 1.83x 10’ 1:2.1
3 3.38 x 10’ 2.22 x 10’ 1.16 x 10’ 1:1.91
4 7.05 x 10’ 4.81 x 10’ 2.24 x 10’ 1:2.1
Table 6-1:  Bacterial numbers per spleen from the in vivo competitive index study

BALB/c mice were inoculated via the i.v. route with 1000 cfu of a 1:1 mixture of Y. pestis
GB and Y. pestis AYpTdp. After 48 h the mice were culled and their spleens removed and
macerated for the enumeration of total bacteria per spleen, and of numbers of Y. pestis
AYpTdp mutant bacteria per spleen. A ratio of wild-type to mutant bacteria having
colonised each animal could then be calculated. * Assumed to be 1:1
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than direct entry into the bloodstream as for i.v. dosing). The MLD of . pestis GB is

approximately 1 cfu*’®, Groups of mice given Y. pestis GB at three different dilutions of a 2
x 10® cfu/ml neat culture (107 to 10'7) were used as a control for the experiment. The mice
were monitored twice a day for two weeks and deaths recorded. Mice were culled at a

humane endpoint based on a symptom scoring system by researchers independent from the

study.

Figure 6-7 shows survival curves comparing wild-type and mutant bacteria at comparable
doses (107, 10°® and 107 dilutions equivalent to approximately 200, 20 and 2 cfu). Table

6-2 summarises the median time to death across all the groups.

These results indicate that there is no significant difference between wild-type and mutant
Y. pestis with regards to numbers of survivors after challenge or time to death. The Reed-
Meunch equation was conducted to ascertain the MLD for Y. pestis AYpTdp (Figure 6-8).
In order to calculate the MLD using this equation 100% of the group given the lowest dose
need to survive and 100% of the group given the highest dose must succumb to infection.
Unfortunately one mouse succumbed in the lowest dose group (10°® dilution) and so an
assumption had to be made that all mice would survive at a log lower dose (10” dilution)
for the equation to work. The analysis showed that the MLD for Y. pestis AYpTdp 1s 1.27
cfu and so AYpTdp is not an attenuating mutation. Mice given wild-type Y. pestis died with
the expected characteristics and within the expected timeframe indicating that the growth

and administration of the bacteria should not have affected the results.
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Figure 6-7:  Survival curves for the three comparable doses of Y. pestis GB and Y.
pestis AYpTdp given during the MLD study.

Six BALB/c mice were dosed via the s.c. route with Y. pestis GB and Y. pestis AYpTdp at a dose of
(A) 1 cfu, (B) 10 cfu, (C) 100 cfu and their survival monitored over a period of 14 days.
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Y. pestis GB

Y. pestis AY

pTdp

Dose (dilution
of 2 x 10°
cfu/ml)—

i

10°®

10°

10°®

167 10°®

10™

10*

Number of
survivors at
end of
experiment
(out of 6)

Median time
to death
(days)

5.5

Table 6-2:

A summary of the number of surviving mice in each dose group in the
MLD study and their median time to death

Six BALB/c mice were dosed via the s.c. route with dilutions of a starting Y. pestis GB of
Y. pestis AYpTdp culture (as detailed in the table). Their survival was monitored over a

period of 14 days.
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Dilution Alive Dead Cumulative Alive J Cumulative Dead 1 % mortality
-4 0 6 0 22 100
-5 1 B ] 16 94.0
-6 0 6 1 11 91.7
-7 2 4 3 5 62.5
-8 5 1 8 1 11.0
-9 6 0 14 0 0
(% mortality at dilution immediately above 50% mortality) — 50% = 62.5-50
(% mortality at dilution immediately above 50% mortality) — (% mortality at dilution immediately below 50%) 62.5-11
= 12.5
315

What is the dilution that produced the mortality rate immediately above 50%?

Apply the index value to this dilution

The dilution of Y. pestis AYpTdp that would have contained IMLD in 100ul is therefore

From the dose calculations in this study the “Neat” solution used to make the above dilutions contained :

A 107%* dilution of this is

Figure 6-8:

C

[0

Reed-Meunch calculation for MLD of Y. pestis AYpTdp.

= 0.243p (index)

= L

= -7.243
107243

2.26 x 107 cfu/100pl

1.29 ¢fu = MLD

9 121dey)
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6.3.5. Other characteristics of the Y. pestis AYpTdp

Since the Y. pestis AYpTdp mutant did not show any altered virulence characteristics in the
models used here, and with an increased auto-aggregation phenotype observed, additional
experiments were carried out to investigate other characteristics of the mutant. The auto-
aggregation phenotype of Y. pestis wild-type strains has recently been attributed to the
presence of complex sugars on outer membrane proteins when grown at 28°C*"!. The
removal of a phosphoglucomutase protein involved in the synthesis of these sugars renders
Y. pestis CO92 unable to aggregate. At the same time this mutant is also 1000-fold more
sensitive to polymixin B*’!. To investigate the response of Y. pestis AYpTdp to polymixin B
an experiment to determine the minimum inhibitory concentration 50 (MICsg) of polymixin
B to Y. pestis AYpTdp was carried out. Approximately 8 x 10* cfu of Y. pestis GB or
AYpTdp were incubated with varying concentrations of polymixin B for 24 h. At this point
the ODsgo of each well was measured and used to calculate the percentage survival
compared to control wells containing no polymixin B. The resultant kill curves show that
there is no difference between the response of Y. pestis GB and AYpTdp to polymixin B
(Figure 6-9). The MICs, for Y. pestis GB as calculated from a one phase exponential decay
best-fit curve is 25.1 pg/ml for wild-type and 22.7 pg/ml for AYpTdp indicating that the Y.
pestis AYpTdp does not differ in its susceptibility to polymixin B from Y. pestis GB.

The gene for YpTdp in Y. pestis strain 201 (biovar Microtus) has been shown to be up-
regulated in response to high-salinity stress in two microarray studies*”**”*. In one of the
studies, where 25 environmental stresses were investigated, high salinity gave rise to the
greatest change in expression of YpTdp. To investigate the response of the Y. pestis AYpTdp
mutant to high salinity both wild-type and mutant Y. pestis were exposed for 3 hto a
concentration of NaCl that is approximately equivalent to that in sea water (0.5 M). As a
control, the strains were exposed to the approximate concentration of NaCl in BAB broth
(0.05M) (Figure 6-10). Surviving bacteria were enumerated by dilution plating onto BAB
agar. This experiment indicated that while the Y. pestis AYpTdp mutant is able to survive
comparably to wild-type bacteria when exposed to 0.05 M NaCl, it demonstrates
significantly reduced survival when exposed to 0.5M NaCl (2.54% mean survival for 1’

pestis AYpTdp compared to 7.04% for wild-type).
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Figure 6-9:  Survival of Y. pestis GB and AYpTdp in different concentrations of
polymixin B

Overnight cultures of Y. pestis GB and AYpTdp were diluted to an ODsgy ~ 0.1 and
incubated for 1 h at 28°C with orbital shaking. The cultures were then diluted to 107
(approximately 10° to 10° cfw/ml) and 100 pl culture added to a 96-well plate containing
varying concentrations of polymixin B, as well as a positive control with no polymixin B
and a negative control containing only BAB broth. The plate was incubated for 24 h and
then the ODsgg of the wells measured. Percentage survival was calculated by dividing the
OD of the experimental wells by the OD for the positive control growth, both minus the
OD from the negative control wells. Data is expressed as the mean of two independent
experiments, each with triplicate technical replicates £ SEM.
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Figure 6-10: The survival of Y. pestis GB and AYpTdp in sodium chloride

Overnight cultures were diluted 1:10 (v/v) to a total of 10 ml BAB broth and incubated
until an ODsgg of ~ 0.4 was reached (c. 1 x 10 cfu/ml). Then, 100 ul culture was used to
inoculate 10 ml NaCl at 0.05 M or 0.5 M and incubated at 28°C with orbital shaking for 3
h. At this point the cultures were serially diluted and plated for the enumeration of bacteria.
The input culture was also serially diluted and plated onto BAB agar in order to calculate
the survival from initial inoculum. The counts were taken from duplicate plating of the
dilutions, and the experiment carried out on three separate days. Data is expressed as the
mean + SEM.
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6.4. Conclusions

Previous studies of bacterial Tdps have investigated the effect that removing a Tdp has on
the virulence characteristics of its cognate bacteria. However, the bacteria investigated so
far have not necessarily been particularly pathogenic, or the models used have not
necessarily reflected the natural disease. Other characteristics of the mutant bacteria which
may contribute to an altered virulence, such as growth, have not been reported. Here we

investigate a highly pathogenic bacterial species, Y. pestis, for its growth and virulence

characteristics after removal of YpTdp.

