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ABSTRACT

This dissertation addressed the hypothesis that macrophages have an alternative Kkilling
mechanism that is independent of superoxide and nitric oxide but dependent on IFN-y, TNF
and C/EBP[. Since the mechanism and the genes involved in this alternative pathway are
mostly unknown, the aim of this dissertation was to identify these macrophage clfector genes
and to functionally characterize their role during infection utilizing gene deficient mouse
models. Since mice deficient for C/EBPB (C/EBPBT) expressed normal levels of 1'N-y and
TNF during Listeria monocytogenes infection, the macrophage effector genes involved in
confinement and Killing of L. monocytogenes were postulated to be downstream ol C/EBPJ.
Furthermore, C/EBPB™ mice are highly susceptible L. monocytogenes duc to impaired
listericidal activity. Comparison of the genc expression profiles of WT and C/EBPR”
macrophages infected with L. monocytogenes was postulated to increase the probability of
identifying these effector genes, which would be differentially expressed between the two
groups.  Comparative gene expression profiling by DNA  microarrays between L.
monocytogenes inlected WT and C/EBPB” macrophages, successfully identified 1268 genes
to be differentially expressed between the two groups. A focussed functional clustering
strategy reduced the number of candidate genes to 220. PKCO was selected for larther study
since it was involved in humoral defense, immune signalling, production of superoxide,
regulation of transcription and may be putatively transcriptionally regulated by C/EBP.
Furthermore, PKCS was indirectly shown to promote L. monocyiogenes ¢scape from the
phagosome and to negatively regulate transcription activity of C/EBPJB. In addition, since
PKCS was up-regulated, as shown by microarray and confirmed by RT-PCR, in L.
monocylogenes infected C/EBPP™ macrophages, it was therefore thought to play a
detrimental role during L. monocytogenes. However, since this premise has never been
investigated directly, the role PKCS during innate immunity against L. monocylogenes was
examined using the PKC8 deficient (PKC8”) mouse model. Data in this disscrtation provides
new insight into the role of PKCS during innate immunity to L. monocytogenes. PKC3™ mice
were highly susceptible to L. monocytogenes due to enhanced listerial escape and impaired
listericidal activity. Despite full macrophage activation and production of nitric oxide, PKC3™”
mice displayed uncontrolled bacterial growth and dissemination of L. monocytogenes, which
led to carly death of the mice. In contrast, PKC8" mice were able to control Mycobacterinm

infection as well as WT mice, suggesting that the activity of PKCS may be negatively

XXi



regulated by L. monocytogenes. A systems biology approach generated the hypothesis that
PKC8 may promote RabSa activation, which together with localized release of superoxide
into the phagosome and activation of C/EBP[3 by PKCS, resulted in the confinement of the L.
monocytogenes within the phagosome. Alternatively, PKCS may act in a separate pathway
that confines L. monocytogenes within the phagosome, by activating and/or synergizing with
unidentilicd proteins to neutralize that activity of listerial LLO and PI-PLC. Data in this
dissertation clearly demonstrates that PKCS is critical for confinement of L. monocytogenes
within phagosomes and may be part ol a listericidal mechanism that is independent ol nitric

oxide, superoxide and pro-inflammatory cytokines.
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“The way of progress is neither swift nor easy. ™

Murie Curie
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CHAPTER 1

INTRODUCTION

The aim of the current study was identify genes involved in macrophage effector functions
against intracellular pathogens. In this study, Listeria monocylogenes was used as a model
intracellular pathogen to study host macrophage-mediated immunity and to identify
macrophage effector genes against intracellular pathogens. L. monocytogenes is widely used
as a model organism to study bacterial pathogenesis and pathophysiology due to its ability to
invade non-phagocytic cells and to survive and multiply within phagocytic cells. In addition,
L. monocytogenes crosses several host defense barriers such as the intestinal, the blood-brain
and the placental barriers and can therelore infect a wide variety of organs (1). Furthermore,
L. monocytogenes is easily manipulated and grows well in vifro and in tissue cultured cells.
This literature review comprises three parts, the [irst part will review the pathogenesis and
survival strategy of L. monocytogenes, the second part the will review the host’s innate
immune response and the third part will discuss the research aims and strategy undertaken in

this study.

A. THE PATHOGENESIS OF L. MONOCYTOGENES INFECTIONS

L. monocytogenes is a Gram-positive, facultative intracellular bacterium that is found in soil,
water, eflluents, human and animal facces and a large variety of foods. L. monocytogenes is
pathogenic and causes the infectious disease termed listeriosis in humans and domesticated
animals. In domesticated livestock, L. monocytogenes infection is transmitted by the ingestion
of contaminated silage, resulting in herd outbreaks (2). Shmilarly, in humans infection occurs
through ingestion of contaminated foods, such as industrially produced, refrigerated ready-to-
eat products that do not require cooking or reheating e¢.g. soft cheeses, dairy products, patés,
sausages, smoked fish and salads (2). Since L. monocytogenes can tolerate high
concentrations of salt, relatively low pHs and can multiply at refrigeration temperatures, it can
survive most food processing technologies and therefore is a threat to food safety (2). The
clinical manifestations of listeriosis include encephalitis, gastroenteritis, meningitis, mother-
to-foetus infections and septicaemia. Although listeriosis is a rare discase, when infection
does occur it is usually a very severe and has a mean mortality rate in humans of 30% or
higher despite carly antibiotic treatment (2, 3). The clinical outcome of L. monocytogenes
imfection depends on three major variables: (1) the number of bacteria ingested with food, (ii)

the virulence properties of the strain and (iii) the health status of the host. Individuals most at



risk include pregnant females, unborn foetuses. the elderly (55 years and older), and
immunocompromised or debilitated adults with underlying diseases such as HIV/AIDS,
lupus, leukaemia, lymphoma, sarcoma, chronic liver disease, kidney disease and diabetes (2).
[n addition adults undergoing anti-cancer chemotherapy or immunosuppressant therapy (for
organ transplantation) are also at risk (2). The immune systems of immunocompromised and
debilitated individuals are unable to mount a strong enough response even at low dose
infections. As a consequence, they are unable to control bacterial proliferation resulting in
invasive disease. Uncontrolled bacterial growth in the liver, the primary target organ of L.
monocylogenes, tesults in the release of bacteria into the bloodstream and subsequent
infection and septicacmia in secondary larget organs such as the brain and placenta.
[Furthermore, 1. monocytogenes also has the potential 10 infect immunocompetent individuals
(4). In immunocompetent individuals, ingestion of low doses of L. monocytogenes usually has
no clinical manifestations other than boosting protective anti-listerial immunity. However,
ingestion of large doses may result in gastroenteritis and fever, and in rare cases, invasive
disease depending on the virulence of the strain. These diverse clinical manifestation of
listeriosis highlights its ability to cross three very important host barriers: (i) the intestinal
barrier via invasion of the intestinal epithelium and thereby paining access to the bloodstream
and organs, (ii) the blood —brain barrier resulting in meningitis and (iii) the foetal-placental

barrier in pregnant women resulting in foetal intection and/or abortion.

1. Internalization into target host cells by molecular mimicry

Entry of L. monocytogenes into mammalian cells is a dynamic process whereby L.
monocytogenes manipulates host-cell signaling and endocytic pathways to induce remodelling
of the actin cytoskeleton and plasma membrane facilitating its uptake into target cells. L.
monocytogenes is able to induce its own internalization into professional phagocytes (e.g.
macrophages and dendritic cells) and non-professional phagocytes (e.g. epithelial cells,
fibroblasts, enterocytes, hepatocytes. endothelial cells and neurons) (2). The invasion of
proflessional phagocytes is a passive process, whereas entry into non-professional phagocytes
is induced by a “zipper mechanism” involving direct interactions between bacterial surface
proteins and host cell surface receptors, resulting in the engulfment of the bacterium by the
plasma membrane (5). Regardless of the mechanism used by the bacterium for invasion, the
interactions between the bacteria and the host cell result in re-organization of the cell’s actin

cytoskeleton induced by cellular signaling cascades, culminating in bacterial uptake (3, 6).
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The ability of L. monocytogenes to infect such as wide variety of cell types is facilitated by
interactions of its surlace proteins, internalin (Inl) A, InlB and p60 with several host cell
surlace receptors including E-cadherin, the Met receptor for hepatocyte growth factor (HGF),
the C1q complement fraction receptor, macrophage scavenger receptor and components of the
extracellular matrix (ECM) such as heparan sulfate proteoglycans (HSPG) and fibronectin (2).
More recently, several other L. monocylogenes proteins have been implicated in the adhesion
and invasion process. For example, L. monocytogenes expresses lectin-like ligands that are
involved in adherence to cukaryotic cells (7, 8). Bacterial surface protein, Lap is involved in
attachment to Caco-2 cells and the autolysin Ami has a cell wall-anchoring domain similar to
InlB at its C-terminal (9, 10). Ixpression of an adhesin protein containing a D-galactose
moiety induces L. monocytogenes uplake into mouse dendritic cells (11). More recently,
genetic studies utilizing the genome sequence of L. monocytogenes has cnabled the
identilication of other listerial proteins involved invasion of eukaryotic cells. With respect to
virulence. the L. monocytogenes genome contains a significantly large percentage (4.7% of all
predicted genes) (12) of genes encoding surface proteins, which may potentially interact with
host cells and may therefore be virulence factors. Similarly, global interference RNA studies
in Drosophila S2 macrophage-like cells, have identified several new host genes involved
during the invasion (13, 14). The natural route of infection for L. monocytogenes is through
the gastrointestinal tract, where the bacterium inlects the intestinal epithelial cells via the
interaction between InlA and epithelial cadherin ([E-cadherin) (15). L. monocyiogenes then
crosses the epithelial-cell layer and disseminates into the bloodstream and lymph to
mesenteric lymph nodes and other organs such as the liver and spleen, where they are

internalized by hepatocytes and resident macrophages.

1.1. Invasion of phagocytic cells

L. monocylogenes internalization into phagocytic cells such as macrophages and dendritic
cells oceurs either via the opsonin-dependent pathway mediated by F¢ gamma receptor (FeyR)
and C3bi and Clgq complement receptors (16-19) and/or via the opsonin-independent pathway
mediated macrophage scavenger receptors (20, 21) (Fig. 1). In the opsonin-dependent
pathway, dissemination ol L. monocytogenes in the blood stream results in the bacilli
becoming coated (opsonized) with host opsonins such as [gG antibodies and complement
[ragments C3bi and C1q. The 1gG molecules recognize and attach to specific bacterial surface
proteins, whereas the complement fragments bind non-specifically to the bacterium’s cell wall
(22). lgG-opsonized L. monocytogenes are recognized and engaged by the I'C gamma

receptor (FeyR). The C3bi-opsonized bacteria are recognized and engaged by complement
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receptor 3 (CR3 ; also known as CDI11b, CD18 or Mac-1) or complement receptor of the
immunoglobulin supertamily (CRIg) (23). Clq-opsonized bacteria are bound by the Clg
complement receptor (CI1gR; also known as Ly68). In the non-opsonic pathway, /1.
monocylogenes surface proteins bind to host receptors that then trigger the engulfment of the
bacterium into the cell. For example, the invasion of dendritic cells by L monocytogenes into
dendritic cells involves a bacterial adhesion protein containing a-D-galactose (11) and non-
opsonic uptake by macrophages is mediated by the macrophage scavenger receptor and
components of the extracellular matrix (ECM) such as heparan sulfate proteoglycans (HSPG)
(2). In addition, L. monocytogenes binds to the globular C1gR (gC1gR), the receptor for the
globular part of complement component Clq, via its surface protein Internalin B (InIB) (24).
The crosslinking of these receptors upon binding L. monocytogenes initiates waves of signal
transduction events that require kinase activation, alterations in phospholipid metabolism,
remodelling of the actin cytoskeleton and acceleration of membrane trafiic (25) leading to the
internalization of the bacteria mto a primary phagosome (26, 27). Several proteins are
implicated in the phagocytosis process, and the list is continually growing longer, and at
present includes protein kinases, phosphatases, GTPases, lipid-modifying enzymes, adaptor

complexes, actin-binding proteins and membrane fusion and scission mediators (22).
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Figure 1. Internalization of L. monocytogenes into antigen presenting cells. (A) L.
monocytogenes opsonized with IgG antibodies and/or complement proteins such as C3bi and
Clq are recognized by the FcyR, CR3, CRIg and C1qR and internalized by receptor-mediated
phagocytosis. (B) L. monocytogenes surface molecules such as ActA, InlB and lipoteichoic
acid are recognized by macrophage HSPG receptors, gC1qR and macrophage scavenger
receptors I and II. On dendritic cells, InIB is recognized by glycolyslated receptors containing
a-D galactose moieties. Attachment of L. monocytogenes to its target cells by either pathway
results in receptor-mediated phagocytosis involving kinase activation, alterations in
phospholipid metabolism, remodelling of the actin cytoskeleton and acceleration of

membrane traffic.



1.2. Invasion of non-phagocytic cells

Invasion of non-phagocytic cells by L. monocytogenes occurs “zipper” mechanism, where
listerial surface proteins Internalin A (InlA) and [nlB interact with E-cadherin and the Met
receptors on the host cell respectively, resulting in the localized remodeling of the actin
cytoskeleton that culminates in the engulfment and internalization of the bacterium in a
zipper-like manner by the plasma membrane (5). Internalization into non-phagocytic cell also
involves kinase activation, alterations in phospholipid metabolism, remodeling of the actin

cytoskeleton and acceleration of membrane traftic (25).

InlA exploits intercellular adherens junction complexes to cross host defense barriers.