On removal of the YpTdp gene from Y. pestis GB the mutant was assessed for its ability to
grow in broth culture. Initially it appeared that the mutant had a growth defect when
compared, in a growth curve measured by optical density, to wild-type bacteria. However,
on closer inspection the Y. pestis AYpTdp mutant had a more aggressive auto-aggregation
phenotype than Y. pestis GB which meant OD readings were difficult to accurately obtain.
Vortexing and pipetting up and down of the cultures was able to break up the clumps to
some extent and another growth curve was obtained, this time with no significant difference
between the mutant and wild-type. This was confirmed by the enumeration of bacteria on
BAB agar plates at defined points in the curve. This observed increase in autoaggregation
was confirmed using a sedimentation assay but was found not to depend on a change in the
hydrophobic nature of the Y. pestis AYpTdp mutant compared to wild-type. Recently, the
gene pgmA which encodes for a phosphoglucomutase, has been found to be responsible for
the autoaggregation phenotype of Y. pestis. Removal of this gene was also shown not to
affect the hydrophobicity of Y. pestis but instead to affect the addition of complex sugars to
proteins on the bacterial cell surface’’!. Whether the removal of YpTdp similarly affects the

bacterial cell surface has yet to be determined.

In three different virulence studies the YpTdp mutant did not demonstrate an attenuation. It
was not defective in its ability to be taken up by, or replicate within, a macrophage cell line.
Other macrophage cell lines, including of human origin, and ex vivo cells may also be
useful in confirming this phenotype. In two mouse models of Y. pestis infection the mutant

was not shown to be attenuated. In a competitive index study a mixture of wild-type and
205



Chapter 6
mutant bacteria are given intravenously giving an acute model of colonisation. Y. pestis

AYpTdp was able to colonise the spleens of BALB/c mice to a similar level as wild-type Y.
pestis3 7 In an MLD study a range of doses of wild-type and mutant bacteria were given
subcutaneously to groups of mice. This route of entry better reflects a natural flea bite
infection and provides the invading bacteria with immune cell interaction at the site of
infection that subsequently carry the Y. pestis around the body. In this model of infection
no increased survival or reduced time to death was observed with the YpTdp mutant. These
results are comparable those observed with the Y. pestis virulence factor YopJ. While YopJ
has been extensively investigated for its immunomodulatory abilities??%-334336382.385-3874™ 3¢
does not bestow Y. pestis with significant fitness advantage alone*®*’>*’®_ This suggests
that the Y. pestis AYpTdp mutant should be investigated for more subtle effects in vivo, such
as spleen and lymph node colonisation, or in other models, such as Y. pestis colonisation of
the flea. YopJ also appears to play a more central role in virulence in Y.
pseudotuberculosis*”’, and it would therefore be interesting to assess the role of YpTdp in
Y. pseudotuberculosis virulence. This may be complicated by the fact, however, that Y.

pseudotuberculosis strains express an additional TIR domain protein (Appendix B).

The addition of complex sugars to surface proteins of Y. pestis and its resulting aggregation
causes blockage of the flea stomach which subsequently aids in the dissemination of Y.
pestis. The addition of these sugars also causes Y. pestis to be relatively resistant to
polymixin B. The removal of pgmA causes a reduction in aggregation and an increased
susceptibility to polymixin B*’!. We sought to discover whether the increased
autoaggregation phenotype made Y. pestis AYpTdp more resistant to polymixin B.
However, MIC experiments did not demonstrate an increased resistance since the MICsg of
Y. pestis AYpTdp is 22.7 pg/ml compared to 25.1pg/ml for Y. pestis GB. Given the inherent
resistance of Y. pestis to polymixin B it may be that the resistance of Y. pestis to polymixin

B cannot be much improved.

Reported microarray studies provided a further potential phenotype for the Y. pestis
AYpTdp mutant since YpTdp has been shown to be upregulated in response to high

salinity*’>*”*. Experiments reported in this chapter demonstrate that the mutant was
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compromised in its ability to survive salt shock in comparison with wild-type Y. pestis. This

indicates that the removal of YpTdp is not only affecting the bacteria (probably at the
membrane level) in such as a way as to make it form larger aggregates, but also in such as
way that it is unable to control the flux of water and ions across the membrane. In one
microarray paper that identified the upregulation of YpTdp under high salinity, the
experiment was also repeated with using a Y. pestis AOmpR mutant strain®”>. OmpR is a
transcription factor that differentially regulates the expression of OmpF and OmpC, two

outer membrane porin proteins that sense and control the response of Y. pestis to changes in

478

osmolarity of its environment™ . In the OmpR mutant background the up-regulation of

YpTdp in response to high-salinity is abrogated*’®. This may indicate that YpTdp expression
is also regulated by OmpR, or that the dysregulation of osmoregularity control after
removal of OmpR means the trigger for YpTdp to be upregulated in high salinity is lost.

In conclusion, these initial phenotype studies indicate that if the effects of YpTdp on
immune signalling observed in vitro also affect its infection in vivo these effects are likely
to be subtle and were not demonstrated in the fairly acute in vivo models used here. Models
of Y. pestis organ colonisation may give insights into the more subtle effects on virulence
that removal of YpTdp likely confers. The other phenotypic attributes of the Y. pestis
AYpTdp mutant identified here (increased aggregation and inability to survive salt shock)
suggest YpTdp may affect the membrane of Y. pestis in a way that means its removal
causes increased aggregation and a lack of osmoregulatory control. Further studies are

certainly warranted, to investigate this function.
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Chapter 7: General discussion

In 2006 Newman er al. performed a bioinformatics survey to identify TIR domains in
bacterial proteins. They found more than 200 bacterial TIR domain proteins (Tdps) and
focussed their research efforts on a Tdp, TlpA, from Salmonella enterica serovar
Enteritidis. They showed that this protein impaired TLR- and MyD88-mediated activation
of NFkB!? and that a tlpA deletion mutant was attenuated in cell culture and mouse models
of infection. Despite being unable to demonstrate an interaction between TIpA and host
proteins, they postulated that the function of TIpA was to disrupt host immune signalling
via TIR-TIR interaction with host proteins and that bacterial Tdps were a new class of
virulence factor. This paved the way for a number of subsequent studies with bacterial
Tdps, which have each found that bacterial Tdps are able to disrupt host immune signalling
and that deletion mutants in these proteins are attenuated®*’. This work has led to a
“subversion hypothesis”: that the primary function of bacterial Tdps is to subvert the
mammalian immune response by interacting with eukaryotic TIR-mediated signalling. As
discussed in Chapter 3, the bioinformatic work carried out here casts doubt over the
subversion hypothesis. The bioinformatic investigation found at least an equivalent number
of Tdps in bacterial species not considered to engage in subversion of a host immune
response, and did not find the proteins to be consistently conserved. However, one cannot
ignore the growing wealth of data on a number of bacterial Tdps and their role in immune
subversion and the likelihood that, at least for some bacterial Tdps, their role is one of

signalling disruption.

The bioinformatic work in this study also gives a small glimpse into the interesting
evolutionary history that TIR domain proteins appear to have had, including their frequent
horizontal transfer, promiscuous association with other domains, and possible link to the
advent of multicellularity. The list of proteins produced in this study (Appendix B) could be
further probed for information on these observations. The sequence and structural
characteristics of the bacterial Tdps investigated here, as found by more in depth
bioinformatic scrutiny, suggest that bacterial Tdps may themselves group into families, and

the production of a phylogenetic tree based on the Tdp sequence information would provide
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insight into this. Finally, the bioinformatics work attempted here also highlights the

importance of the considered use of bioinformatic tools. Although not used to its full
advantage, the Saturated BLAST program did not appear to give much advantage over the
traditional PSI-BLAST search strategy and the output from all bioinformatic assessments,

including multiple sequence and structural alignments should be constantly monitored and

checked with complementary tests.

Since a large body of experimental data supports some role for bacterial Tdps in immune
evasion, particularly in pathogenic bacteria, four bacterial Tdps from highly pathogenic
organisms (YpTdp from Yersinia pestis, BaTdp from Bacillus anthracis and BmTdp and
BmTdp2 from Brucella melitensis) were downselected and screened for their ability to
disrupt two TIR domain-dependent mammalian signalling pathways (IL-1B- and LPS-
induced signalling to NFkB) and a TIR domain-independent signalling pathway (TNFa-
induced signalling to NF«xB). Their effect on basal activity of NFkB was also assessed. One
bacterial Tdp from an environmental organism was also investigated in these studies
(BthTdp from Burkholderia thailendensis), and initially a sixth candidate was included
(found in the Saturated BLAST searches) that was later ruled out as a Tdp. All four proteins
from pathogenic bacteria demonstrated the ability to modulate immune signalling in vitro.
However, the protein from B. thailendensis also produced a marked decrease in signalling
to NFkB which was unexpected. B. thailendensis is not considered to be pathogenic and,
while there have been a few isolated human cases of disease, these have been concurrent
with other confounding factors. Current knowledge also indicates that B. thailendensis does
not naturally or regularly infect any hosts within the environment. The fact that the Tdp
from B. thailendensis shows an effect on NFxB activation when over-expressed in these
assays again calls into question the subversion hypothesis and the suitability of these assays
for the investigation of Tdp function. By their very nature TIR domains are homotypic
interaction domains, and therefore when they are over-expressed in cells one may expect
that they would have the ability to interact with one or more human TIR domain proteins.

Whether this is their physiological role is less easy to assess from these reporter assays.
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Since NFxB reporter assays are only one way of measuring immune signalling, YpTdp was
down-selected for further investigation of its ability to disrupt human immune signalling in
vitro and whether any observed disruption was via the homotypic interaction between TIR
domains. The gene encoding YpTdp was also removed from Y. pestis and growth and
virulence characteristics of this Tdp mutant were investigated. The signalling studies with
YpTdp confirmed that when over-expressed in HEK293 cells it has the ability to disrupt
immune signalling as demonstrated by reduced IL-8 production and delayed IkBa
degradation downstream of IL-1f stimulation. YpTdp also reduced NFxB activation
induced by the over-expression of Mal. In combination with the LPS signalling data (that
YpTdp disrupts LPS signalling to NF«kB) this suggests YpTdp is able to disrupt the
association of Mal and TLR4. The involvement of the TIR domain from YpTdp in these
effects, as investigated by the expression of the TIR domain alone (YpTIR) in these assays,
was not conclusive. In the NFkB reporter assays and assessment of IL-8 production YpTIR
had no effect. In the IkBa degradation studies, however, it demonstrated an identical effect
to YpTdp; that is that the degradation of IkBa was delayed in its presence. It is difficult to
say whether the NFxB reporter assays and IL-8 production are more sensitive or accurate
read-outs of immune signalling compared to endogenous IxBa degradation. Various
hypotheses for why YpTIR might be unable to disrupt immune signalling, as suggested by

the cytokine output and reporter assays, were discussed in Section 5.4.

When YpTdp is removed from Y. pestis the studies carried out in this work suggest that
YpTdp has no significant role in the virulence of Y. pestis. The YpTdp deletion mutant (Y.
pestis AYpTdp) was not defective in its replication within a macrophage cell line, its
colonisation of the mouse spleen when given via the intravenous (i.v.) route in competition
with wild-type Y. pestis, or in its ability to kill mice via the sub-cutaneous (s.c.) route.
Obviously there are limitations of these models. Although macrophages are the niche host
cell of Y. pestis, the murine macrophage cell line J774 is unlikely to very accurately reflect
macrophages in vivo. It would therefore be interesting to test the Y. pestis AYpTdp mutant
for its ability to gain access to, and replicate within, primary macrophages. In addition an
experiment to investigate the colonisation of Y. pestis AYpTdp in comparison to wild-type

Y. pestis at different timepoints may highlight a more subtle affect of YpTdp on the o
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virulence of Y. pestis. In addition to the s.c. route used in the MLLD study, which reflects

one of the common routes of infection for Y. pestis via the bite of an infected flea, an
experiment to investigate the role of YpTdp in inhalational infection (common during
pneumonic plague) may provide additional insights. The models used here to assess the
virulence of Y. pestis AYpTdp were acute, and while they do not provide a complete picture
of how YpTdp may contribute to every aspect of Y. pestis infection, these studies suggest
that YpTdp does not play a central role in virulence. As discussed, this has also proved the
case for the archetypal Y. pestis immunomodulatory protein YopJ. However, YopJ has been
shown to augment the function of other immunomodulatory proteins*®, and the interaction

of YpTdp with other Yersinia immune effectors would be interesting to investigate.

Having postulated that bacterial Tdps may have roles other than in immune evasion and
with an observed lack of effect on virulence after removing the YpTdp clues to other
functions have been sought. Bioinformatic analyses in conjunction with literature searching
and experimental observations have opened up a number of possibilities for an alternative
function for YpTdp which will need to be further investigated. Possibilities for an
alternative function of YpTdp, and the support for and against these ideas are discussed

below, along with suggested further investigation for each of these functions.

7.1. Osmoregulation-related function

A number of studies have indicated that the YpTdp gene is up-regulated during conditions
of high salinity472’473. One study also found that while YpTdp is up-regulated after exposure
to 0.5M NaCl for 20 min (32.3 fold increase in expression) this upregulation is abrogated in
an OmpR mutant background*”. Initial experimental data from these studies also indicate a
potential role in osmoregulation. The YpTdp mutant is significantly attenuated in its ability
to survive when exposed to high salinity (0.5M NaCl for 3 h) in comparison to wild-type Y.
pestis, but there is no difference in survival when exposed to 0.05M NaCl. the approximate
concentration of NaCl in BAB broth. NaCl at 0.5 M reflects the approximate levels of salt
in sea water, and represents a high saline environmental condition. Y. pestis has little
contact with harsh environmental conditions, however, since it survives poorly outside of a

host organism. However, Y. pestis may encounter various osmotic stresses during its
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colonisation of different hosts. Physiological levels of NaC] within the bloodstream of a

mammalian host are approximately 0.1 M. The osmotic environment of a flea has not been
investigated but it has been shown that fleas are stimulated to feed when NaCl
concentrations are between 0.15 M and 0.2 M NaCl suggesting that the flea stomach may
present a somewhat raised salt level environment’°. Alternatively, this postulated role for
YpTdp may be an evolutionary remnant from the life-style of Yersinia pseudotuberculosis,

an organism more likely to encounter differing osmotic conditions in the environment.

The increased auto-aggregation phenotype of the YpTdp mutant may also link into a role in
osmoregulation for YpTdp since any affect on osmoregulation by YpTdp may manifest
itself at the cell membrane, and auto-aggregation may also be dependent on membrane
characteristics of the bacteria. Interestingly, the increased expression of YpTdp observed
under salt shock is ameliorated in an ompR mutant background*” indicating a possible
direct, or indirect (through the change in OmpC and OmpF expression), link between
YpTdp and OmpR as discussed in Section 6.4. The removal of OmpR, and therefore a
change in expression of OmpC and OmpF, is likely to affect the membrane characteristics
of the bacteria. So far no link between these porins and the auto-aggregation phenotype has

been made, however.

7.2. Phage-related function

The gene for YpTdp sits just outside of the Yersinia high pathogenicity island (HPI) thought
to have been acquired via phage transfer of DNA which is responsible for Yersinia sp.
ability to scavenge iron from its host and its ability to colonise the flea*’. The region
around YpTdp also suggests phage origin and so it is possible that YpTdp once was, or still
is, part of a prophage. The aggregation phenotype observed in wild-type Y. pestis species is
linked to biofilm formation*®"*®* and it is thought that phage may play an important role
here. The production of phage during biofilm formation is thought to increase the diversity
in the biofilm and help the formation of new micro-colonies*®. The removal of YpTdp may
have disrupted the ability of phage to be produced leading to reduced death of cells within
the aggregates and a reduction of new sub-populations (new aggregates) being formed,

giving rise to less, but larger, aggregates within the Y. pestis AYpTdp broth culture. In
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addition, the area of YpTdp that contains the TIR domain also shows some homology to a

nucleoside 2-deoxyribosyltransferase (NDRT) enzyme (Figure 7-1) which may support a
phage-related function for YpTdp. These enzymes catalyse the cleavage of the glycosidic
bonds of 2’deoxyribonucleosides and phage require a NDRT enzyme to form part of the
dNTP synthetase complex formed during phage-infection of the bacterial cell to maintain
high rates of DNA accumulation®®, Alternatively, there may be a link between a phage-
related function for YpTdp and the observed link to osmoregularity and the Omps. Omps
were originally identified as receptors for bacteriophage, and many are necessary for
infection by phages485. The A phage-encoded Lom protein is thought to be an ancestor of

the gene family that includes OmpX and it this protein is able to confer adhesion of E. coli

to human cells.