InlA is anchored covalently to the cell wall of L. monocytogenes by an LPTTG (L for leucine,
P for proline, T for threonine and G for glycine) motit in its C-terminal domain. The binding
of InlA to E-cadherin induces local cytoskeletal rearrangements in host epithelial cells to
induce the internalization of L. monocytogenes (28) (Fig. 2). InlA does not share any
structural homology to E-cadherin and binds to a different E-cadherin domain other than that
involved in homophilic interactions (29). I-cadherin is a transmembrane glycoprotein that
belongs 1o a large family of cell-cell adhesion molecules that are required for the calcium
dependent stabilization ot adherens junctions between host epithelial cells. E-cadherin is
localized at these cellular junctions, where its intracellular domain forms a complex with the
cytoskeleton through protein-protein interactions with a-catenin and [3-catenin, whereas its
extra-cellular domain is involved in homophilic interactions with other E-cadherin molecules
on adjacent cells (30). InlA binds to the extracellular domain of E-cadherin and triggers the
recruitment of several molecules that establish a functional link between the InlA/E-cadherin
complex and the actin cytoskeleton (31) (Fig. 2). For example, once InlA has bound to [-
cadherin, P-catenin bound at the distal domain of the intracytoplasmic tail of E-cadherin
recruits a-~catenin which in turn binds to actin. Since both a-catenin and [-catenin are usually
present in adherence junctions, this suggests that L. monocytogenes exploits the molecular
machinery involved in the formation ot adherens junctions to induce its entry into target cells.
The exact mechanism of how the cytoskeleton is remodeled is not yet fully understood.
tHlowever, several proteins involved adherens junction complexes have been shown to be
important for L. monocyvtogenes invasion into non-phagocytic cells. FFor example, Rho
GTPase activating (GAP) protein, ARHGAP10, binds to a-catenin and is essential for
recruitment of o-catenin to cellular junctions (32). ADP-ribosylation factor 6 (Arf6) tethers

ARHGAP10 to Vezatin, another ubiquitous cell junction protein, anchors the motor myosin



VIIA to the E-cadherin/catenin complex, thereby creating a tension force between cell
Junctions and the actin cytoskeleton. The tension generated beneath the plasma membrane by
the [i-cadherin-catenin-actin complex in adherence junctions is counteracted by an opposite
equal force exerted by neighbouring cells and therefore strengthens the cell-cell adhesion.
Both myosin VIIA and Vezatin were found to be important for cell invasion by /.
monocylogenes and most likely also creates a tension force that is used by the bacterium to
propel itself forward into its target cell membrane to trigger its internalization (33). The
interaction between E-cadherin and InlA results in phagocytosis and not to adherence.
because the L. monocytogenes bacilli is not attached to a substratum and therefore does not
counteract the link of a-catenin to the cytoskeleton. In addition the shape of the bacterium
itselt induces a “zippering” of the plasma membrane around the bacterial body due to the
interaction of InlA with E-cadherin. Once L. monocytogenes has penetrated the epithelial-cell
layer and crossed the intestinal barrier, it travels via the bloodstream and lymph to mesenteric
lymph nodes and other organs such as the liver and spleen, where they are internalized by

hepatocytes and resident macrophages. Since E-cadherin is present on the surface of

hepatocytes, dendritic cells, brain microvascular endothelial cells and the epithelial cells
lining the choroid plexus and placental chorionic villi, L. monocytogenes is able to cross host
physiological barriers such as the intestinal barrier, blood-brain barrier and placental barrier

by exploiting the molecular machinery of the intercellular adherens junctions.
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Figure 2. Invasion by InlA exploits intercellular adherens junction complexes to cross
host barriers. (A) Adherens junctions hold neighbouring together via homophilic interactions
between epithelial E-cadherin, which is anchored to the actin cytoskeleton via its interaction
with a-catenin. Formins interact directly with a-catenin and form actin filaments that connect
the adherens junction machinery to the cytoskeleton. (B) L. monocytogenes InlA binds to E-
cadherin and recruits proteins involved in adherens junctions assembly and actin cytoskeletal

remodeling to induce its internalization. Figure modified and redrawn from reference (3).



InlB subverts host cellular-signaling and endocytic pathways to invade hepatocytes

InIB is a listerial surface protein that is loosely attached to the lipoteichoic acids of the
bacteria’s cell wall via its glycine (G)-tryptophan(W) rich domains (9) InlB contains leucine
rich repeats (34, 35) which induces the internalization of L. monocytogenes into a much
broader range of target cells than InlA (15, 36). The main signaling receptor for InlIB is the
hepatocyte growth factor (HGF) receptor, Met, (37) which is a tyrosine kinase receptor
present on many cell types. The activation of Met by HGF, its natural ligand, activates
cellular survival and proliferation signals and cytoskeletal rearrangements that functionally
contribute to cellular motility and differentiation. The binding of InIB to Met activates the
receptor’s protein-tyrosine-kinase activity and the phosphatidylinositol 3-kinase (PI3K) and
Ras—-mitogen-activated protein kinase (MAPK) pathways which synergize to internalize L.
monocytogenes into the host cell (37-39) (Fig. 3). Since InIB does not share any structural
similarity to HGF (40, 41), it does not compete with HGF for binding with Met suggesting
that these molecules bind to ditterent sites on the receptor (37). Although InlB and HGF both
bind and activate Met, InlB does not strictly mimic signaling induced by HGF since the
kinetics of InlB-induced signaling are different from those induced by HGE (37). In addition
¢qual concentration of InlB induces more potent activation of the Ras-MAPK pathway than
does HGF (42). These ditferences in signaling may be due to the ability of InIB to also bind to
gC1gR, the receptor tor the globular part of complement component Clq (24). The gCIgR
may thercfore act as a co-receptor for InlB and thereby enhance Ras-MAPK pathway
signaling in addition to signaling induced by activated Met. However, there are some
similarities in signaling mediated by InlB and HGF that induces parallel morphological
changes in target cells (43). For example HGF requires interactions with extracellular
oligosaccharide glucosaminoglycans (GAGs) in order to activate Met (44, 45). Similarly, L.
monocylogenes interacts with GAGs via the GW domains of InIB resulting in strong
activation of Met. Similar to HGF, [nIB is also able to induce tyrosine auto-phosphorylation
ol Met and the recruitment of several adaptor molecules such as farp2((46). The signaling
pathways activated by InIB ultimately result in cytoskeletal rearrangements downstream of
Met that facilitate entry of L. monocytogenes into its target cells. The remodelling of actin at
the InlB attachment site requires the recruitment and activation of the Actin related protein
2/3 (Arp2/3) actin-nucleation complex, which promotes actin nucleation and polymerization
(discussed later). The activation of Arp2/3 involves a combination of proteins such Racl, Cell
division cycle 42 homolog (CDC42) and Wiskott-Aldrich syndrome protein (WASP) family
proteins such as neural WASP (N-WASP) and WASP verprolin homologue (WAVE (47).



In addition, I:na/VASP (enabled homologue/vasodilator-stimulated phosphoprotein) proteins
promote actin-filament elongation, whereas cofilin depolymerizes actin filaments and
functions as both a stimulator and a repressor of actin rearrangements that occur during the
internalization process (46, 47). More recently, L. monocytogenes has been shown (o invade
epithelial cells by exploiting clathrin-mediated endocytosis (48) (Iig. 3). Both HGF and InIB
induce the ubiquination and internalization of Met by a clathrin-mediated endocytosis
mechanism (49) leading to degradation of the receptor and internalization of the bacterium
that is bound to Met. In addition to taking advantage of the host’s endocytic machinery, L.
monocytogenes may exploit other mechanisms for cellular invasion, since inhibitors of
endocytosis reduced bacterial entry but did not completely abolish it (48). For example,
plasma-membrane microdomains known as lipid rafts have also been shown to be important
for the entry of L. monocytogenes (50). Furthermore, Recent studies in Drosophila S2 cells,
which are macrophage-like, revealed that about 295 host proteins are important for bacterial
invasion and survival and many of these still need to be characterized (14). Therefore by
mimicking the activity of host molecules, L. monocytogenes is able to exploit several host

cellular-signaling and endocytic pathways to induce its entry into target cells.

10



A Natural Host Activation

extracellular H— Met

Ptdlns(4,5)Pz—‘> Pt |n3(3€,5)P3.
intracellular

Recycling : 5
Survival

Clathrin-

mediated

endocytosi: Cytoskeletal

T’ rearrange ments

Clathrin . proliferation

nucleus

B Listeria Induced Activation

L. monocytogenes

GAGs S _|niB

[
extracellular d Met

" Ptdins(4,5)P,— %ma(si,s,sw,

intracellular

"
Clathrin {%ﬁ'ﬂ-ﬁ‘-

Figure 3. InIB subverts host cellular-signaling and endocytic pathways to invade
hepatocytes. (A) HGF activates Met by inducing its tyrosine auto-phosphorylation. Activated
Met recruits signal transducing adaptor proteins and cytosolic signaling proteins, which
activate survival and proliferation signals and induces cytoskeletal rearrangements needed for
cellular motility and differentiation. Regulation of HGF signaling is mediated by clathrin-
mediated endocytosis of activated Met. (B) InIB bound to Met activates the receptor by
inducing its tyrosine auto-phosphorylation. In addition, interaction of InIB with GAGs results
in strong activation of Met. Activated Met recruits adaptor molecules Shec, Cbl and Gabl
which activate PI3K, MAPK and Racl, which mediate actin remodeling via Arp2/3, Rac,
CDC42, N-WASP, WAVE, Ena/VASP and cofilin, which together facilitate internalization of
L. monocytogenes into its target cells. InIB also induces the ubiquination and internalization
of Met by a clathrin-mediated endocytosis mechanism. In addition to signaling induced by
activated Met, InIB interaction with gC1qR enhances Ras-MAPK pathway signaling. Figure

modified and redrawn from reference (3).
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2. Escape from the phagosome

After invasion and internalization into its target cells, L. monocytogenes escapes into the
cytoplasm from the phagosome by secreting the pore-forming toxin listeriolysin O (LLL.O) and
two phospholipases (PLC). phosphatidylinositol (’1) specitic PLC (PI-PLC) and broad range
PLC (BR-PLC). Escape from the primary vacuole (phagosome) formed upon invasion is
dependent on L1.O and PI-PLC, whereas escape from the secondary vacuole formed upon
cell-to cell spread, requires LLO, PI-PLC and BR-PLC (1, 6, 51). The essential role of these
proteins in bacterial escape was demonstrated by the failed or defective phagosomal cscape of
L. monocytogenes mutants lacking LLO or both PLCs. PI-PLC is encoded by the bacterium’s
plcA gene and is a highly specific bacterial PLC that hydrolyzes Pl-  and
glycosylphosphatidylinositol (GPI)- anchored phosphoglyerolipids, by cleaving the Pl and
GPI anchors. Purified PI-PLC from L. monocytogenes is highly active on PI, but not on GPI-
anchored proteins (52). BR-PLC is encoded by the pleB gene and is a broad range PLC that
that hydrolyzes phosphoglyerolipids as well as sphingomyelin (53). LLO is encoded by the
hly gene and is a member of a large family of cholesterol-dependent cytolysins that are
secreted by numerous Gram-positive bacteria. Once LLLO has bound cholesterol, LLO
monomers insert into the phagosome membrane and polymerize to form pores of varying
sizes depending on the concentration of the monomers. During the invasion of host cells, LLO
synthesis is increased in the phagosome (54, 55) and is turther increased in the cytoplasm
alter bacterial escape from the phagosome (55). Since LLO secreted into the host cytoplasm is
free to interact with the host cell membrane. 1.1LO activity is therefore tightly regulated in
order to balance efficient bacterial escape trom the phagosome, while preventing host-cell
damage and thereby ensuring the bacterium’s intracellular survival. The compartmentalization
of LLO activity is achieved through its optimal activity at acidic pl (<6), where it is f[ully
active in the acidic environment of the phagosome but is inactive at the neutral pH ot the host-
cell cytoplasm. At acidic pH, LLO monomers oligomerize into large complexes that form
pores in the phagosome membrane by extending transmembrane B-hairpins (56). At neutral
pH. the acidic amino-acid residues in the transmembrane domain initiate irreversible
denaturation of the B-hairpins, resulting in permanent inactivation of the pore-forming activity
of LLO (57). The complex structure ol L.1.O therefore enables it to sense and respond to its
cnvironment. Indeed, L. monocytogenes containing phagosomes gradually acidily to an
average pH of 5.9 during the maturation process (58) and inhibition of acidification, by
batilomycin, resulted in inhibition of vacuolar perforation and bacterial escape (59-61).
Another mechanism regulating the activity of LLO is the presence of a PEST-like sequence (P

lor proline, I for glutamic acid, S for serine and T for threonine) near its N-terminal that is
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rich in proline, glutamic acid, serine and threonine (62, 63) residues, which promotes LI1.O
degradation in the cytoplasm in a proteasome-dependent manner (64). Removal of the PEST-
like sequence {rom LLO resulted in a listerial strain that was extremely toxic to infected host
cells, since the mutant [.1.O accumulated in the host cytosol and subsequently permeabilized
and killed the host cell (62). In addition, L. monocytogenes expressing LLO mutants lacking
the PEST-like sequence was strongly impaired in its ability to escape from the phagosomal
vacuole, suggesting that the PEST-like sequence may play a role in phagosomal escape (63).
Indecd. L.LLLOs PEST-like sequence has recently been reported to control LLO production in
the cytosol (64). In addition to its pore-forming ability, LLO is also a potent signaling
molecule in the host cell and has been shown to activate nuclear factor kappa B (NF-kB) (65),
MAPK (66), phosphatidylinositol (67, 68), calcium (69-71) and protein kinase C (72)

stgnaling pathways (discussed later).

The precise mechanism by which L. monocytogenes outwits the host’s immune defenses and
escapes from the phagosome is not clear. The primary defense strategy employed by the host
is to restrict the L. monocytogenes bacilli within phagosomes and promote fusion with
lysosomes. The lysosome is highly bactericidal and contains many hydrolytic enzymes which
damage and digest the bacilli (25, 26). The process of phagosome maturation, phago-
lysosome fusion and subsequent bacterial killing is regulated by the Ras related protein 5a
(Rab5a) in an 1FN-y dependent manner (73, 74). Active RabSa causes remodeling of the
phagosomal environment, facilitating localized production of superoxide and nitric oxide into
the phagosome which has been shown to decrease listerial phagosomal escape (75). L.
monocytogenes counteracts these host defense responses by delaying phagosome maturation
in order 1o “buy time™ for itself so that it can escape from the phagosome via the activity ol
[.LLO, PI-PLLC and BR-PLC. L. monocytogenes has been shown to delay phagosomal
maturation by inhibiting the activity of RabSa by preventing the exchange of inactive GDP-
bound Rab5a for active GTP-bound RabSa (76). This manipulation of Rab5a activity occurs
possibly via modulation of Rab5a regulating proteins such as guanine nucleotide exchange
factors (GEFs). GTPase activating proteins (GAPs) and guanine diphosphate (GDP)
dissociation inhibitors (GDILs). However, the mechanism of how LLLLO, P[-PLC and BR-PLC
activity cnables phagosomal escape still remains elusive. Studies by Wadsworth and Goldfine
addressed this issue using in viiro infection of the J774 macrophage cell line with various L.
monocytogenes mutants deficient for LLO, PI-PLC, BR-PL.C and/or both PI-PLC and BR-
PLC (51, 71, 72,77, 78). Data from their studies suggests that L. monocviogenes manipulates

the macrophage’s calcium and protein kinase C (PKC) signaling cascades via its virulence



proteins LLO, PI-PLC and BR-PL.C (51, 71, 72, 77, 78). Infection of J774 macrophages with
L. monocytogenes was shown to induce three calcium intluxes (71). Using calcium channel
blockers SK&IF96365 and thaspigargin, it was shown that the first calcium elevation resulted
from an influx of extracellular calcium through an unidentified channel in the cell membrane,
whereas the second and third intracellular calcium clevations resulted from release of calcium
from intracellular stores. Inhibition of both extracellular and intracellular calcium
mobilization resulted in increased phagocytosis of L. monocytogenes into the cells and greatly
decrcased escape of W L. monocytogenes from the primary phagocytic vacuole (71).
Concurrent with these three calcium influxes, was the activation of host phospholipases C and
D> which together with the activity of PI-PLC and BR-PLC activated the host’s PKC
signalling pathway (72, 78). Activation of host PKC in turn modulated the uptake and escape
of" L. monocytogenes from the phagosome (72). LLO, PI-PLC and BR-PLC were shown to
activate host polyphosphoinositide-specific phospholipase C (PLC) (78), which hydrolyzes
host PI-4,5-1y (PIP-) in a calcium dependent manner into diacylglycerol (DAG) and inositol-
1.4,5-P5 (1P3) (79), which in turn activated PKC and calcium release from the endoplasmic
reticulum respectively (51, 80). In addition, infection of macrophages with L. monocytogenes
also resulted in the activation of host phosphohipase D (PLD) in a LLLO dependent manner
(PLD) (78) and coincided with the internalization of WT L. monocytogenes into host cells and
the beginning of phagosome maturation (71). Morcover, inhibition of PLD by 23-
diphosphoglycerate decreased the cfficiency L. monocytogenes of escape from the primary
vacuole (78) indicating that PLD plays a role in phagosomal escape. However, the mechanism
by which PLD achieves this is unknown, although phosphatidic acid, a product of PLD
activity, has been implicated in regulating intracellular vesicle trafticking (79, 81).
FFurthermore, the combined activity of listerial L.1.O and PI-PL.C hydrolyzed host phosphatidyl
inositol (PI) into DAG and inositol-phosphate (IP) (78). whereas the activity of listerial BR-
PLC hydrolyzed host sphingomyelin, resulting in the release of ceramide and sphingosine-
phosphate, the latter of which has been shown to release intracellular calcium stores (82, 83).
The clevated levels of DAG generated by the combined activities of bacterial and host PLCs,
resulted in the activation PKC signalling within the cells (72). Using a combination of
pharmacological inhibitors specific for dillerent PKC isoforms, it was shown that the first
calcium influx upon L. monocytogenes infection was mediated by PKCS in a calcium
independent manner (72). Since PKCo been has been implicated in phosphorylation and
opening of L-type calcium channel calcium channels (84, 85) and large conductance, calcium-
and voltage-activated potassium (BK(Ca)) channels (86, 87), the calcium channel activated by

PKC8 in macrophages infected with L. monocytogenes may belong to either one of these
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calcium channel families. In addition, DAG also activated calcium-dependent PKCBI and
PKCBI isoforms, which upon the first calcium influx translocated to the early endosome.
Blocking the activity of PKCd by rottlerin, a putative specific inhibitor of PKC3, prevented
the first calcium influx. The consequent lack of calcium prevented full activation of PKCPII,
even though DAG was present, resulting in failure to translocate to early endosomes.
Surprisingly, PKCPB!I was able to translocate to the endosomes. In separate experiments,
blocking the activity of PKCBII by hispidin, prevented PKCPII translocation to endosomes
and resulted in decreased escape of 1. monocytogenes from the phagosome. Taken together,
these experiments suggested that L. monocyvtogenes manipulates the activity of PKCd to
induce elevated intracellular calcium levels. in order to facilitate its escape from the
phagosome via an unknown mechanism that requires elevated calcium levels, PKCBIL, LLO,
PI-PL.C, BR-PLC and PLD (72). In addition, the first calcium influx mediated by PKC8 and
translocation of PKCBl and PKCPII occurred prior to L. monocytogenes adherence and/or

intcrnalization into the cells.

Based on their Tindings Wadsworth and Goldfine proposed a model (Fig. 4) in which PI-PL.C
initially enters the macrophage’s cytosol from outside the cell (68) via pores formed by LLO
in the macrophage cell membrane (72). PI-PLC generates DAG through hydrolysis of Pl in
the macrophage membranes in an L1LO dependent manner. The induction of DAG leads to the
calcium independent activation of PKCS which then translocates to the macrophage cell
membrane where it activates an unknown calcium channel(s) resulting in the first calcium
influx into the cell. PKCPI and PKCPIl become activated by DAG and the elevated
intracellular calcium levels and translocate 1o early endosomes. Once internalized into the
phagosome, the expression of LLO. PI-PLC and BR-PLC is increased. In the acidic pH of the
phagosome L.1.O monomers integrate into the phagosome membrane and form pores that
allow the passage of PI-PL.C and possibly other phagosomal proteins into the host ¢cytoplasm.
In the cytoplasm PI-PLC continues to hydrolyze Pl in host membrancs, generating DAG
which sustains activation of PKC8, PKCPI and PKCBII from the time of entry until the escape
ol L. monocytogenes [rom the vacuole (72, 88). In addition, sustained activation of PKCd in
turn activates the host’s PLD (78), which together with PKCBI, PKCBIL, LLO and PI-PLC
orchestrate the permeablization of the primary phagosome membrane and escape of L.
monocylogeneys into the cytoplasm. Similarly escape [tom the secondary phagosome formed
upon cell to cell spread is also mediated by a the proposed sequence of events, except that
BR-PLC is secreted together with 1.1LO and P1-PLC from the secondary phagosome into the

host cytoplasm, where it also hydrolyzes Pl in host membranes to gencrate DAG. In addition,
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the hydrolysis of sphingomyelin by BR-PLC generates sphingosine-phosphate which
mediates the release of intracellular calcium stores form the endoplasmic reticulum, thereby
mediating the sccond and third (prolonged) intracellular calcium levels (51, 72), which
sustains activation of PKCo, PKCPI and PKCBI (72. 88). The mechanism of how the
membrane permeabilization and escape is still unknown. However, PLD activity is induced in
L. monocytogenes infected macrophages (78) and a by-product of its activity, phosphatidic
acid, has been implicated in regulating intracellular vesicle trafticking. Moreover, PKCBI and
PKCPII mobilize to early endosomes during L. monocytogenes infection (72) and carly
endosomes have been shown to traffic through sorting endosomes with other organelles
including lysosomes and phagosomes (26, 89). Therefore phosphorylation of proteins on early
endosomes by PKCBI and PKCBII, together with increased PLD activity and phosphatidic
acid levels, may therefore “buy time” for LLO and PI-PLC to permeabilize the phagosomal

membrane. tlowever, this proposed pathway still needs to be investigated
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Figure 4. Proposed signaling pathway mediating escape of L. monocytogenes from J774
macrophages. Upon infection, L. monocytogenes secretes LLO and PI-PLC, which enters the
macrophage cytosol via pores formed in the macrophage cell membrane by LLO. PI-PLC
hydrolyzes PI in host cell membranes to generate DAG which activates PKC8. Activated
PKCS translocates to the cell membrane where it activates an unknown calcium channel(s)
resulting in a calcium influx into the cell. Elevated levels of DAG and calcium activate
PKCBI and PKCPII which translocated to early endosomes (EE), which then fuse with
pathogen containing phagosomes. [n the acidic phagosome, LLO monomers form pores in the
phagosome membrane that allow transport of LLO, PI-PLC and other phagosomal proteins
into the cytoplasm. In the cytoplasm, LLO activates host PLC, which together with PI-PLC
generate DAG by hydrolysis of PI in host membranes. Host PLC also generates IP3 which
stimulates calcium release from the endoplasmic reticulum. The consequent elevated levels of
DAG and calcium sustains activation of PKC6, PKCPI, PKCPII and activates host PLD,
which together orchestrate the permeabilization of the primary phagosome membrane and
escape of L. monocytogenes in to the cytoplasm. Escape from the secondary phagosome
involves the same proposed pathway and requires BR-PLC in addition to LLO and PI-PLC.

Figure modified and redrawn from reference (51).
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3. Cytosolic growth and replication

Optimal cytosolic growth of L. monocytogenes within the cytoplasm of many types of host
cells is a unique characteristic ol L. monocytogenes. Other intracellular pathogens, such as M.
tuberculosis normally reside inside the phagosome and are unable to replicate in the cytosol
of the host cell (90), highlighting that L. monocytogenes has evolved specific mechanisms to
grow in the host-cell cytosol. The ability of L. monocyiogenes to thrive inside the cytosol is
reflected in its genome, which contains a large number ol regulatory and transport proteins
(11.6% of all predicted genes) (91). For example, 25% of the transport proteins encoded by
the L. monocylogenes genome are dedicated to carbohydrate transport as compared to only
2.4% of the M. tuberculosis genome (92). In addition, the L. monocylogenes genome contains
16 putative two-component regulatory systems, which is is two fold greater than found in the
M. tuberculosis genome(92). Inactivation of several of these two-component regulatory
systems revealed their importance for the resistance of L. monocylogenes to various stresses
and for survival in the host. Although the intracytosolic survival of L. monocytogenes is not
well understood, two key proteins for intracellular growth have been identified: the sugar-
uptake system (Hpt) and lipoate protein ligase Al (LplAl). The listerial Hpt protein is a
homologue of the mammalian glucose-6-phosphate translocase and it is essential for optimal
intracellular bacterial replication. Expression ol Hpt allows the bacterium to use glucose-1-
phosphate in the host cytoplasm as a carbon source for growth (93). LplA1 catalyses the
lipoylation of the bacteria’s pyruvate-dehydrogenase enzyme (PDH) complex which is
required for full PDH activity. Since the host cytosol lacks lipoic acid, LplAl scavenges
lipoyl groups from host molecules which is then used to activate the bacteria’s pyruvate-
dehydrogenase. A mutant lacking LplAl was unable to replicate in the cytoplasm of
macrophages and displayed 300-fold decrease in virulence, duc to loss of pyruvate-
dehydrogenase activity (94). Recently, two studies using whole genome DNA arrays, has
revealed that L. monocytogenes activates approximately 500 genes for its survival within the
host cytoplasm (95, 96) and further investigation of these genes may provide new insight into
the mechanism employed by L. monocytogenes to adapt and survive within the host cell

cytoplasm.



4. Actin-based motility and cell to cell spread
Shortly after entry into the mammalian cytosol, L. monocytogenes polymerizes actin
asymmetrically along its surface, producing an actin tail that propels the bacterium through

the cytoplasm and then into neighbouring cells (97, 98).

1. Internalization
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Figure 5. Pathogenesis of cellular L. monocytogenes infection. L. monocytogenes induces
its internalization into phagocytic cells and non-phagocytic cells and is engulfed by receptor-
mediated phagocytosis into a primary vacuole (phagosome). Escape from the primary
phagosome is facilitated by lysis of the phagosome membrane mediated by the combined
activities of LLO and PI-PLC. In the cytoplasm, L. monocytogenes is able to survive, replicate
and move by polymerizing actin as observed by the formation of actin tails. Actin-based
motility is mediated by the bacterial ActA protein and allows the bacterium to invade
neighbouring cells, where they are confined within a double membrane secondary
phagosome. Escape from the secondary phagosome is mediated by the combined actions of
LLO, PI-PLC and BR-PLC. The ability to spread from cell to cell allows L. monocytogenes to
avoid contact with circulating antibodies or other extracellular bactericidal compounds. Figure

modified and redrawn from reference (3).
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The listerial surface protein ActA is responsible for inducing actin polymerization, actin-
based motility and pathogenicity (99, 100). L. monocytogenes mutants deficient in ActA
efficiently escaped from the primary phagosome, but were unable to spread from cell to cell
and grew as micro-colonies in the host cytosol (101-103). The amino terminal end of ActA
binds to monomeric actin and acts as a constitutively active nucleation promoting factor by
stimulating the intrinsic actin nucleation activity of the Arp2/3 complex by a mechanism
similar to that proposed for host neural Wiskott—Aldrich syndrome protein (N-WASP) and
WASP verprolin homologue (WAVE) proteins (104-108). By mimicking the activity of N-
WASP and WAVE, L monocytogenes has therefore successfully been able to harness the
actin polymerization machinery in the host cytoplasm to facilitate its intracellular and

intercellular movement. (104-108),

/L. monocytogenes

ﬁ

movement

Figure 6. Model of L. monocytogenes actin-based motility. ActA mediates actin-based
motility of L. monocytogenes by mimicking the eukaryotic N-WASP and WAVE actin
nucleating proteins. The polar distribution of ActA is represented as a hatched area and its N-
terminal activates the Arp2/3 complex. Profilin and Ena/VASP bound at the N-terminal tail
deliver actin monomers to Arp2/3 complex which nucleates actin monomer into filaments.
Profilin increases the elongation rate of nucleated actin filaments and Ena/VASP proteins
interact with the barbed ends of growing filaments, preventing the binding of capping
proteins. The growth of actin filaments is stopped by the Arp2/3 complex which caps the
pointed ends of filaments. The rapidly growing barbed ends (protected from capping protein
by Ena/V ASP) are concentrated at the site necessary for force generation, thereby propelling
the bacterium forward. The bacterium is moving from left to right as indicated by the arrow.