7.3. Biofilm formation

As discussed, the auto-aggregation phenotype of wild-type Y. pestis species is considered to
be linked to biofilm formation*®'. Therefore since the YpTdp mutant forms larger
aggregates in vitro YpTdp may act as a negative regulator of biofilm formation, or affect
the production of other biofilm regulators such as hmsP**®. Apart from the increased auto-
aggregation phenotype, however, there is currently little evidence to support a role for
YpTdp in biofilm formation. The capacity of bacterial cells to bind certain dyes like Congo
Red is also an indicative phenotype of biofilm formation, and auto-aggregation in liquid
medium and formation of pigmented colonies on media containing Congo Red or hemin

37 When grown on media

correlates with the ability to block the flea proventriculous
containing Congo Red or hemin both wild-type and AYpTdp take up the stain to a similar
extent, although whether any difference in an increase in biofilm formation would be
visible by the uptake of stain (compared to an absence of uptake) is not certain. Further
studies would therefore be essential to elucidate whether there is a role for YpTdp in the

formation of Y. pestis biofilms.
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Figure 7-1:  Screen shot from a Conserved Domains Database (CDD) search using
YpTIR

The YpTIR sequence was entered into a search of the CDD on the NCBI web server and
the above results were returned. The region of sequence homologous to the nucleoside
deoxyribosyltransferase domain is shown in pink and the region of sequence with
homology to the methylglyoxal synthase-like domain is shown in blue. Expect (e) values
for the pairwise alignment of these sequences are also reported.
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74. Methylglyoxyl synthase

Recently it has been discovered that a phosphoglucomutase is required for the Y. pestis

: 487 . . .
clumping phenotype™'. In the enteropathogenic Yersiniae species autoaggregation is

mediated by YadA, an adhesin, and is due to hydrophobic interactions between the bacteria

488

and a host environment™ . In Y. pestis, however, YadA is non-functional®®*>**® and its basis

for autoaggregation was unclear. However, a recent study demonstrated that the enzyme
phosphoglucomutase (PgmA) was essential for the phenotype and that a transposon mutant
in PgmA lost the autoaggregation phenotype and was more sensitive to the anti-microbial
polymixin B. Pgm catalyses the interconversion between glucose 6-phosphate (G-6-P) and
glucose 1-phosphate (G-1-P). The conversion of G-6-P to G-1-P initiates the pathway that
leads to the formation of nucleotide sugars, for example UDP-glucose. These nucleotide
sugars can be used to modify cellular components such as LPS and secreted matrix
components and Pgms have been shown to have a role in virulence and sensitivity to anti-
microbials in other organisms491493 . In Y. pestis deletion of pgmA had no effect on
virulence but did increase its sensitivity to polymixin B over 1000-fold. Deletion of YpTdp
from Y. pestis GB has no effect on virulence, or its susceptibility to polymixin B but
appears to increase its autoaggregation in broth culture when grown at 28°C and this is not
due to a change in hydrophobicity of the mutant bacteria. A highly speculative prediction
might be that YpTdp is involved in this sugar metabolism and that removal of YpTdp has
dysregulated the system in some way. This prediction is given some weight by the
bioinformatic assessment of the TIR domain from YpTdp. The area of sequence that
includes the TIR domain also shows homology to a methylglyoxal synthase-like domain
from a type II glutamine-dependent carbamoyl phosphate synthase (CPS)** (Figure 7-1). A
methylglyoxal synthase is an enzyme that catalyses the conversion of dihydroxyacetone
phosphate (DHAP) to methylglyoxal and phosphate which is essentially a carbon-oxygen
lyase reaction on the phosphate group. In the CPS the methylglyoxal synthase domain
forms a regulatory domain that binds to the allosteric effector ornithine. A link between the
deletion of a potential methylglyoxal synthase-type enzyme and an increase in
autoaggregation is not immediately clear. However, methylglyoxal synthase has been
shown to a have role in sugar metabolism in bacteria®® and it is conceivable that it may

also impact on the production of sugars for addition to outer membrane proteins, and
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therefore auto-aggregation, as does the phosphoglucomutase enzyme of Y. pesris. In fact

both a phosphoglucomutase and a methylglyoxal synthase are proposed to have a role in the
utilisation of polyglucose by the bacterium Desulfovibrio gigas (

Figure 7-2) and the availability of glucose has been shown to affect aggregation in E.

49
16

coli*”. A role in sugar metabolism for YpTdp may also link into the observed reduction in

survival of the Y. pestis AYpTdp mutant in high salinity. Bacteria are able to respond to
osmotic stress in two ways: solutes can be pumped in or out of the cell to maintain an
osmotic balance across the membrane, or compatible solutes can be synthesised within the
cell. Compatible solutes are molecules that are able to accumulate within the cell without
becoming toxic. In this way solute concentrations within the cell can be raised to match
high concentrations outside (for example, in conditions of high salinity). Examples of
compatible solutes include betaines, amino acids and the sugar threhalose. A role for
YpTdp in sugar metabolism may therefore affect the production of compatible solutes in

times of osmotic stress.

7.5. Further work

This study has demonstrated that YpTdp has the ability to modulate the mammalian
immune system in vitro but this function does not appear to affect the virulence of Y. pestis
GB through the models used here. Further work will be needed to assess the effect of
YpTdp on the more subtle manifestations of virulence such as organ colonisation. In
addition, the unusual phenotypes of the Y. pestis AYpTdp mutant should be further

explored.

Initially it should be confirmed that the production of the AYpT dp mutant has not altered
the expression of any other genes. This could be achieved by assessing the expression of
neighbouring genes by RT-PCR, or by the complementation of the Y. pestis AYpTdp mutant
through expression of YpTdp from a plasmid. Complementation is often successfully
achieved if the gene is expressed from a plasmid under the control of its native promoter.

An initial investigation of the possible location of the native promoter for YpTdp has proved

unsuccessful.
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The role of YpTdp in the virulence of Y. pestis should be investigated in other, less acute,

models of Y. pestis infection, and in other hosts. It would be interesting to investigate the
ability of Y. pestis AYpTdp to be taken up by, and replicate within, primary macrophages
using a variety of timepoints during infection. In addition the cytokines produced by these
macrophages on infection with Y. pestis AYpTdp in comparison with wild-type Y. pestis GB

would provide additional insights into the role of YpTdp as a immunomodulator.

The colonisation of the spleen, liver and lymph nodes by Y. pestis AYpTdp compared to
wild-type Y. pestis should be investigated in an s.c. and inhalational Y. pestis mouse

infection model at various timepoints. It may be that YpTdp confers an early advantage

during infection.

In addition to the further investigation of YpTdp as an immunomodulatory protein and
virulence factor, other possible roles for YpTdp could be investigated. Most of the other
possible roles for YpTdp that have been postulated in this section are borne from analysis
of the YpTdp gene location within the chromosome and YpTdp protein homology.
However, a potential role in osmoregulation, or a function dependent on NaCl
concentrations, is backed up with, albeit limited, experimental observation, both in this
study and in the literature. This would therefore be a prudent starting point for
investigations into other possible functions for the Y. pestis Tdp. The survival of Y. pestis
AYpTdp (and a complemented mutant if it were achieved) after salt shock in a wider range
of NaCl concentrations would need to be investigated. The NaCl concentrations within a
flea stomach have not been published. However, the fact that elevated NaCl concentrations
in food induce fleas to feed suggests that the flea environment may be one of higher
salinity. The colonisation and survival of Y. pestis AYpTdp in fleas compared with wild-
type could therefore be investigated both as an alternative function of YpTdp, and as

another virulence model.