Figure adapted and redrawn from (109).
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B. HOST IMMUNE REPSONSES TO L, MONOCYTOGENES INFECTION

1. The Murine Listeriosis Infection Model

For many years, the murine model of listeriosis has been used to study basic aspects of innate
and acquired cellular immunity due to the similarity of the pathogenesis between humans and
rodents (110, 111). Although natural infections with L. monocytogenes are acquired through
the gastrointestinal tract, most experimental studies use either intravenous or intraperitoneal
inoculation to initiate infection. The reason for this “unnatural” route of infection was that
mice are relatively resistant to oral inoculation due to a single amino-acid difference between
human and mouse E-cadherin, which prevented listerial InlA binding and consequent
inefficient invasion of epithelial cells (112) (Fig. 7). Most studies over the past four decades
have therefore focused on immune responses to systemic L. monocyfogenes infection.
However, a transgenic mouse model expressing human E-cadherin on the surface of
enterocytes, has been recently developed enabling investigation of process involved in

crossing the intestinal barrier (113).
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Figure 7. Host specificity for entry of L. monocytogenes into non-phagocytic cells.

L. monocyfogenes induces it own internalization into non-'phagocytic cells cell via the
interaction of its surface proteins InlA and InlB with the host receptors E-cadherin and Met
respectively. However, L. monocytogenes is unable to invade mouse epithelial celis due to a
single amino acid change in the mouse E-cadherin receptor, which prevents InlA from

binding. Figure adapted and redrawn from (3).
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2. Cellular Immune Responses to L. monocytogenes Infection

Early control of L. monocytogenes infection requires the non-specific, innate immune
response which plays a crucial role in controlling the initial bacterial burden, thereby allowing
time for the adaptive cellular immune response to develop which eliminates the bacteria and
confers sterilizing immunity. The innate immune response to L. monocytogenes oceurs
independenily of T cells and is dominated by resident macrophages (Kupifer cells),
neutrophils, natural killer (NK) cells and activated macrophages. The effectiveness of the
innate immune response o L. monocytogenes was demonstrated in Severe Combined
Immunodeficient (SCID) mice and Nude mice (114), which lack T-, B-cells and humoral
immunity. At early time points these mutant mice were resistant to L. monocylogencs
infection, but were unable to clear bacteria in the long term. The adaptive immune response is
entirely cell mediated and largely dependent on cytotoxic CD8+ T-cells that recognize and

lyse L. monocylogenes infected cells (111, 114).

The first step in the innate immune response is to control the growth of L. monocyrogenes in
the liver, which is the primary target organ for L. monocytogenes, in order 10 prevent
dissemination to other organs and overwhelming sepsis. Upon infection, most L.
monocviogenes bacilli are rapidly cleared from the bloodstream by resident macrophages in
the spleen and liver (115-117). In the liver, resident macrophages called Kupftfer cells, line the
liver sinusoids and are most dense at the periportal region, the area where the portal vein from
the gut enters the liver. The Kupfter cells are therefore optimally located for response (o
systemic bacteria and bacterial products transported from gut via the portal vein. Mice
depleted of Kupffer cells and infected with L. monocytogenes had increased numbers of
bacilli in the blood and decreased bacterial load in the liver at 10 minutes afler infection as
compared to controls (118). In addition, Kupfter cells are also important for the secretion of
cytokines and chemokines such as interleukin (IL)-1, granulocyte-macrophage colony
stimulating factor 2 (GM-CSF), 11.-6, interferon (IFN)-y, macrophage inflammatory protein
(MIP)-Tae, MIP-1B and MIP-2 early during infection and for inducing antigen-dependent
proliferation of 'I' cells (119). However, not all L. monocytogenes bacilli that are engulfed by
Kuptfer cells are destroyed by phago-lysosome fusion, and the surviving bacteria are able to
replicate in the liver for 2 to 5 days after infection (115, 120-125). Contrary to the long-held
idea that macrophages are the major niche for L. monocytogenes in the liver, the principal site
of bacterial multiplication is the hepatocyte (116, 126-130). L. monocytogenes therefore gains
access to the liver parenchyma via two routes: the first is via uptake by Kupfter cells and

subsequent cell to cell spread, and the second route is by direct invasion of hepatocytes via the
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interaction of InlB with the Met receptor present on hepatocytes (36, 37). The consequent cell
to cell spread of L. monocytogenes in the liver (127, 131) results in the tormation of infectious
foci without the bacterium coming into contact with the humoral effectors of the immune
system. This may explain why antibodies generated by the adaptive immune response play no
major role in anti-Listeria immunity (132). However. a protective role for Listeria-specific
natural antibodies and anti-[.LLO monoclonal antibodics (mAb) has been demonstrated, where
they were shown to reduce the dissemination of the bacilli into organs and to enhance antigen-
trapping in secondary lymphoid organs (133). In addition, mice treated passively with an anti-
1.LLO mAb had significantly lower bacterial burden in the spleen and liver and increased

survival time after a challenge with a lethal dose of L. monocytogenes (134).

During the first 48 hours after infection neutrophils play a critical role in resolving early L.
monocytogenes infection. especially in the liver (135-139). Hepatocytes respond to L.
monocytogenes infection by undergoing apoptosis, thereby releasing neutrophil
chemoattractants. In addition, hepatocytes up-regulate expression of adhesion molecules
resulting in increased adhesion to neutrophils (135). The recruited neutrophils appear at the
sites of infection within 24 hours, forming discrete microabscesses where they destroy L.
monocylogenes infected hepatocytes and released bacteria (140). The importance of
neutrophils was demonstrated in neutrophil-depleted mice which died early in infection and
had large bacteria laden foci in the liver parenchyma (135-140). Two to four days after
infection, neutrophils are gradually replaced by monocytes and lymphocytes that infiltrate the
sites of infection and contribute to the formation of early granulomatous lesions that are
composed of granulocytes and activated macrophages (122). These granulomatous lesions act
as physical barriers to confine the infectious foci, and therefore prevent further bacterial
dissemination by direct cell to cell spread (141). NK cells are activated during this phase and
become the major source of interferon—gamma (IFNy) (142, 143), which is essential for full
macrophage activation and anti-listerial immunity (discussed later) (141). Moreover, [FN-y
activation ot hepatocytes also impairs the replication ol L. monocytogenes within these cells,
especially if co-stimulated with 11.-6 and tumor necrosis factor (ITNF) (144, 145). Thereafter,
between days S5 and 7 post infection, IFN-y activated macrophages in the granulomatous
lesions destroy the bacteria and present the bacterial peptides (antigens) on their surface
together with either major histocompatibility complex (MCH) class T or MHC class 11
molecules to CD8+ or CD4+ T cells respectively (2, 114, 129, 132, 146-148). The activation
and recruitment of macrophages is essential for bacterial clearance and listericidal activity as

shown by experiments where depletion or inhibition of either CR3 or CC-chemokine receptor
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2 (CCR2) in mice resulted in dramatically enhanced susceptibility to L. monocytogenes
infection (130, 149). CR3 is the major receptor on the surface of macrophages that mediates
phagocytosis of L. monocytogenes into the cell (17) and is important for listericidal activity
(18). Activated macrophages express CCR2 which binds monocyte chemoattractant protein-1
(MCP-1; also known as CC-chemokine ligand 2 (CCL2)), which is seccreted L.
monocytogenes intected macrophages. Mice that lack CCR2 were extremely susceptible to L.
monocytogenes, since they failed to recruit activated macrophages resulting in markedly
decreased levels of inducible nitric oxide synthase (iNOS) and TNF in the splees during the
first 2 days after infection (149). 1FN-y activated macrophages become a rich source of
cytokines and chemokines, resulting in a transition of the macrophage being a habitat
supporting bacterial growth, into an ctfector-cell, terminating or restricting microbial survival
(116, 132). In addition, pro-inflammatory cytokines and chemokines also trigger the
maturation ol immature dendritic cells (DCs) that were recruited to the microabscesses. For
example, a novel DC population which produced high levels of TNF and iNOS, termed TNF-
and INOS-producing DCs (TipDCs), were shown to be critical to control L. monocytogenes

growth during the early stages of infection (150).

The primary function of activated macrophages and dendritic cells 1s to engulf, destroy and
present listerial antigenic peptides Lo T cells, thereby initiating the adaptive immune response.
L. monocytogenes is internalized into macrophages and dendritic cells via opsonic dependent
or independent receptor mediated phagocytosis (2, 11, 16-24). During phagocytosis, the
endoplasmic reticulum (ER) and not the plasma membrane, is the major reservoir of
membrane {or primary phagosome formation (26, 151, 152). Since the newly formed
phagosome is relatively inert and are unable to kill and digest the L. monocytogenes bacilli, its
has to undergo a transformation process in which it acquires proteins that mediate its fusion
with the lysosome. The lysosome is highly bactericidal and contains many hydrolytic
enzymes which fatally damage and digest the bacilli (25, 26). After its scission from the
plasmalemma, the phagosome fuses sequentially with early endosomes, late endosomes and
finally with lysosomes, by a maturation process which 1s regulated by Rab and soluble N-
ethylmaleimide-sensitive factor-attachment protein receptor (SNARE) proteins (26, 153-155)

(Fig. 8)
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Figure 8. Schematic outline of phagosome maturation and phago-lysosome fusion.

The newly formed phagosome containing the L. monocytogenes bacilli acquires RabSa from
the plasmalemma or cytosol. Rab5 recruits p150/VPS34 to generate PI(3)P and attracts EEALI,
which in turn facilitates tethering and fusion to early endosomes. During the transient fusion,
the early phagosome acquires early endosomal marker proteins such as Vampﬁ. Subsequently,
the intermediate phagosome fuses with late endosomes and acquires Rab7, Rab9, MPR, Stx7,
LAMPI1, LAMP2 and LBPA either from the cytosol and/or along with late endosomes. Rab7
on the late phagosome promotes fusion with lysosomes, leading to the killing and enzymatic
digestion of the bacilli by proteases such as cathespin G. The resulting listerial peptides are
then processed via the MHC class II antigen presentation pathway and presented to CD4+ T

cells.
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‘The fusion between phagosomes and endo/ lysosomes does not result in amalgamation of the
organelles, but rather forms transient hybrid organelles connected by fusion pores that allow
selective exchange of some membranes and luminal components, followed by scission. The
age of the phagosome (i.e. the time elapsed after scission of the phagosome from the
plasmalemma) dictates which individual sub-compartments of the endocytic pathway it will
fuse with. Generally. early phagosomes selectively fuse with early endosomes (also termed
sorting or recycling endosomes), intermediate phagosomes with late endosomes and late
phagosomes with lysosomes (26, 153-158). At each fusion step, the phagosome acquires
particular proteins which are characteristic of the age of the phagosome (Table 1). For
example, ecarly cndosomes contain ecarly endosome antigen 1 (EEAT), Rab53a,
phosphatidylinositol 3-phosphate (PI(3)P), syntaxin-13 (Stx13), transferrin receptor (TF) and

vesicle-associated membrane protein 3 (VAMP3).

Table 1. Molecular markers of endomembrane organelles that interact with L.

monocytogenes containing phagosomes

organelle markers

early endosome; early | EEA-1, Rab3Sa, PI(3)P, Six13, TF, Vamp3

phagosome

l.ate endosome: late | Rab7, Rab9, MPR, Stx7, LAMP1, LAMP2, L.BPA

phagosome

Lysosome: phago- | LAMPs, mature cathepsin D; .fluid-phase markers chased for +/- 2
lysosome hours

Endoplasmic Calnexin, calreticulin, GRP78, UDPGT, VAP33

reticulum

carly endosome antigen |, EEAT; RAS oncogene family member 5a, Rab3a; phosphatidylinositol-3-kinase, PI(3)P; syontaxin
13, Stx13; transferrin receptor. TF: vesicle-associated membrane protein 3. Vamp3: RAS oncogene Tamily member 7. Rab7:
RAS oncogene family member 9. Rab9:; mannosc-6-phosphate receptor, MPR: syntaxin 7. Six7: lysosomal membrane
glycoprotein 1, LAMPI; lysosomal membrane glycoprotein 2 . LAMP2; lysobisphosphatidic acid (LBPA); glucose-regulated
protein 78 kDa, GRP78: UDP-glucuronosyltransierase. UDPGT, vascular adhesion protein 33, VAP33.

As a result of these fusion events the phagosomal lumen becomes a highly acidic and
oxidizing environment, and contains a variety of hydrolytic enzymes that fatally damage and
digest the L. monocytogenes bacilli (25, 26, 153, 155, 159-161). After degradation within the
phagosome, listerial peptides are processed via the MHC class 11 antigen presentation
pathway and are presented to CD4+ T cells, which primes the development ot T Helper 1
(THT) CD4+ T cells which produce [FN-y (162) and protective type 1 immune responses
(163, 164) that activates macrophages to become more bactericidal (165) (Fig. 9). In addition,
listerial proteins in the cytosol such as L.LO (166-171). the metalloprotease Mpl (172) and the
listerial surface protein p60 (163, 173-175) are degraded by the proteosome and presented via

the MIFC class | antigen processing pathway to CD8+ T cells.
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monocytogenes are degraded by the proteosome into peptides, which are transported
across the endoplasmic reticulum (ER) membrane by transporter 1 ATP-binding cassette
sub-family B member | (TAP1) and TAP2. Synthesis and assembly of MHC class I heavy
chain (a) and B-2-microglobulin (B) occurs in the ER, where the listerial peptides form a
stable complex that is transported through the Golgi and trans-Golgi apparatus to the cell
surface. Similarly, L. monocytogenes containing phago-lysosomes kill and enzymatically
digest the bacilli into peptides. In the ER, the invariant chain (i) associates with newly
synthesized MHC class 11 o and [ chains via its CLIP domain. The newly assembled
MHC class 1T complex is then transported through the Golgi and trans-Golgi apparatus to
reach the phago-lysosome, where the invariant chain is digested and the listerial peptide
fragments are able to bind to the MHC class II molecules. The antigen bound MHC class
II complex is transported to the cell surface by transport vesicles. At the cell surface,
listerial peptides bound to MHC class 1 and MHC class Il molecules are presented to
CD8+ T cells and CD4+ T cells respectively. Antigen stimulation of CD8+ T cells leads
to killing of cells infected with L. monocytogenes, whereas activated CD4+ T cells secrete
pro-inflammatory cytokines and IFN-y thereby augmenting the listercidal activity of

macrophages, neutrophils and IKDCs. Figure modified and redrawn from reference (176).
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The end of the innate phase is marked by an influx of T cells to the sites of infection on
days 4 to 5 (177), where clearance of L. monocytogenes is mediated primarily by
cytotoxic CD8+ T cells which destroy L. monocyvtogenes-infected cells (114, 147, 167).
However, interferon producing killer DCs (IKDCs ) have also been recently shown to kill
L. monocytogenes infected cells by utilizing NK-activating receptors (178). In summary,
the above course of events in the immunocompetent host results in the rapid elimination
of L. monocytogenes trom the liver and acquired anti-listerial immunity. However, if the
infection is not controlled in the liver due to an inadequate immune response, as with
immunocompromised hosts, unlimited listerial growth in the liver results in the
dissemination of the bacteria via the bloodstream and systemic infection of other organs,

the central nervous system and/or placenta.
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3. Recognition of L. monocytogenes and signaling by TLRs and NLRs

Activated macrophages, dendritic cells, neutrophils and NK are major cell types of the innate
immune system that act immediately to control L. monocytogenes growth upon infection.
These different cell types communicate with each other by producing and/or responding (o
pro-inflammatory cytokines and chemokines, which in turn activate and mobilize effector cell
populations to the site of infection. At the cellular level, neutrophils and macrophages are
considered the major cftector cells important for mediating listericidal activity. Depletion of
neutrophils in mice using antibodies specific for GR1 (136, 138, 140) markedly enhanced
their susceptibility to infection with L. monocytogenes. Similarly, blocking CR3 or CCR2
with neutralizing antibodies or by gene targeting also dramatically enhanced susceptibility to
L. monocytogenes (130, 149). During the early stage of infection, macrophages are recruited
to the site of infection (microabscesses) where they encounter bacilli released by infected

hepatoceytes and Kupftfer cells that were lysed by neutrophils or underwent apoptosis.

Macrophages recognize the L. monocylogenes bacilli via pattern recognition receptors
(PRRs), such as Toll-like receptors (T1.Rs) and nucleotide-binding oligomerization domain
(NOD)-like receptors (NL.Rs), which sense conserved pathogen associated molecular patterns
(PAMPs) via a leucine rich domain (1.LRR) (179-182). TLRs are transmembrane proteins
whose LIR ligand-binding domains extend towards the extracellular milieu or to a
topologically equivalent lumen of membrane-enclosed intracellular compartments (182) (Fig.
10). TLRs therefore recognize either extracellular or phagosome restricted L. monocytogenes.
In contrast, NLLRs are soluble proteins that recognize microbial components in the cytosol,
rather than at the cell surface or in vesicles (183, 184) (I'ig. 10). Upon ligand binding, TLRs
and NLRs dimerize with adaptor proteins and recruit additional signaling proteins and triggers
the activation of NI'-kB, which results in the induction of antimicrobial peptides, pro-
inflammatory chemokines, and cytokines, adhesion molecules and enzymes that catalyze

production of secondary inflammatory mediators and bactericidal molecules.
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Figure 10. The structure and cellular location of TLRs and NLRs involved in
recognition of L. monocytogenes. TLRs contains an intracellular Toll/IL-1 receptor (TIR)
domain and an extracellular leucine rich repeat (LRR) doméin. At the macrophage cell
surface TLR2, TLR4 and TLRS recognize L. monocytogenes via their LRR domains. TLR2
recognizes peptidoglycan, lipoteichoic acid and lipoproteins and TLRS recognizes listerial
flagellin. TLR2 forms a heterodimer with either TLR1 or TLR6 depending on the identity of
the ligand, and CD14 acts in synergy with TLR4 to bind LPS. NLRs are cytosolic proteins
that recognize listerial proteins in the cytosol. NLR:S contain a caspase-recruitment domain
(CARD) or a pyrin (PYR) effector domain, a nucleotide-binding and oligomerization domain
(NOD) and a LRR domain that detects degradation production of listerial peptidoglycan.
NODI1 and NOD?2 detect dipeptide or tripeptide motifs (iE-DAP) while NOD2 detects
muramyl dipeptide (MDP). Cold autoinflammatory syndrome 1 (CIASI) is structurally
similar to NOD2 except that it contains a PYR domain instead of a CARD domain, and also
recognizes listerial MDP. Upon ligand binding, thé TLRs and NLRs initiate downstream
signalling events that activate NF-xB leading to the production of pro-inflammatory
cytokines, chemokines and antimicrobial peptides. Figure modified and redrawn from

reference (189).
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TLRs contain two distinct domains, a leucine rich repeat (LRR) domain in their extracellular
region, which recognize and bind specific PAMPs, and a Toll/IL-1 receptor (TIR) domain in
their intraccllular region (Fig 10). To date, 11 different TLRs have been identified and each
TLR recognizes different PAMPs and mediate distinctive pathways by associating with
different combinations of adaptor proteins such as Myeloid ditferentiation primary response
gene 88 (MyD88), TIR domain-containing adaptor protein (Tirap), Toll-like receptor adaptor
molecule 1 (TRIF, also known as Ticaml) and Toll-like receptor adaptor molecule 2 (TRAM,
also known as Ticam2) (182). Macrophages express most TLRs except TLR3 (186) and the
expression of TLRs is highly up-regulated in these cclls (187). In contrast. the expression of
TI.Rs in DCs is differentially expressed depending on the DC subset and maturation stage
(186, 188-198). TLR2 and TLRS have been implicated in recognition of L. monocytogenes
(199-202). Generally, TLR2 is a receptor lor bacterial peptidoglycan, lipoteichoic acid and
lipoproteins, whereas TLRS recognizes bacterial (lagellins (182). L.monocylogenes ol mice
deficient for TLR2 (TRL2™) revealed that TL.R2 was important for macrophage production of
TNF, [1.-12, [L.-18, IFN-y and nitric oxide (NO). In addition, IL-12 and 11.-18 synergistically
induced 1FN-y production, leading to normal clearance of L. monocytogenes (200). Although
in vivo data about the role of TLRS has not yet been investigated in TLRS” mice, in vitro data
has shown that intravenous or oral infection of mice with a L. monocytogenes strain lacking
flagellins resulted in impaired macrophage activation as shown by a 50% reduction in TNF
production by of macrophages (202). In addition MyD88, the intracellular adaptor protein that
transmits many, but not all, TL.LR-mediated signals, was shown to be critical for innate
immunity against L. monocylogenes (200, 203). Mice that lack MyD88 (Myd88™) were more
susceptible to infection with L. monocyiogenes than mice that lack either IFN-y or both 1L-12
and [1.-18 (200). However macrophage-mediated killing of bacteria did not require MyD88
(203).

,,,,,

dimerize Myd88 and to recruit interleukin-1 receptor (11.-1R)-associated kinase (IRAK) 4 and
IRAK1. (Fig. 11) TNF receptor associated factor 6 (TRAF6) binds to IRAK1 and then
dissociates to form a complex with transforming-growth-factor-B activated kinase 1 (TAK1).
TAK1-binding protein 1 (TAB1) and TAB2. This complex is required for the ubiquitylation
of TRAF6 and for the activation of the kinase activity of TAKI1, which then leads to the
phosphorylation of components ol the inhibitor of NF-kB (IkB)-kinase (IKK) complex which
results in the activation of NF-xB. In addition, TAK1 activates MAP kinasc kinase (MKK)-

3/6 and MKK4 which in turn activate p38 kinase and c¢-Jun N-terminal kinase (JNK)
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respectively, which in turn activate the transcription factor AP1. Activation of NI'-kB and
AP-1 results in the up-regulation of genes encoding pro-inflammatory cytokines such as TNF,
IL-103, IL-6, 11.-12 and chemokines MIP-1a, MIP-13 and RANTES (regulated on activation
normal T cell expressed and secreted) (Fig. 11). Myd88-independent signaling by TLR4
through the adaptor proteins TRAM and TRII to activate NF-kB to up-regulate expression of
co-stimulatory molecules CD40, CD80 and CD86 at the macrophage cell surface which
initiates T cell activation. L. monocytogenes has been shown to induce up-regulation of type |
interferons such as IFN-a and [FN-B via a TLR4-Myd88-independent pathway that is
mediated by IRI'3. Type I [FNs have been shown to sensitize lymphocytes to LI.O-mediated
apoptosis, thereby disrupting the innate immune response and reducing resistance to L.
monocytogenes (204-208). In addition, cytosolic invasion of L. monocytogenes and membrane
permeabilization by [LLO has been shown to activate NF-xB in a MyD88- and IRAK-
independent, most likely via the NLR pathways (209, 210).
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Figure 11. TLR signalling in macrophages in response to L. monocytogenes infection.
Solid black lines with plus signs represent activation; blunt-ended solid lines with minus signs

represent inhibition. Figure modified and redrawn from reference(185).
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The NLR family are soluble proteins that survey the cytosol for microbial PAMPs which they
recognize via a LRR domain. The NLR family includes the NOD proteins and NACHT
(domain present in NAIP, CIITA, HET-I and TP1)-LRR - and pyrin-domain-containing
(NALP) proteins (183, 184). NLRs contain three distinct domains: (i) an amino-terminal
caspase-recruitment domain (CARD) or pyrin effector domain, (ii) a nucleotide-binding and
oligomerization domain (‘NACHT" domain) and (iii) a variable number of [.LRRs at the
carboxy-terminal (Fig. 10). To date, 22 NLRs have been identified (179, 185) however, only
NODI1 (also known as CARD4), NOD?2 (also known as CARD15) and CIAST1 (also known as
cryopyrin or NALP3) have been found to recognize L. monocytogenes (211-217). NOD1 and
NOD?2 detect peptides derived from the degradation of L. monocytogenes peptidoglycan
(PGN) released by the listerial hydrolases during cell-wall biosynthesis and remodeling,
and/or after phago-lysosome degradation. NOD1 recognizes diaminopimelic acid-containing
dipeptide or tripeptide motifs (iE-DAP) while NOD2 detects muramy! dipeptide (MDP),
which is a common component of bacterial cell walls (214, 218-220). Both NOD1 and NOD2
are mainly expressed i epithelial cells, macrophages and DCs (184, 221, 222). NODI
expression is up-regulated by [FN-y only (223), whereas NOD2 is up-regulated by TNF
which is further augmented by IFN-y (224). Upon ligand binding NOD1 and NOD?2 recruit
downstream adaptor protein, receptor-interacting protein 2 (RIP2; also known as RICK and
CARDIAK), that drives the activation of mitogen-activated protein kinases (MAPKSs) and
NF-kB (218, 225, 226) (Fig. 12). Activated NOD2 recruits RIP2 which mediates
polyubiquitylation of an inhibitor of NI-kB (IkB)-kinase-y (1IKKy; also known as NEMO) at
the lysine residue at position 285 (227). This is followed by the phosphorylation of KK and
IxB resulting in the release NI-xB for translocation to the nucleus where it transcribes its
target genes (228). In the case of NODI, ubiquitylation of IKKy by RIP2 has not been
investigated and the mechanism of NODI mediated activation of NF-kB is not clear.
Furthermore, NOD1 and NOD?2 signaling activate MAPKs such as JNK, extracellular-signal-
regulated kinase (IERK) and p38 MAPK by an, as yet, unidentified mechanism (211, 216). In
addition, NOD2 has been shown to bind to procaspase-1, and induces [L-1 secretion (229).
Since caspase-| 1s required for processing pro- 1L-18 into mature IL-1( (230), the binding of
NOD2 to pro-caspase 1 via CARD-CARD interactions, may convert the pro-caspase into a
caspase. However, this putative NOD2 function still needs to be investigated in vivo. Both
NODI and NOD2 have been shown to be important is defense against L. monocytogencs.

(211, 231). Inhibition of NODI by interference RNA. revealed that NOD1 is critical {or the /.



monocytogenes induced activation of NF-kB and p38 MAPK resulting in IL-8 production
(231).
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Figure 12. NOD1 and NOD2 signalling in macrophages in response to L. monocytogenes
infection. Solid black lines with plus signs represent activation; blunt-ended solid lines with
minus signs represent inhibition, dashed lines represent activation by unknown mechanisms.

Figure modified and redrawn from reference (185).
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NOD?2 is involved in mucosal defense against L. monocytogenes and is required for the
expression intestinal antimicrobial peptides, known as cryptdins. NOD2 deficient mice were
susceptible to L. monocytogenes infection due to impaired expression cryptdins (211).
Moreover, mouse deficient for the adaptor molecule RIP2, has profoundly increasced
susceptibility to L. monocyiogenes and RIP2 deticient (RIP27") mice succumb to infection
within 8 days of inoculation (232). RIP2" macrophages infected with L. monocylogenes or
treated with L.PS had decreased activation of NF-kB and impaired production of IL-12, [L-6
and 1FN-y production. Although RIP2 is a component of the NODI1 and TLLR4 signalling
pathways, RIP2” mice seem to be less immunocompromised than MyD88-deficient mice
with respect to infection with L. monocytogenes (233). In addition to NOD1 and NOD?2, the
NLR protein CIAST (also known as cryopyrin and NALP3) detects L. monocytogenes and
induces production of L-1p and 1L-18. CIASI is structurally similar to NOD2 except that it
contains a pyrin domain in place of a CARD at its amino-terminal domain and is also
activated by MDP (234). Upon ligand binding, CIAS1 together with apoptosis-associated
speck-like protein containing a C-terminal caspase recruitment domain protein (ASC)
activates pro-caspase-1 and assembles with together with CARDINAL and mature caspase 1
to form a multi-protein complex termed the NALP3 inflammasome, which controls the
processing and activation of pro-inllammatory cytokines [L-1p and IL-18 (179, 212, 213)
(Fig. 13). Consequently, mice deficient for CIAST (CIAS™) had increased susceptibility to L.

monocytogenes due to impaired production of mature [L.1-p and 11.-18.

The TLR and NLR pathways in macrophages therefore co-operate during L. monocytogenes
infection to activate the transcription factors NI'-k3 and AP-1 which induce the expression of
pro-inflammatory chemokines such as MIP-1a, MIP-13 and RANTES and cytokines such as,
[L-1, [L-6, TNF and IL-12, which 1s pivotal in controlling innate immune responses to L.

monocytogenes (116, 132,179, 182, 185, 235).

36



intracellular

extracellular
cytosol
L. monocytogenes

derived MDP

y0° ©

OLRR -NOD-PYR] c1AS1

Cardinal

\ NALP3 INFLAMMASOME /

l+

Caspase 1 1
pro ||_ -1p l actlve IL-1p

C Jand
pro |L 18 active IL-18

Figure 13. CIASI signalling in macrophages in response to L. monocytogenes infection.
Solid black lines with plus signs represent activation; blunt-ended solid lines with minus signs

represent inhibition. Figure modified and redrawn from reference (179).