As for the other postulated functions, the ability of Y. pestis GB and Y. pestis AYpT. dp to
produce any phage-like particles may help to confirm any phage-related function and, in the

same vein, the ability of Y. pestis AYpTdp to grow on DNA as a carbon source in defined
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media could confirm or deny its likely identity as a deoxyribosyltransferase enzyme.

Further investigation of the increased auto-aggregation phenotype of Y. pestis AYpT: dp
including microscopic inspection of the aggregates, and an assessment of the addition of
sugars to proteins on the outer membrane would give information about the reason for the
observed aggregation phenotype and whether it was linked to the pathway involved in wild-
type Y. pestis aggregation. This would, in turn, inform the possible role for YpTdp as a
methylglyoxal synthase enzyme, or whether the aggregation phenotype observed was more
related to an osmoregulatory function. The role of YpTdp as a methylglyoxal synthase
enzyme could be assessed by growing the Y. pestis AYpTdp on a variety of different sugars
as the carbon source. Deletion of a methylglyoxal synthase in E. coli has been shown to

alter the panel of sugars on which it can grow*”.

7.6. Concluding remarks

An immunomodulatory function for bacterial TIR domain proteins is being vigorously
pursued in the literature and a growing body of evidence convincingly suggests that at least
some of these proteins do possess this function. However, it seems that a variety of
questions surrounding bacterial TIR domain proteins are also being conveniently ignored.
The bioinformatic data on the identity of TIR domain proteins across bacterial species is the
most detailed analysis of these proteins to have been performed so far and gives a
fascinating insight into the distribution and promiscuous nature of these domains. The data
presented here, on the immunomodulatory role of TIR domain proteins, and other functions
they may possess, is somewhat incomplete and often inconclusive. It has become apparent
that the affect of bacterial TIR domain proteins on signalling may be subtle, and relatively
pathway/species specific, and so a much larger volume of work is needed to fully elucidate
the in vitro affects of the range of bacterial TIR domain proteins investigated here. The
further investigation of the Y. pestis Tdp has helped to confirm its possible
immunomodulatory role but the phenotypic observations on the Y. pestis AYpTdp mutant
raise more questions than they answer. However, there are a number of solid conclusions
that can be drawn and a variety of fascinating questions to be answered. Firstly, TIR
domain proteins do exist widely in bacterial species and seem to have had an interesting

evolutionary history. I would suggest that these are versatile domains that can be, and have
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been, co-opted for a variety of different purposes in different organisms. Over time a full

analysis of these proteins from very different bacterial species will be very valuable. Some
of the bacterial TIR domain proteins tested here are clearly able to modulate human
immune signalling in vifro and a wider panel of TIR-dependent signalling pathways, from
different species, should shed further light on this. The TIR domain protein from Y. pestis
certainly has the capability to modulate mammalian immune signalling but the overall
effect of this, like many single immunomodulatory proteins, is likely to be subtle and
potentially involve co-ordination with other strategies. In addition there is a strong
possibility that TIR domain proteins, and the protein in Y. pestis, may “moon-light” in other
roles. A number of roles for YpTdp, some very speculative, have been presented here and
should make for interesting further investigation. The role of TIR domains in bacteria is

certainly not as straightforward a question as it may have originally seemed but is definitely

an exciting one to pursue.
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Appendix A

Appendix A:  Amino acid sequences of bacterial TIR domain proteins
investigated in this work

BaTdp

MY YHIRINLTTRVQESKFNITFEELEERYLSRYRKGEDFTLNGRVIKINDIQKMSINV
SENENELDILVDRIEYEDQKSSIVRVGGPSRKWRAAGRLKDVSDELLEGPPGYMLK
EAEVAASVEVDNTKVFIVHGHDDNLKQQLEIFLNSIGIKPVVLHREANEGLTVLEK
FEKHSDVQYAFVLLTPDDIGCSVKERAKSVEEYSFRARQNVIFELGFFIGKLGRAKV
CTLYKDGVELPNDISGLVYQKVNDNIEDVGYHIMKELRAAGLKVTY

BmTdp
MSKEKQAQSKAHKAQQAISSAKSLSTQKSKMSELERATRDGAAIGKKRADIAKKI
ADKAKQLSSYQAKQFKADEQAVKKVAQEQKRLSDERTKHEAFIKQSLSSMRTTAS
ATMEAEEEYDFFISHASEDKEAFVQDLVAALRDLGAKIFYDAYTLKVGDSLRRKID
QGLAN SKFGIVVLSEHFFSKQWPARELDGLTAMEIGGQTRILPIWHKVSYDEVRRF
SPSLADKVALNTSLKSVEEIAKELHSLI

BmTdp2

MNRTHWAVKDVNLPKELHTAKGITLPSWTRQASRAVDITQHDFDVG LSFPGEARG
LVEQVARELEARVGPNAYFYDNNYVSQLARPSLDTLLQDIYRNRCKLIVVFVGDD
YQRKDRCGVEFRAIREIIMARAEQRIMFVRVDDGAVDGVFRTDGYVDARRFN PSEI

AQFIAERVALIT

BpTdp
MNHPSVFHPGPAAISPQQRLLLMHEGEWEDFIEECVRQLQKEGNYVEVVALGGSG
DKGRDVCGYSKEYPAAGTWDLY QAKHYDSPLTPSEFFPELAKE VICVWREDYTR
PAKYFICASRDVGTTLFDLLKNPVRLKERLLDDWRKKGGKFGKFKQPLDADLEKFI
EVFPFDVVKRLPPMELLSIHERDTASYWARFGVLAPRENDPEVPPKPVSSESTYVT
ALLRVYAEHAQVKIDDVPDIPPAHGAHFKAQRRLFYSAEGLHRFSRDKLPGAFEAL
LDEVENGIGAELTFPHESGFVRLHSVLKTAN VLQIMNNPLRARLRSGDLQGSCHHL
ANQGRAQWVESDEADGESV
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BthTdp

MASVFFSYTHIDESLRDQLEIHLSLMKREGLITAWHDRRIVAGSDIDDSIDEHLESA
DIILLLVSANFIASEYCFATEMKRAMERHKAGEVRVIPVILRACDWHSAPFGKLNA
VPTDGRPVTSWPNQDEAFADITKSIRAAVSATASSSARARVAAPAREAGAARAVA
VPAASTQLPRSSNMRVKHQFSDLDRDTFVSETFDFIARFFDGSLQELEKRHGQFQG
RFTRIDARRFTASIYKDGKSISQCSVSHGGAFGGSSNREITYSSQISTHTNSFNEALTI
AEDSQTLYLKPMMNMARGVSEKLSDTGAAEYLWSMLMEPVQR

YpTdp
MASCIPPKVPGYLQRIREQYKESEPVIYKVLSHAKVFVREDYHTDHNYDAVGHDIC
LFLPMEILIDIHISKQEAYTNLIKNDLNILTRSVHDEWIGEVALELNSEIDPEYQQAISI
NEIVNEVLNPDELSIWKPNLIRVFISHRDKYKREAQELANSLEEYGFSCFVAHETIEP
LKEWRNEIVNGLKTMEVMLVLLTDDFNDSIWTCQEVGYALGANKPVVTLKVGKYV
DPAGFISHLQAVKGSLDNPTHNAELLNMLLAESIGKASRIQQALISTFIASQSFDEAK
HRFNRMNKSIKKLTEENLNTVMDGFRRNNQLNQCMYLNNNYNRLKTFIERTTGKS
AITSGKEIFIETVNKIV

YpTIR

SIWKPNLIR VFISHRDKYKREAQELANSLEEY GFSCFVAHETIEPLKEWRNEIVNGL
KTMEVMLVLLTDDFNDSIWTCQEVGYALGANKPVVTLKVGKVDPAGFISHLQAV
KGSLDNPTHNAELLNMLLAESIGKASRIQQALISTFIASQSFDEA
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Appendix B: Full list of PSI-BLAST protein results

Please see Appendix B.xls on CD submitted with this thesis
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Appendix C: DNA sequences of bacterial TIR domain proteins
cloned in this work

Please see files in “Appendix C” folder on CD submitted with this thesis
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Microbial TIR domains: not necessarily
agents of subversion?

Abigail M. Spear’, Nicholas J. Loman?, Helen S. Atkins' and Mark J. Pallen?