37



4. Role of Chemokines and Cytokines during L. monocytogenes infection

Chemokines are low molecular weight eytokines whose chemoattractant activities are critical
during innate immunity to L. monocytogenes: Chemokines are essential for wafficking and
recruiting effector cells such as neutrophils, macrophages, DCS and NK cells to the site of
infection, which confine the infection within microabscesses and destroy the bacteria. Within
3 hours after infection with L. monocytogenes, Kupfier cells, hepatocytes, macrophages and
neutrophils up-regulate expression of MIP-1a, MIP-1p, MIP-2, RANTES, KC and IFN-y
inducible protein-10 (IP-10) in the liver, which is the primary target organ of L.
monocytogenes (236-240). The initial secretion of MIP-2 by infected Kupffer cells and
hepatoceytes recruit neutrophils, which become activated and secrete MIP-la and MIP-15
which in turn recruits and co-localizes macrophages, NK cells and T cells at the site of
infection (241). However, MCP-1 1s the most important chemokine that is critical for defense
against L. monocytogenes. MCP-1 1n induced by 1.LO secreted by cytosolic L. monocytogenes
(65) and is indispensable for the recruitment of macrophages (149). Mice lacking CCR2,
receptor for MCP-1, are highly susceptible to L. monocytogenes due to impaired emigration
of monocytes from bone marrow, resulting in accumulation of activated macrophages in the
bone marrow rather than at the site of infection (242, 243). In addition to recruiting etlector
cells, chemokines also play a role in macrophage activation and have direct antimicrobial
activity. FFor example, MIP-1a, MIP-1p3, RANTLS, and ATAC/lymphotactin secreted by NK
cells were shown to act in synergy with 1FN-y as “type 1 cytokines” to activate macrophages
(241). Moreover, chemokines such as monokine induced by [FN-y (MIG or CXCI.9), [FN-y
inducible protein of 10 kDa (IP-10 or CXCLI10) and IFN-y inducible T cell alpha
chemoattractant (I-TAC or CXCL11) share structural homology with antimicrobial peptides
called defensins, and posses antimicrobial activity against FEscherichia cofi and L

monocytogenes which is augmented by [FN-y (244).

Both I1.-6 and 1L-1 are required for resistance o L. monocytogenes early during infection and
are important for regulating the neutrophil responses at the sites of infection (245-248).
Kupffer and macrophages are the primary source of [L.-6 produced in the livers of mice during
L. monocytogenes infection, and the production of 11.-6 by is independent on [FN-y and TNF
and correlates with disease severity (249). Mice deficient for IL-6 (ILQ«6"§ 7y are highly
susceptible to L. monocytogenes and have increased bacterial load in the liver and spleen that
correlates with inefficient peripheral blood neutrophilia (246). However, at low doses 1L-67
mice are able to clear L. monocytogenes infection (250). The protective function of 1L-6

during L. monocytogenes intection is not completely understood, probably due to pleiotropic



¢flects on diverse systemic and tissue specific biological responses (251). 11-1a and [1.-13
belong to the 11.-1 family of potent inflammatory cytokines that contribute to a number of
normal physiologic processes and (o the development of a number of inflammatory diseases.
IL.-1 is essential for the activation of and neutrophils during L. monocyiogenes infection (245.
247) and primes neutrophils to produce bactericidal molecules such as reactive oxygen
intermediates (ROI) (252). In addition, although I1.-1 is not chemotactic, it up-regulates the
expression of chemokines and adhesion molecules (253, 254) thereby promoting the
recruitment of effector cells to infectious foci (245, 247). Although, [1.-18 deficient (1L.-1p7)
mice showed equivalent resistance o L. monocyiogenes as W'T controls, complete inhibition
of IL-1 signaling via blockade of the type | IL-IR by mAb or by gene targeting greatly
increased the susceptibility of the mice injected with a sub-lethal dose of .. monocytogenes,

and was accompanied with enhanced bacterial growth in the livers and spleens (248, 255).

INIE, IL-12 and 11.-18 produced via the TLR and NLR pathways, synergize to stimulate the
production of IFN-y by NK cells (256-259), CD8+ T cells (260-263), dendritic cells (264),
Tht cells (265) and TKDCs (178). TNI is critical for innate antibacterial defenses and
macrophage activation during L. monocytogenes infection (266, 267). Blockade of TNF
signaling by the genetic deletion of the TNF receptor 1 or by the depletion of TNF using
monoclonal antibodies (268) rendered mice highly susceptible to sub-lethal doses of L.
monocytogenes (266-270). Induction of TNIE during L. monocytogenes infection is dependent
on TLR2 and Myd88 signaling pathway (200), and together with 1L.-12 activates NK cells to
produce ITN-y (259). Moreover, TNI" has phagocytic and bactericidal/bacteriostatic {unctions
(271) and synergizes with [FN-y to activate the listericidal activity of macrophages (272).
Recently, the soluble torm of TNI" was shown to be required for the control ol listerial growth
and cellular inflammation during primary high-dose infections, whereas the membrane bound
form of TNF was required for resolution of a secondary high-dose intection and for T cell
memory (273, 274). 1L-12 is also critical for innate immune responses against L.
monocytogenes (275) and is produced by Kupfter cells, macrophages, neutrophils and
dendritic cells (276-280). Neutralization of [[.-12 in mice decreased macrophage activation
resulting in enhanced susceptibility, bacterial overgrowth and ecarly death (275, 281).
Administration ol recombinant [FN-y was able to restore the deleterious effect of anti-[[.-12
treatment, thereby demonstrating a role for 11.-12 in the production of [FN-y carly during /.
monocylogenes infection (275). Moreover, mice delicient for [FN-yR (IFN-yR™) expressed
normal levels of 1L.-12 as compared 1o controls, conlirming the that the initial production of

I1.-12 is independent of [FN-y (282). However, in vivo infection of 1L.-12 deficient mice (1L-
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1277) showed that 11.-12 was only crucial for effective innate immune responses at higher
infective doses of L. monocytogenes, but not at low infective doses when residual activity of
IL.-18 could compensate for 11.-12 (283). In addition to TNF, [L.-12 can also synergize with
[[-18 to sumulate the production of IFN-y in NK cells (256-258), CD8+ T cells (261), Thl
cells (265) and dendritic cells (264). I11.-18 is a pro-inflammatory cytokine that belongs to the
IL.-1 cytokine family and is a pleiotropic factor involved in the regulation of both innate and
acquired immune responses. 1L-18 is expressed via a Myd88-dependent pathway in antigen-
presenting cells and is produced as a precursor requiring caspase-1 for cleavage into an active
[1.-18 molecule (284). Indeed mice deficient for 11L-18 (IL-187) or caspase | (Caspl™) were
mildly susceptible to L. monocytogenes, since they were able to produce 1L-12 and TNF (200,
285). However, mice doubly deficient for 12 and IL-18 were highly susceptible to L.
monocytogenes, but not to the same extent as Myd88™ or [EN-y 7 mice (200). In addition, the
activation of IL-18 is also dependent on the NALP3 inflammasome proteins NALP3 and
ASC, which activate caspase 1 in response 1o cytosolic invasion by L. monocytogenes (286).
Besides its [FN-y enhancing capacity, 11.-18 also augments the cytotoxic activity of both NK
and T cells (257, 287-290) and can enhance production of other pro-inflammatory mediators
in these cells (257, 291-294). Moreover, 11.-18 plays an important in both innate and adaptive
immune responses to L. monocylogenes involving the production of TNF and nitric oxide
(NO) as well as IFN-y (295). During /. monocytogenes infection, the pro-inflammatory
responses are themselves regulated by anti-inflammatory cytokine 1L-10, which is also
produced by activated macrophages with kinetics similar to those for the pro-inflammatory
mediators (259, 296). The suppressive role of 11.-10 early in L. monocytogenes infections was
demonstrated by in wvivo neutralization (297), administration of recombinant IL.-10

administration (298) or by 1L-10 deficient (IL-107) mice (299).

5. Role of IFN-y during L. monocytogenes Infection

The production of 1FN-y is crucial for full macrophage activation, which produce pro-
inflammatory cytokines and chemokines which in turn further induce turther production of
I'N~y and enhanced macrophage activation in a positive feedback loop (114). During the
innate immune response to L. monocytogenes, 1FN-y is crucial for controlling bacterial
growth by activating the antimicrobial and antigen-presenting properties of macrophages
(142,143, 300-305). 1I'N-y is produced by multiple cell types upon synergistic activation by a
combination of TNF, [L-12 and/or 11.-18 (142, 143, 178, 257-259, 261, 264, 270, 301, 306-
310). More recently, other IFN-y inducing cytokines such as [L-21, 1L-23, and 11.-27 have

been described and may play overlapping and/or redundant roles in the innate immune
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response against L. monocylogenes (311-313). Evidence that IFN-y is critically important in
the innate immune responses to L. monocylogenes comes from experiments using mice
deficient for either TFN=y (1IFN-y”) (277, 314). or the [FN=y receptor (IFN-y R™) (277, 282) or
cell specific deletion ol [FN-yRa in recently activated macrophages (315). These mice have
multiple defects and do not survive the first 5 days of L. monocytogenes infection, even when
injected with a very low dose ol 70 L. monocytogenes bacilli (282). Early in vitro studies by
Portnoy indicated that TNF acted synergistically with II'N-y to promote the listericidal
activity ol’ macrophages, and that the primary role of IFN-y was to prevenl access of L.
monocytogenes 1o the macrophage cytoplasm and to enhance phago-lysosome digestion of the
bacilli (165). Indeed, electron microscopy ol macrophages from L. monocylogenes intected
IFN-y" or IFN-yR"mice showed that these mice were unable to restrict L. monocytogenes
bacilli to the phagosomes resulting in increased escape into the cytoplasm leading to
uncontrolled bacterial growth and carly death (277, 282, 314). However, the mechanism
whereby [IFN-y mediates confinement and bactenal killing is only partially understood. Two
general antimicrobial mechanisms implemented by activated macrophages include (i) the
production of reactive oxygen intermediates (ROI) by the phagocyte NADPH oxidase (phox)
and reactive nitrogen intermediates (RNI) by inducible nitric oxide synthase (iNOS) and (ii)
enzymatic degradation of the pathogen mediated by phago-lysosome fusion. Both these

pathways synergize Lo rapidly contine and restrict/terminate listerial growth within the liver.

Al the phagosome level, listericidal activity of TFN-y is mediated by the small G'TPase Rab5a,
which co-ordinates confinement of the L. monocytogenes bacilli within the phagosome,
phagosome maturation, phago-lysosome fusion and subsequent killing by lysosomal enzymes
(73, 316). Confinement of L. monocytogenes within the phagosome is dependent on active
G'TP-bound Rab5a (76) and the localized release of nitric oxide and superoxide into the
phagosomal space (73, 75). However the actual mechanisms of how this is achieved are not
fully elucidated. 1FN-y up-regulates the expression and activation of Rab5a into its active
GTP-bound trom (316), which directly accelerates maturation of L. monocytogences-
containing phagosomes, phago-lysosome fusion and consequent bacterial killing (316). The
release of nitric oxide and superoxide into the small space of the phagosome is generally
considered to cause fatal oxidative damage to the bacilli (132, 317, 318). However, recent
studies have indicated that phagocyte NADPH oxidase, is involved in an additional pathway
that promotes bacterial killing via potassium ion influx. High concentrations of superoxide in
the phagosome was shown to result in the accumulation of anionic charge, which was

compensated for by an influx ol potassium ions across the phagosome membrane in a pH-
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dependent manner. The consequent rise in ionic strength and alkalinity facilitated the release
of cationic granule proteins elastase and cathepsin G from the anionic sulphated proteoglycan
matrix, which resulted in bacterial destruction. (319-322). Furthermore. the alkaline
conditions within the phagosome would most likely neutralize the activity of [LLLO by
preventing its integration into the phagosome membrane and thereby confine L.
monocylogenes within the phagosome (56). L. monocytogenes compeles with the above
defense pathway by delaying of phagosome maturation, thereby “buying time™ for its escape
{from the phagosome and consequently avoiding phago-lysosome fusion and digestion by lytic
enzymes (3, 6). L. monocytogenes achicves this by preventing the exchange of inactive GDP-
bound RabS5a for active G'TP-bound RabSa (76) via modulation of Rab5a regulating proteins
such as guanine nucleotide exchange factors (GEFs), GTPase Activating proteins (GAPs) and

guanine diphosphate (GDP) dissociation inhibitors (GDIs) (76).

6. Role of RNI and ROI during L. monocytogenes infection

Although, several studies using gene deficient mice have shown that nitric oxide and
superoxide are important for pathogen killing, these molecules are not essential (75, 323-325).
Mice deficient for inducible nitric oxide genes (iINOS™) had significantly increased
susceptibility to pathogens such as Mycobacterium tuberculosis (326), Leishmania major
(327) and cctromelia virus (328), but were able to adequately clear and recover from L.
monocytogenes (110, 278, 324) and Toxoplasma gondii (329, 330) infections. Similarly, mice
deficient for the p47phox (p47phox™) (323) and gp9 1phox (gp9 Iphox™) (325) components of
the phagocyte NADPEH phagocyte oxidase, elliciently cleared and recovered from I
monocytogeneys  infections. Furthermore, studies using gp“)]phox"'/'/N()SZW/N double gene
deficient mice, indicated that phagocyte NADPH oxidase and iNOS could substantially

compensate for each other’s deficiency (324).

Taken together, these studies demonstrated that although nitric oxide and superoxide were are
important for pathogen killing, they were not essential. Moreover, studies using mice
deficient for specific innate immune receplors or components of innate immune signaling
pathways have underscored the hypothesis that macrophages have an alternative listericidal
pathway that 1s independent of nitric oxide (110, 278, 324), superoxide (323-325) TLR2 (203)
and MyD88 (203) (Table 2). Mice delicient for TNF Receptor p55 (TNFRp55™) (266. 267),
IFN-y (IFN-y™) (277, 314), IFN-y-Receptor (IFN-yR™) (277. 282), Interferon Consensus
Sequence Binding Protein JCSBP™”) (331), Interferon Regulatory Factor 2 (IRF27) (331),
RelB (332) and CCAAT/enhancer binding protein beta (C/EBPB™) (333) are all severely
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susceptible to L. monocytogenes, even when infected with very low doses. Since [FN-y
activates the cytocidal or cytostatic potential of macrophages (271, 282) and TNF has
phagocytic and bactericidal/bacteriostatic [unctions (271), this hypothetical killing pathway is
most likely activated by these cytokines. IFN-y would be the first component in the pathway,
since the IFN-y'/~ (277, 314) and IFN-yR™ (277, 282) mice had impaired induction of TNF.
Similarly RelB would be downstream of [IFN-y, since mice deficient in this transcription
factor efticiently produced 1FN-y but have impaired macrophage activation due to defective
induction of TNF (334). Consequently TNF would be downstream of 1FN~-y and RelB. The
most downstream molecule in this hypothetical pathway would be C/EBPJB, since the
C/EBPB™ mice expressed normal levels of [FN-y and TNF (333). Moreover, experiments by
Pizarro-Cerda et al (335) using C/EBPB” mice infected with Brucella abortus, indicated that
C/EBPB promoted endocytosis and membrane fusion between endosomes and pathogen-
containing phagosomes in a G-CSF-dependent manner (335). Since 1I'N-y stimulation results
m the enhanced expression (336, 337) and activation of C/EBPP (338, 339), and TNF
promotes the translocation of C/EBPJ to the nucleus in response to pro-inflammatory
cytokine signalling (340), it can therefore be envisaged that IFN-y and TNF signalling
converge on C/EBPB to transcribe genes required for confinement of L. monocytogenes
within the phagosome, leading to phago-lysosome fusion and consequent bacterial killing
(Fig. 14). Alternatively, a third pathway mediated by [FN-y and/or TNF activation and

independent of iNOS | superoxide and C/EBPJ may be possible.
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Table 2. Gene deficient mouse strain responses to L. monocytogenes infection

Mouse strain Response to L. monocytogenes infection Reference
C/EBPRT Very susceplible, early lethality (333)
ICSBP Very susceptible, early lethality (331)
[FN-y” Very susceptible, early lethality (314)
IFN-yR Very susceptible, early lethality (277, 282)
IREF2 Very susceptible, early lethality (331)
Myd88™ Very susceptible. carly lethality (200, 203, 243)
“RelB” Very susceptible, ea"r»Iy lethality (334) B
,, ]Nﬁipﬁ Very susceptible, canly lethality (266, 267) )
('CR2” Highly susceptible, early lethality (149, 150)
1-1R” Highly susceptible. early lethality (248)
L6 Highly susceptible, early lethality (246)
CIAST™ Moderately increased susceptibility (212)
1IL-12 Moderately increased susccpllblllly 283 )
iINOS™ Moderately increased susccptibﬁily (150, 278, 324)
MCP-17" Moderately increased susceptibility (243)
CASPI™ Mildly increased sué&eptibﬁily (203, 285)
p47phox™ Mildly increased susceptibility (323)
RIP2™ Mildly increased susceptibility, delayed lethality (232)
1.1 B'/' Normal resistance (341)
IRF1] Normal resistance (331)
TLR2 T Normal resistance (200, 203, 243)
TLR4” Normal resistance (200, 243)
IFN-aR ™ Increased resistance (204-206)
11.-10 Increased resistance (299)
IRF3" Increased resistance (206)
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Figure 14. Hypothetical listericidal pathway independent of nitric oxide and superoxide.
Mice deficient for [FN-y, IFN-y-R, ICSBP, IRF2 and C/EBPB have underscored the
hypothesis that macrophages have an alternative listericidal pathway that is independent of
nitric oxide, superoxide, TLR2 and MyD88. In this hypothetical pathway, I[FN-y and TNF
signalling via their receptors converge on the transcription factor C/EBPp, resulting in its
activation and translocation to the nucleus respectively. In response to [FN-y and TNF
stimulation, activated C/EBPp transcribes granulocyte colony stimulating factor (G-SCF) and
other, as yet, unknown (designated as ?) genes required for confinement of L. monocytogenes
within the phagosome leading to phago-lysosome fusion and consequent bacterial killing and

enzymatic digestion.
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6. Role of C/EBP in IFN-y signal transduction

C/EBPp is a transcription factor that is also known as Nuclear Factor IL-6 (NF-IL-6), IL-6
induced DNA binding protein (IL-6- DBP) and C-reactive protein 2 (CRP2). In this
dissertation, the current gene name, C/EBPJ, as stipulated by Mouse Genomic Nomenclature
Committee (MGNC) (342), will be used. C/EBPp belongs to the bZIP transcription factor
family which includes C/EBPa, C/EBPy, C/EBPd, C/EBPe, and is involved in many
physiologic processes such as carbohydrate metabolism, lipid storage, differentiation, cellular,
Thl immune responses, macrophage-mediated antibacterial, anti-tumour defenses and female
fertility (339). C/EBPf contains a bZIP domain at its C-terminal end which is comprised of a
leucine zipper and a basic region (217, 343) (Fig. 15). The bZIP domain is essential for DNA
binding and for mediating homodimeric and heterodimeric interactions with other C/EBP
isoforms. The dimerization domain, also known as the leucine zipper, contains seven leucine
repeats that intercalate with the leucine repeats of the dimerizing partner (344). In the centre
of the protein are two regulatory domains (RD), RD1 and RD2, which contain sites that can
be phosphorylated by protein kinases. At the N-terminal end of the protein is the transcription
activation domain. Dimerization between C/EBPp and different C/EBP isoforms allows the
expression of C/EBPp target genes to be finely regulated in particular tissues and in response

to various divergent stimuli (345).

Seré4 SSSSPGTPSPAD
kY e
N- terminal AD RD1 [| RD2 == basic m C- terminal
a_/ \ J\\ J
Y b 4
Transcriptional Regulatory domain DNA binding and
Activation domain dimerization domain

Figure 15. Schematic diagram showing structure of C/EBPB. C/EBPB contains three
structural modules, the N-terminal transcriptional activation domain (AD), the intracellular
regulatory domains (RD) and the bZIP domain that consists of a leucine zipper and a basic
region. Activation of C/EBPP requires dephosphorylation at serine 64 in the AD and
phosphorylation at the GTPS consensus site in RD2. The leucine zipper mediates
dimerization with other transcription factors while the basic domain, which rich in basic
amino acids, dictates DNA-binding specificity. The amino acid sequence phosphorylated by

ERK1/2 is indicated in red. Figure modified and redrawn from reference (339).
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C/LEBP is expressed as two isoforms, which are generated from a single mRNA by a leaky
ribosomal scanning mechanism. The first isolorm encodes the full-length C/EBPB protein
(346) and the second isoform a truncated protein termed liver inhibitory protein (LIP), which
contains only the DNA-binding and leucine zipper domains (347, 348). Heterodimerization
between LIP and full-length C/EBPB inhibits transcriptional activity in sub-stoichiometric
amounts. suggesting a naturally occurring dominant negative mechanism of transcriptional
regulation (349). C/EBPC (also known as CHOP or GADDI153) is expressed only under
conditions of stress (349, 350) and its dimerization with C/EBPJ also inhibits transcription
(349). The expression of C/EBPB is strongly up-regulated by LPS, IFN-y, 11.-6, IL-1,
dexamethasone and glucagon (336, 337). Morcover, TNF promotes nuclear localization of
C/EBPB in response to inflammatory stress (340). Cytokine treatment further increases
C/EBPP transcriptional activity via enhanced DNA binding (348). The activation of C/EBPf
at the post-transcriptional level involves phosphorylation by protein kinases such as PKA,
PKC, ribosomal S6 kinase (RSK), and extracellular signal-related kinase (ERK) at conserved
serine and threonine residues (338, 351-356). Once activated, C/EBP forms heterodimeric
complexes with other transcription factors, such as Retinoblastoma 1 (pRB), NF-xB, trans-
acting transcription factor 1 (Spl) and myeloblastosis oncogene (Myb) and binds to a variety
ol response ¢lements (339). For example the C/EBPP:NI-xB heterodimer synergizes to
transcribe genes encoding the acute-phase response proteins such as serum amyloid (SA)AL,
SAA2, SAA3 and al-acid glycoprotein, as well as cytokines I1.-6, 1L-12, grnaulocyte colony
stimulating, factor (G-CSF) and MIP2 (357-363). In some instances, other C/EBP isoforms are
able to compensate for C/EBPp, thereby preventing impaired transcription of C/EBPp target
genes in absence of C/EBPP. For example, the promoter for iNOS contains a C/EBPJ binding
site, yet C/EBPB™ mice efficiently produce nitric oxide in response to infection by L.
monocytogenes (333). On the other hand, C/EBPP is indispensable for the transcription of
genes such as C-type lectin domain family 4 member e (CLLECSF9), [FN-stimulated gene

factor 3 gamma (1SGF3y), G-CSF and [1.-12p35 in response [.PS stimulation (364-366).

Moreover, studies using C/EBPB™ mice have shown that C/EBPP is critical for killing
intracellular  pathogens such as  Listeria  (333), Salmonella (333), Brucellu (335),
Mycobacterium (367) and Candida (368). The mortality kinetics of C/EBPB"/‘ mice infected
with a low dose ol L. monocytogenes infection is comparable to that of TNI"'RpSS"/' (266,
267), (IFN=y” (277, 314), IFN-yR™ (277, 282), [CSBP™ (331), IRF2" (331) and RelB (332)

mice suggesting that C/EBPP™ is a downstream effector molecule of IFN-y signalling.
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Morcover, C/EBPB is also involved in regulating transcription of genes stimulated by 1FN-u
and IFN-f8. Generally, IFN-y stimulated genes contain a [FN-y-activated site (GAS) in their
promoters, whereas 1FN-a/p stimulated genes contain [FN-stimulated response element ISRE.
More recently. a novel [FN-y-response clement termed [FN-y-activated transcriptional
clement (GATE) was discovered (369). through which C/EBPB links the IFN-y and IFN-a/p
signalling pathways (339, 352, 369-371). In the [FN-o/f induced signalling pathway, Janus
kinase 1 (JAKT) and Tyrosine kinase 2 (1'YK2) induces tyrosine phosphorylation of Signal
transducer and activator of transcription (STAT) 1 and STAT2 respectively, which in
association with [SGF3y (also known as IFN gene regulatory factor-9; IRF-9) forms the
multimeric transcription factor termed 1I'N-stimulated gene factor 3 (ISGIF3). The ISGI3
transcription factor complex initiates transcription of genes containing an the 1FN-stimulated
response element (ISRE) in their promoters e.g. MHC class | genes. [ISGF3y is critical for
driving antiviral detenses and acts in synergy with IRF-1 to drive transcription in response to
both IFN-y and 1I'N-a/3 signalling (372). The transcription of ISGF3y is mediated by C/EBPf
though the GATE in the ISGF3y promoter (373-376). Both 1L.-6 and [FN-y augment [FN-o/f§
signalling by inducing the expression of C/EBPP (336, 337) and conscquently that of ISGI-3y
(370, 373-376)s.

Recent studies have shown that at least two IFN-y-induced MAPK signals converge on to
C/EBPPB for inducing transcription of 1FN-y responsive genes (338, 339) (Fig. 16). The first
pathway is driven by extracellular signal-regulated kinases (ERKs), which phosphorylates
C/EBPB in its RD2 and the second pathway is driven by the mixed-lineage kinases (MLKs),
which induces a dephosphorylation leading to the recruitment of transeriptional co-activators.
Both these pathways act in concert to mediate transcription of genes in response to 1FN-y
signalling. In the first pathway, 1I'N-y binding to its receptor IFN-yR results in the
phosphorylation of STAT1, which in turn activates an unknown factor that phosphorylates
and activates MAP kinase kinase 1 (MEKK1) (352). Activated MEKK 1 recruits MAP kinase
kinase I (MEK1) and ERKI1/2 to its N-terminal domain (377). Activated MEKKI
phosphorylates MEK1 on the same residue as does Raf (378). Activated MEKT1 in turn
activates ERK1/2 (379), which phosphorylates C/EBPJ at threonine residue 189 in the ERK
consensus G'TPS phosphorylation site located in the RD2 domain (380). Phosphorylation at
the G'I'PS site induces a conformational change that allows C/EBPP to dimerize with other
transcription factors (381). In the second pathway, IFN-y signals through the 1FN-yR to
activate an unknown factor which in turn activates MLK3. Activated MLK3 indirectly

mediates the dephosphorylation of C/EBP(3 at a conserved serine residue at position 64 (338),
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which results in recruitment of transcriptional co-activators such as p300 (338). The
convergence of the ERK1/2 and MLK3 pathways on C/EBPB and the recruitment ol
transcriptional co-activators therefore sets the stage for activation ol the I'N-stimulated genes
containing ISRE, GAS and GATLE motifs in their promoters (Fig. 4). Due to its severe
susceptibility to L. monocytogeneys, despite efficient production of nitric oxide and
superoxide, together with its role in mediating IFN-y stimulated transcription ol innate
defense genes, the (f/EBPB’/' mouse model was therefore considered a useful tool to identify

the genes involved in IFN-y mediated listericidal activity.
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Figure 16. Regulation of C/EBPB-mediated transcription by IFN-y. (A) IFN-y signalling
via the IFN receptor II triggers tyrosine phosphorylation of STAT1via JAK] and JAK2. The
STAT! dimer migrates to the nucleus and initiates the transcription of genes that possess the
GAS in their promoter. (B) Similarly, IFN-a,B signalling via IFN receptor 1 triggers
phosphorylation of STAT1 and STAT2 via JAKI and TYK2 respectively. In the nucleus the
STAT1:STAT2 heterodimer binds with ISGF3y to form the ISGF3 complex that initiates
transcription of genes containing an ISRE. (C) [FN-y signalling via IFN receptor Il triggers
activation of MAPK pathways that converge on C/EBPB resulting in its activation by
phosphorylation of threonine'® in the GTPS motif of RD2 and dephosphorylation of serine®
in the AD. Activation of C/EBPP induces a conformational change that allows C/EBPf to
dimerize with other transcription factors (designated as X) and recruit transcriptional co-
activators, such as p300, in order to transcribe genes containing either a consensus C/EBPp
binding site or GATE motif in their promoters e.g. transcription of ISGF3y by C/EBPB
through GATE links the IFN-y and IFN-a,B signalling pathways. Transcription of C/EBPP

itself is induced by IFN-y. Figure modified and redrawn from reference (339).
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C. RESEARCH HYPOTHESIS AND STRATEGY

The aim of the current study was was to identify the genes involved in the hypothetical
listericidal pathway that is independent of nitric oxide and superoxide. Based on the
hypothetical pathway outlined in (Fig. 17), genes involved in mediating listericidal activity
would most likely be downstream of C/EBP. Since activated macrophages and neutrophils
are the major cell types involved in T cell independent killing of L. monocytogenes (114), it
was therefore postulated that comparison of the gene expression profiles between activated
WT and C/EBPBP” macrophages infected with L. monocytogenes would increase the
probability of identifying the listericidal genes. Moreover, the bone marrow from WT and
C/EBPB” mice would provide a plentiful source of quiescent bone marrow derived

macrophages (BMDM:s) for in vifro infection experiments.