‘zDefence, Science and Technology Laboratory, Porton Down, Salisbury, Wiltshire SP4 0JQ, UK
Centre for Systems Biology, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

The Toll/interleukin-1 receptor (TIR) domain plays a
crucial role in the mammalian innate immune response.
Recently, proteins containing TIR domains have been
described in bacteria and it has been suggested that
these bacterial proteins are involved in subversion of
the vertebrate immune system. Here we describe the
distribution of TIR-domain proteins among bacteria,
fungi, archaea and viruses and evaluate the subversion
hypothesis in the light of our findings. We suggest that
most TIR domains in bacteria have nothing to do with
subverting eukaryotic cells; instead, TIR domains func-
tion simply as general purpose protein-protein inter-
action domains put to diverse uses.

The Toli/interleukin-1 receptor (TIR) domain: a versatile
signalling module in multiceliular organisms

The TIR domain wus first recognized as a streteh of
sequence homology spanning approximately 200 amino
acids, and common to the eytoplasmic domains of the Toll
receptor from Drosophila and the mammalian interleukin-
1 receptor (IL-1R» {1.2]. The Toll receptor was initially
identified through its role in dorso-ventral patterning
during embryogenesis and was then later implicated in
the fly immune response [3,4]. Toll-like receptors (TLRs)
were subsequently discovered in the innate immune sys-
tems of mammals 5], where they mediate recognition of
pathogen-associated molecular patterns (PAMPS), such as
lipopolysaccharide (LPS:. flagellin or CpG DNA 6,7, Mice
are now known to have 13 TLRxs. while the human genome
encodes 10 TLRs. Each mammalian TLR is thought to
recognize a distinet sct of PAMD= or endogenous danger
signals characteristic of host tissuc damage [8].

The similarity between IL-1R and TLR signalling
extends bevond their shared TIR domains: specifically.
the downstream signalling components, such as adaptor
proteins, kinases and transcription factors, are also often
homologous. In fact, the TIR domain occurs not just in the
receptors, but also in the eytoplasmic adaptor molcecules of
these signalling pathways [6]. In this sctting, the TIR
domain functions as a protein-protein interaction domain,
transducing the signal from ligand binding through a
signalling cascade that culminates in the activation of
transcription factors and production of immune cffector
molccules.

The contribution of TIR domains to the mammalian
immune response has been the focus of intense rescarch

Corresponding aulhor: Pallen, MJ. (m pallen@tbbam acuk).

interest. including studies linking sequence. structure
and function (Box 1). However. it is important to stress
that TIR domains arc widespread among multicellular
organisms; for cxample, the sea urchin is predicted to
contain an astonishing 222 TLRs and 26 adaptors [9].
One might argue that a specialized immune systent is a
prerequisite of a multicellular lifestyle. However, plants,
animals and fungi are known to have independently
cvolved multicellularity [10]. 50 one would not anticipate
that their pathogen-recognition pathways should be
derived from homologous components. In fact. no TIR
domains have been deseribed in fungi to date, even though
they are closely related to animals. and are cassified
together as “opisthokonts™ [11]. Surprisingly. TIR-domain
proteins are involved in discase resistance in plants,
where they oceur in pathogen-deteetion proteins from
the nucleotide-binding site-leucine-rich repeat «(NBS-
LRR: family [12]. However, despite these superficially
similar functional associations, it is clear that the TIR
domains of plants and animals are involved in quite
distinet aspects of pathogen recognition and immune
signal transduction [12]. These differences. together with
the different evelutionary routes to multicellularity in
plants and animals, imply that TIR domains have been
independently receruited for defensive roles in plants and
animals.

Hints at a possible ancestral role for TIR domains in
unicellular cukaryotes come from the recent discovery of a
TIR-domain protein in the social amoeba Dictyostelium
discoideum [13]. 1n times of plenty, these soil organi-ms
feed singly on bacteria, but when starved they aggregate to
form a migrating multicellular slug. A TIR-domain protein
(TirA! is required both for consumption of bacteria during
the vegetative phase and for immune-like functions during
the multicellular phase [13]. Thus. it seems plausible that
TIR domains represent components of a primordial fora-
ging mechanism in unicellular cukaryotes that has sub-
sequently been adapted to functions in development and
defense in some multicellular organisms.

Some TIR-domain proteins and pathways are also
implicated in another key feature of multicellular life
(programmed cell death [apoptosiz]: In 2002, Koonin
and Aravind [14] investigated the origins of the metazoan
apoptotic machinery by surveving prokaryotic genomes.
Thev found that several protein domains associated with
apui)tosis in cukaryvotes occurred widely in bacteria, some-
times co-oceurring in the same bacterial species. Specifi-
cally, they found TIR domains in diversce bacterial genera

0966-B42X/S see front matter. Crown Copyright = 2009 Published by Elsevier Lid. All rights reserved. doi;10.101642im.2009.06.005 Availst ¢ online 28 August 2009 2
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Box 1. Sequence and structural features of the TIR domain

Trends in Microbioiogy Vol.17 Na 9

TIR domains often show relatively low sequence homology both
within and between species. In the past, mammalian TIR domains
have been categorized according to the presence of three “boxes’’ of
sequence [22,23] (Figure la). However, other regions have also been
shown to be important [24], and with the discovery of TIR domains in
many more settings, it is unclear whether these boxes should
continue to be regarded as defining characteristics of TIR domains.
Many of the bacterial proteins identified in our survey have already
been annotated as containing TIR domains, but some are annotated as
containing either SEFIR or DUF1863 domains. PFAM classifies these
domains with TIR domains within the STIR domain superfamily [25].
However, given the co-occurence of all threedomains in our PSI-BLAST
results, we question whether classifying them as distinct domains,
rather than as merely variants of the TIR domain, is warranted.
Crystal structures of TIR domains have been obtained from TLR1,
TLR2, IL-1RAPL (interleukin-1 receptor associated protein-like) and

TLR10 [26-29] (Figure Ib). Thess structures have been usad as
templates to create models of other TIR domains [26,29]. Mutagenesis
and structural studies have helped to clarify the TIR-TIR interface [26].
Structurally, the TIR domain consists of a central five-stranded
parallel § sheet (RA-BE) surrounded by five helices (aAE) with
connecting loop structures, similar in structure to flavodoxin and the
bacterial chemotaxis protein CheY [30]. The loop regions appear to
play an important role in mediating the specificity of protein-protein
interactions. In particular, much attention has focused on the BB loop.
This loop comprises part of sequence box 2 and is characterised by a
motif RDx4PG (x is any residue and ¢ denotes a hydrophobic
residue). The importance of the conserved proline residus in
signalling is highlighted by the fact that the mutation to histidine in
mice confers hyper-responsivity to lipopolysaccharide [31]. Residues
located on other loop portions of the TIR domain have also been
shown to play a role in TIR-TIR interactions (24].

(a) AA AB 88
[ | .
TLR21 Takifugu rubripes EchaD 1 LWVMNELLPNBEGNGSSFKICLHERDFE
TLR2 Sus scrofa RDVCY¥D SYNVENLMVQE HFQPPE’KLCLHKRbI‘I
TLR6 Racctus morvegicus KNLQEHA EHESAWVENE LLPNBEKDD -~ LRVCLHERNEY
Acarychloris marina ATYDYDVEILS WVRKVLVTRLQNAG--LKVCIDYEDFQ
TLR10 Homo sapiens RNVRFHAEI EHRSLWVKNELIPNLEKEDGSILICLYESYFD
TLR4 Equus caballus GENI¥DAEVI DWVRNELVKNLEEEGVPPFQLCLEYRDFI
Pseudomonas aeruginosa ----MAVEI H EKID-MIAGHLEVRKR--ASVWVDRWELK
TLR18 Danio rerio VDYAPH_L_HS DWVRNHLLPC NAKPPYRLCIHERDFI
Box 1 Box 2
D . DD DE EE
TLR21 Takifugu rubripes €S IQLASYRLFDEHRDVLELVL PISERQLSS-YHRMRKVMLKETYLQWPGSECTNPLQAQGLFWSQLRR
TLR2 Sus scrofa CK DESHFRLFDENDDTAILILLEPIEKKTIPQRFCKLRKIMNT LEWPADETQ----- REGFWLNLI
TLR6 Rattus morvegicus CHY YFAHHNLFHEGSDNLEILIL PIQQNNIPQRYHKLRALMAQ YLEWPIEKGK~----~- RGLFWANLRA
Acarychloris marina 'E YLLQTPDPNNTELRLEPVLK CALPPDISYLSYVNFTDPEELDIAWKQVFRA-~-~--~--~ FGIEEAE
TLR10 Homo sapiens CHY FYFAHHNLFHENSDHIZLILLEPIPFYCIPTRYHKLKALLEKKAYLEWPKDRRK -~~~ CGLFWANL!
TLR4 Equus caballus €I EIAQTWQFLSSRAGIZFIVLEKVEK TLLRQQVBLYRLLSRNTYLEWEDSVLG RII T FWRRLRK
Pseudomonas aeruginosa CKK TGGLLRELEERRVVTIPVL DCK[PLFL%DKLYADFRKDFhGHSALLEAVA ------ GHSNPDQSR
TLR18 Danio rerio ENY YFAQQRAIGKTFSDVELVVI PIDPTSLPSKFCKLKRMLNTRTYLEWPQQPTE-~-~--~- QNFFWIQLRS
Box 3
(b)
! i”\#
TRENDS in Microbiology

Figure |. Sequence and structure of TIR domains. (a} Sequence alignment of TIR domains. Alignment performed and edited using Jalview/ClustalW and shaded using

ClustalX colour scheme with shading

NP_001093239 (TLR4, Equus caballus), YP_001347742.1

intensity by conservation index. Sequence IDs: NP_001027751 (TLR21, Takifugu rubripes),

rvegicus), YP_001519438 (TPR domain-containing protein, ( g
s Tt raim e (Pseudomanas aeruginosal and NP_001082818 (TLR18, Danio reno). Structural features added according to

NP_298926 (TLR2, Sus scrofa),
Acaryochioris marina MBIC11017), AAQBBE67 (TLR10, Homio sapiens),

TLR10 structure (PDB: 2j67). Grey boxes denote alpha helices, grey arrows denote areas of beta sheet and blnckli'niss denole.connading loops. (b} §:\n;cg;:/r;of TLR1OTIR
domain (Homo sapiens). TLR10 structure downloaded from PDB (www.rcsb.org). Coloured and drawn with Swiss PDB-Viewer and rendered wit -Ray.

(Streptomyces, Caulobacter. Rhizobium, Anabaena, S_\'Hf“
chocystis and Bacillus), and even reported a TIR domain
and apoptosis-ATPase domain located in the same bac-
terial protein (SCO5629 from Streptomyces).  They
suggested that apoptotic effectors and TIR domains were
acquired by eukaryotes as a consequence of mitochondrial
endosymbiosis and subsequent additional horizontal gene
transfer events.

394

TIR domains in bacteria: a subversive agenda?

In 2006, Newman and colleagues [15] performed a bioin-
formatics survey to identify TIR domains in bacterial
proteins. They found > 200 bacterial TIR domains un‘d
then focused their research efforts on a TIR-domain
protein (TIpA) from Salmonella enterica serovar Enteriti-
dis. They showed that this protein, when expressed in the
: impaired TLR- and MyD8S-

cukaryotic cytoplasm,
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Box 2. How widespread are TIR domains?

Trends in Microbioiogy Vol.17 No.9

We carried out a survey of TIR domains in bacteria, fungi, archaea and
viruses using PSI-BLAST and PFAM searches (see Supplementary
Methods). As a result, 922 bacterial TIR domain proteins were
identified (Supplementary Table 1). When evaluated against the
number of completed and ongoing genome sequencing projects
using the GOLD database (32], the numbers of TIR proteins in
bacterial phyla generally correlated with the proportion of genomes
sequenced, with the most notable exception being the Cyanobacteria
(accounting for 13.8% of TIR domains and 3.2% of sequencing
projects). TIR domain proteins were also found in Bacteroidetes,
Chlorobi, Proteobacteria, Firmicutes, Fusobacteria, Nitrospirae, Acid-
obacteria, Verrucomicrobia, Aquificae, Chloroflexi, Actinobacteria,
Planctomycetes, Spirochaetes and Tenericutes (Supplementary Table
2). A single TIR domain protein was found in fungi (hypothetical
protein An11g08390 from Aspergillus niger. Six archaeal proteins
contained the TIR domain (two from Methanococcoides burtonii, one
from Methanocsarcina barkeri, one from Thermofilum pendens and
two from an uncultured archaean). One archaeal protein contained a
SEFAR domain and three contained DUF1863 domains (Supplemen-

mediated activation of NF-KappaB. Furthermore, they
showed that a t/pA deletion mutant was attenuated in cell
culture and mouse models of infection. They postulated
that TIpA interacts with host proteins via a TIR-TIR
interaction; however, they were unable to demonstrate

tary Table 3). This is the first published report of the presence of STIR
domains in both fungi and archaea.

In elegant studies by Bowie and colleagues [33)], and Stack and
co-workers [34], the A46R protein from the vaccinia virus was
shown to interact with mammalian TIR domain-containing proteins
and to disrupt IL-1 and TLR signalling in vitro. Disruption of A46R
also renders vaccinia virus less virulent in vivo. After subjective
scrutiny of a multiple alignment, these authors claimed that A46
contained a TIR domain [34). However, in our survey, we found no
evidence for a TIR domain in A46 or any other eukaryotic viral
protein using BLAST or PSI-BLAST {(homology search methods that
allow unbiased searching of sequence libraries and provide an
objective statistical evaluation of each alignment) [36). Searches
starting with known TIR domains do not find A46, and searches
starting with A46 do not find TIR domains. Instead, both BLAST and
PFAM searches reveal homology to other vaccinia proteins of
known structure (B14 and A62), which contain a Bcl-2 fold. We
conclude that A46 does not contain a TIR domain and the original
claim is erroneous.

such an interaction, nor did they provide any evidence
that TIpA was translocated into host cells.

Most recently, Cirl and co-workers [16] focused on two
bacterial TIR-containing proteins (Teps), one from Brucella
(TepB), and the other from a uropathogenic strain of

Bacteria

>

1

Firmicu

Proteobacteria

Eukarya

Archaea

Figure 1. Schematic representation of the Tree of Life to dlustrate disttibutionnof TIRfI
TIR domains across bacterial phyla can be found in Supplementary Table 3. “Often

indicates TIR domains are found in >10% of genomes sequenced (but < 50%} and

Key: . Rarely present D Occasionally present - Often present
Fungi Acidobacteria Animalia
Archaea (except Frankia) Phnm'
Aquificae Actinobacteria Chlorobi
Chlorotiexi Bacleroidetes Wanobac.teng
Spirochaetes Deinococcus-Thermus Verruqomncrobua

Firmicutes Frankia spp.
Fusobacteria
Planctomycetes
Proteobacteria
Tenericutes
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omains across Kingdoms, focusing particularly on bacteria. Data for distribution of
indicates TIR domains are found in .
“Rarely”" indicates TIR domains are found in <

>50% of genomes sequenced. “Qccasionally”
10% genomes sequenced. Information on

genome sequencing projects obtained from GOLD. Tree of Life adapted from figure by W. Ford Doolittle [38).
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Escherichia coli (TepC). They reported that both proteins
impair TLR signalling and interact with MyD88, and
showed through deletion mutagenesis that the tepB gene
plays a role in pathogenesis in a mouse model of pyelone-
phritis. They also demonstrated that TepB is secreted by
the bacterial cell and that purified recombinant TepB is
internalised by human cells.

Keeping an open mind

How do we explain the existence of TIR domains in bac-
terial proteins? The work mentioned in the previous see-
tion [15,16] lead the reader to the “subversion hypothesis™;
that is, the primary function of bacterial TIR-domain
proteins is to subvert the mammalian immune response
by interacting with eukaryotic TIR-mediated signalling.
However, an alternative explanation is that most orall TIR
domains in bacteria have nothing to do with subverting
eukaryotic cells. Instead, TIR domains function simply as
general purpose protein-protein interaction domains
which are probably put to diverse uses in bacteria. For

Trends in Microbioiogy Vol.17 Na9

example, lyer et al. [17] noted that some bacterial TIR
domains are fused to proteins involved in nucleic acid
metabolism and proposed that they play a role in nucleie
acid binding or as nucleases.

In an attempt to shed more light on this issue, we have
performed a fresh bioinformatics survey of TIR domains
(Box 2), focusing particularly on the distribution of TIR
domain proteins among bacteria, archaea, viruses and
fungi. We will now evaluate the evidence for and against
the subversion hypothesis.

Problems with subversion

Although one cannot ignore the experimental work on
TlpA and TepB, there remain some unresolved issues. Both
proteins lack signal peptides and it is unclear whether
TIpA is even secreted. In both cases, no well-defined mech-
anism has been identified for protein export across the
bacterial cell envelope. Moreover, experiments on proteins
expressed from artificial constructs may not mirror actual
physiologic conditions.

] T T ———
Key:
BT sncens svorus asrens e e
B Pfam B domains
I TPR repeats
D—- Methylococcus capsulatus (Q602Q0) ] PASTA
I Metallophos
B OUF1963
CHASE
I '——' H . Saccharophagus degradans ATCC 43961 (Q21DQ4) =] :
% B Trypsin
[ GUNa
Z 7BQY DUF323
I ——— =:r
B Guanylate-cyc
——D— Fscherichia coli 06 (Q8FGH9) B Mecal
CHEEE Bl v e
E‘F F Clostridium thermocellum ATCC 27405 (A3DFE7)
D—Q Nodularia spumigena CCY9414 (AOZJM4)
D—- Prosthecochloris aestuarii DSM 271 (Q3VTP9)
—-D_ Solibacterus itatus Ellin6076 (Q01WV2)
{ }—-. riprofundus ferrooxydans PV-1 (QOFOHS) i il S
o TRENDS in Microbrology

Figure 2. Diverse domain architectures of bacterial proteins containing TIR domains. Explanaﬁ ;
miscellaneous automatically annotated domains of unknown fundtion; TPR repeats, tetratricopepti

on for domain names: TIR, Tollinterleukin-1 receptor; PFAM B-domains,
de repeats, a common protein-protein interaction domain; PASTA, small

i i { i in bindi i ; Meatallophos, &
globular domain found at C-terminus of penicilin-binding proteins and bacterial serineAhreconine kinases involved in binding to peptidoglycan precursors ph

calcineurin-ike metallo-phosphoesterase domain found in many pr

S . ins: i i domain; GUN4, a d
B g e Trypsn.olsnezluﬂnigz\'egzzl : domain present in phytochromes and cGMP-speafic phosphodiesterases;

cat, a type IV restriction endonuclease domain. Figure re-drawn from results displayad by

intracellular signaling in chloroplasts; DUF323, another domain of unkn
Guanylate_cyc, catalytic domain of adenylate and guanylate cyclases and Mrr-
PFAM (httpe/pfam.sanger.ac.uk/).

396

oteins involved in phosphorylation; DUF1363, one of many domains of unknown function; CHASE, an

omain involved in regulstion of chlorophyll synthesis and

264



(Oblnion. iy

The sporadic occurrence of genes encoding bacterial TIR
domain proteins might also be viewed as problematie for

the subversion hypothesis. The tIpA gene oceurs inonly 5 of

> 70 genome-sequenced strains of S. enterica. while tepB
oceurs in only a minority of uropathogenic E. coli isolates,
so neither gene can be considered an essential conserved
component of enteropathogenesis or uropathogenesis,
respectively. However, the patchy phylogenctic distri-

bution of TIR-domain genes in bacteria, which seldom if

ever follow vertical lines of descent (Figure 1), need not
count against the subversion hypothesis, as similar patchi-
ness exists in the genomice distribution of well-established
subversion factors, such as type-111 secretion effectors (18],
which is a hallmark of horizontal gene transfer.

However, two other lines of evidence from bioinfor-
matics surveys suggest that the subversion hypothesis
cannot explain all bacterial TIR domain proteins. First,
when the broad phylogenetic distribution of bacterial TIR
domain proteins is considered, the vast majority of these
proteins are encoded within the genomes of environmental
organisms not usually thought of as pathogens. While in
the eco-evo view of bacterial pathogenomics we cannot rule
out a role for bacterial TIR domains in “non-pathogens” as
agents of subversion against microbial cukaryotic preda-
tors or competitors [19], such a widespread distribution is
curious given the over-representation within the evano-
bacteria, which seldom if ever engage in subversive inter-
actions with metazoans or plants. It is also worth noting
that the closest homologue of the TepB TIR domain (52¢
identity) occurs in a marine flavobacterium that has no
credible role in human discase.

Seccond, our survey confirms the association with other
apoptosis domains, but also reveals that TIR domains in
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bacteria are promiscuous in their co-occurrence with other
domains in individual proteins: we found dozens of domain
architectures built around TIR domains (Figure 2). This
counts against any unified theory that attempts to place
all bacterial TIR domain proteins into a single functional
category. In fact, these two lines of evidence suggest that
the TIR domain is no different from many other “cukar-
yotiesignalling domains,” which were first associated w ith
signalling in eukaryotes, but then found to oceur w idely in
bacteria. In almost all such cases. the signalling function
occurs in a specific context in eukaryotes that is not shared
by bacteria. Instead. the microorganisms adopt and adapt
thedomains for theirown use. For example, tetratricopep-
tide repeats mediate protein-protein interactions in
humans and bacteria, but in different contexts (for
example, in cukaryotes as scaffolds for the assembly of
multi-protein complexes in the nucleus or peroxisomes,
or for binding cargo onto microtubules: and in bacteria
as chaperones in type Ill secretion [20]). Similarly,
serine-threonine protein kinases, although prominent in
signalling in humans, are also intimately integrated
into bacterial signalling pathways (particularly within
mycobacteria) [21].

Is the jury still out?

So, do we need to reject the subversion hypothesis for all
bacterial TIR domains? No, but we do need to recognize
that the subversive role is likely to be the exception rather
than the rule. One can draw a parallel with other enzy-
matic signalling domains common to eukaryotes and bac-
teria; such domains can engage in “moonlighting,” with or
without engaging in cellular subversion. For example, the
alrecady  mentioned  serine-threonine  protein  kinase

Box 3. How could we tell whether a bacterial TIR protein is involved in subversion?

A key question for future research is how many bacterial TIR domains play a role in subverting immune signalling via interactions w.ith
eukaryotic TIR domains and what roles are played by other bacterial TIR domains. When assessing the chain of evidence for the squarsnon
hypothesis for any given bacterial TIR domain protein, we propose a number of criteria, which we use to assess two papers published on

bacterial TIR domains (see Table l).

Table I. Criteria for evaluating the subversive role of bacterial TIR proteins

Cid and
Criterion Newman and
co-workers [15] co-workers [16
Wild type and complemented mutant bacteria are able to: fr
» influence TLR signalling in mammalian cells Shown Shown
« produce disease in animal or cell culture model Shown Shg::
and these activities are absent or decreased in mutants Shown
TIR domain protein interferes with TLR signalling when applied to or Shown Shown
expressed in mammalian cells :
and this activity is decreased when predicted mammalian partner is over-expressed Not shown Not shown
Interaction between bacterial and mammalian TIR domain proteins detected by: S ok
e in vitro assays (e.g., pull-downs) Ng: zhgx st A
e co-localisation on confocal microscopy
i i Not shown
Bacterial-mammalian TIR:TIR interactions shown by mutagenesis, . Not shown
competitive binding assays and structural studies to rely on same sites
and mechanisms as mammalian TIR:TIR interactions
Shown
Bacterial TIR protein secreted into supernatant :Z: ::zx‘n s
Bacterial TIR protein taken up by mammalian cells - ) gskr gl
Secretion and translocation linked to defined sequences within TIR protein gelrlvin ook
Secretion linked to well-characterised bacterial secretion system ot s

o
O\
n
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domains regulate mycobacterial physiology, but can also
act on host cell pathways via secretion into macrophages
[21].

In conclusion, as bacterial TIR domains occur in a wide
range of domain architectures in a wide range of bacteria,
they almost certainly play diverse roles in bacterial physi-
ology. Thus, when contemplating any bacterial TIR
domain protein, it is inadvisable to assume a subversive
function, but to consider all options. Furthermore, even in
cases where there is experimental support for bacteria as
agents of subversion, gups remain in the chain of evidence
(Box 3). For now, it seems prudent to maintain a healthy
scepticism and keep an open mind. Only time and more
experiments will tell how often and to what extent the
“subversion hypothesis” fits the facts.

Appendix A. Supplementary data
Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/.tim.2009.
06.005.
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