AlM

Identify genes involved in mediating listericidal activity

d

OPTIMIZE IN VITRO INFECTION IN BMDMs
» Check if biology of in vitro data reflects literature
« Cytokines, chemokines , nitric oxide secretion
+ Macrophage listericidal assay
+ Phagosomal escape
- Check quality of RNA by RT-PCR

§

COMPARATIVE DNA MICROARRAY ANALYSIS
» Whole mouse genome
» Infected vs. Non-infected
» CIEBPB” vs. WT

§

FUNCTIONAL CHARACTERIZATION

> L. monocytogenes infection model

» Data analysis

» Gene deficient mouse models

> Systems bioclogy

Figure 17. Research strategy employed to identify genes involved in macrophage effector

functions against L. monoacytogenes that is independent nitric oxide and superoxide.
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The tirst part of the research strategy was 1o establish and optimize in vifro infection of WT
and C/EBPB™ bone marrow derived macrophages (BMDMs) with L. monocytogenes so that
the biology of the in vitro infection faithfully represented that of in vivo infections as reported
in literature (333, 364, 366, 370). Furthermore, RNA extracted from L. monocytogenes
infected WT and C/EBPB’/' BMDMs was stringently tested to ensure that it was of high
quality and that it represented the expected gene expression profile for genes known to be
differentially expressed in macrophages deficient for C/EBPP (333, 364, 366, 370). These
controls thereby provided a solid foundation on which to base the gene expression profiling
experiments. The second part of strategy was to identify the listericidal genes. which were
postulated to be differentially expressed between the infected WT and C/EBPp™
macrophages. A comparative gene expression profiling strategy using whole mouse genome
oligonucleotide DNA microarrays, rather than suppressive subtractive PCR (SSH PCR) (382-
385) or serial analysis of gene expression (SAGE) (386-388) was followed, since DNA
microarrays involved shorter experimental time scales, were more cost eftective and required
relatively simple technical expertise. In contrast, both SSH PCR and SAGE are technically
very demanding and the protocols are extremely time consuming due to a multitude of PCR
and cloning steps. Morcover, both these methods requires extensive DNA sequencing for the
identification of the cloned genes, which makes these methods much more expensive than
DNA microarrays. The third part of the research strategy was to functionally characterized the
roles of candidate genes involved in delense against L. monocytogenes infection using
appropriate gene deficient mouse models. Morcover a systems biology approach would be
used to investigate the mechanism whereby the candidate genes mediated protection against

L. monocytogenes during infection.
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CONCLUSION

[n the current study, L. monocytogenes was used as a model intracellular pathogen to identity
genes involved in mediating macrophage bactericidal effector activity. L. monocytogenes has
developed many molecular adaptations to invade and proliterate within the intracellular
environment of many different cell types, thereby enabling it to cross the intestinal-, blood-
brain- and placental defense barriers. Several virulence factors mimic the activity of
eukaryotic molecules and thereby exploit the biological tunctions of the infected cell to favour
bacterial survival. These molecular adaptations and elaborate mimicries used by L.
monocytogenes, has made it an excellent tool for the study of cellular processes such as actin-
based motility, growth-tactor mediated signalling, endocytosis and cellular adhesion. In
addition, due to its ability to cross protective defense barriers and induce strong macrophage
and T cell responses, L. monocyiogenes has emerged as an excellent model to study the
pathophysiology of a complex bacterial infection in animals. Furthermore, the availability of
the genome sequence of five L. monocytogenes serovars (91, 389, 390) has provided an
excellent platform in which to unravel the genetic basis of L. monocytogenes virulence, by
whole genome comparison with its closely related non-pathogenic species L. monocytogenes.
In the immunocompetent host, protective immunity against L. monocytogenes evolves
through several phases, cach ol which is controlled by different cell types, cytokines and
cytocidal molecules. These different cells and effector molecules do not participate
equivalently at all stages of the infection and their importance depends on the time of
infection, the host’s immunologic status, and the site of infection (147, 167, 317). Activated
macrophages, dendritic cells, neutrophils and NK cells are critical for immediate control of L.
monocytogenes prolileration and they communicate with each other by producing and/or
responding to pro-inflammatory cytokines and chemokines, which in turn activate and
mobilize eflector cell populations 1o the site of infection. The current study has addressed the
hypothesis that macrophages have an alternative killing mechanism that is independent of
superoxide and nitric oxide (323-325) but dependent on [FN-y (277, 282, 314), TNF (266,
267) and C/EBPB” (333). Since the mechanism and the genes involved in this alternative
pathway are largely unknown, the aim of this thesis was to identify these macrophage eftector
genes and to functionally characterize their role during infection by utilizing gene deficient

mouse models.
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CHAPTER 2

MATERIALS AND METHODS

METHODS

1. Culture of Listeria monocytogenes

Virulent L. monocytogenes (EGD strain) were grown in tryptose-soy broth (Difco, Detroit,
ML, USA) until early to mid log-phase of growth (ODge=0.2). DMSO was added to a final
concentration of 10% and aliquots made and stored at —70°C until use. For cach experiment, a
vial was thawed and mixed thoroughly to disperse clumps. For each experiment, the titre of
the inoculum was checked by plating 100ul of 10-fold serial dilutions of the thawed L.
monocytogenes stock on tryptose-soy agar plates. The plates were incubated overnight at 37°C
and the next day the number of colonies was counted and the colony forming units (CFU)/ml
calculated. All experiments were performed in the BSL 2 laboratories at the University of

Cape Town, South Africa.

2. Culture of Mycobacterium tuberculosis

Mycobacterium tuberculosis (H37Rv) was grown in Middlebrook 7H9 broth (Difco. Detroit,
MI, USA) supplemented with Middlebrook OADC enrichment medium (Life Technologies,
Gaithersburg, MI, USA), 0.002 % glycerol, and 0.05 % Tween 80. Mid log-phase cultures
were harvested, aliquoted, and frozen at —80°C. After thawing, viable cell counts were
determined by plating 100ul of 10-fold serial dilutions of the cultures on Middlebrook 7H10
agar plates. The plates were incubated at 37°C for 21 days and the CFU/ml enumerated. All
experiments were pertormed in the BSL 3 laboratories at the University of Cape Town, South

Africa.

3. Mice

C/LBPR™ on a C57BL/6x129/sv background were obtained from V. Poli (Department of
Genetics, Biology and Biochemistry, University of Turin, Turin, ltaly). A null mutation in the
C/EBPPP gene was generated by inserting a nco cassette into the carboxy-terminal part of the
gene, coding for the leucine zipper and a portion of the basic domain (Fig. | A). This mutation

inactivated the [ull length C/EBPPB protein and its truncated amino-terminal isoform, LIP.
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PKC3" mice on a 129/SvxOla background were obtained from M. Leitges (Department of
Experimental Endocrinology, Medical University, Hanover, Germany). A lacZ/neo casselte
was inserted into the first transcribed exon of the PKCo gene resulting in a null allele and
abolished transcription (Fig. 1 B) All mice were bred in specific pathogen-free conditions at
the Animal unit at the University of Cape Town, South Africa. For L. monocytogenes
infections, mice were kept in filter-cap cages in a biohazard level 2 physical containment
facility. For M. tuberculosis infections, mice were kept in individually ventilated cages in a

biohazard level 3 physical containment facility. In any given experiment, mice were matched

Research Ethics Committee of the University of Cape Town.

A CIEBPB** locus

R NB NR X N
| 11
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Figure 1. Generation of C/EBPB” and PKC8" mice. (A) C/EBPB™ mice were generated by
V. Poli by inserting a neo cassette (open box) into the BZIP (grey hatched box) domain of the
C/EBPB gene via homologous recombination. B, BamHI; N, Nhel; R, Rsal; X, Xbal. (B)
PKC8" mice were generate by M. Leitges via homologous recombination which inserted a
lLac//neo cassette (open box) into exon | (grey box labeled 1) of the PKC6 gene. B, BumHI;

E, EcoRl; E, Fspl; H, Hindlll.
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4. Genomic DNA extraction

fem mouse tail cuttings were digested overnight in digestion bufter (50mM TRIS-HCL., pH8;
100mM EDTA; 100mM NaCl. 1% SDS, 0.5mg/ml Proteinase K) at 56'C with gentle shaking,
The samples were centrifuged at 14000 rpm for |5 minutes and the clear supernatant
transferred to a clean microcentrifuge tube. An equal volume isopropanol was added and
thoroughly mixed. The genomic DNA was allowed to precipitate out of solution by incubating
at room temperature for 30 minutes and centrifuged at 14000 rpm at 4°C for 30 minutes. The
genomic DNA pellet was washed in Iml 70% ethanol, air dried and resuspended in 500ul
sterile water. The quantity and quality of the genomic DNA was checked by spectroscopy by

reading the absorbance at Aspand Ay

5. Genotyping PCR

All mice used in this thesis were genotyped prior to experiments to confirm their genotype
using gene speciftic primers. 2pl of genomic DNA was added to 48l of PCR cocktail (1 X
Supertherm PCR Bufter, 1.5mM MgCls, 0.2mM dNTPs, 0.125U/ul Supertherm Taq, 0.25uM
forward primer and 0.25uM reverse primer). Control reactions included a (i) no
template/water control, (i) positive control and (iii) negative control. The PCR products were
amplified on a MJ thermocycler (Biozym, Hessisch Oldendorf, Frankfurt, Germany). C/EBP”
" mice were genotyped using a conumon primer 5-TGGACAAGCTGAGCGAC-3" and a
primer specilic for either the WT (5’-GGGCTGCTTGAACA-3") or targeted C/EBPB locus
(5°-GCCGATTGTCTGTTGTGCCC-3"). The PCR products for the WT allele was 200bp and
450bp for the C/EBPP targeted allele. The PCR cycle for CEBPB PCR was: 1 cycle at 94°C
for 3 minutes; 45 cycles of 94°C for 30 seconds, 59°C for 30 seconds, 72°C for 30 seconds: 1
cycle at 72°C for 3 minutes. For PKCS” genotyping. a common reverse primer (5°-
AACAGCTGTGATGGGATCGAA-3") and a forward primer specitic for either the WT (5°-
ACCCTTCCTGCGCATCTCCT-3") or targeted PKCo locus (5°-
GAGGATCTCGTCGTGACCCA- 37) were used. The PCR products for the W'T allele was
62 1bp and 872bp for the PKCS targeted allele. The PCR cycle for was: 1 cycle at 94°C for 3
minutes; 40 cycles of 94°C for 30 seconds, 55°C lor 30 seconds, 72°C for 45 seconds; | cycle

at 72°C for 5 minutes. The PCR products were analysed by gel electrophoresis.



6. Generation Of C/EBPB” Bone Marrow Derived Macrophages (BMDMs)

Mice were sacrificed by cervical dislocation and the femur and tibia bones collected. The bone
marrow cells were flushed from the bones using DMEM (Gibeo, Invitrogen Corporation,
Carlsbad, CA, USA) containing 10% FCS, 100U/ml penicillin G and 100pg/ml streptomycin.
The cells were washed and concentrated by centrifuging at 1200 rpm at 4°C for 10 minutes.
The bone marrow cells were added at a final concentration of 1 x 10° cells/ml in PLUTZNIK
media (DMEM containing 10% FCS, 5% horse serum, 2mM [L-glutamine, 1mM Na-pyruvate,
0.1mM 2-B-Mercaptoethanol, 30% L929 cell-conditioned medium, 100U/ml penicillin G,
100pg/ml streptomycin) and transferred into a special gas-permeable 15cm x 6ecm Teflon
coated-bag (Max Planck Institute for Immunobiology, Max Planck, Freiberg, Germany). The
929 conditioned mediom contained GM-CSE and M-CSF, which stimulated the
differentiation and growth of bone marrow stem cells into macrophages. The open end of the
bag was heat-sealed and bone marrow stem cells incubated at 37°C under 5% CO; for 10 days.
‘The supernatant was discarded and the adherent cells were massaged from the Teflon-coated
bags into DMEM containing 10% FCS, 100U/ml penicillin G, 100pg/m! streptomycin. The
BMDMs were washed twice in DMEM containing 10% FCS, 100U/ml penicillin G, 100ug/m!
streptomycin to get rid of residual GM-CSE from the L929 conditioned medium. The
BMDMs were plated at a density of 5 x 10° BMDMSs/ml and incubated overnight at 37°C
under 5% CO, 1f activated macrophages were required (or infection the next day, IFN-y (BD
Pharmigen. BD Biosciences, San Jose, CA, USA) was added at 100U/ml to the BMDMs for

16-24 hours betore infection.

7. .929 conditioned medium

1.929 cells were maintained in DMEM (Gibco, Invitrogen Corporation, Carlsbad, CA, USA)
containing 10% FCS, 100U/ml penicillin G and 100ug/ml streptomycin until 90% confluence.
The growth media was removed and the cells washed in 10ml | x PBS. Cells were removed
from the plastic surtace of the flask by incubation in Sml Trypsin/EDTA (Gibco, Invitrogen
Corporation, Carlsbad, CA, USA}) at room temperature for 4 minutes. The cells were washed
in 50ml DMEM (Gibco, nvitrogen Corporation, Carlsbad, CA, USA) containing 10% I'CS,
100U/ml penicillin G, 100pg/ml streptomycin and seeded at 2 x 10%cells/ml in 100ml DMEM
(Gibco, Invitrogen Corporation, Carlsbad. CA. USA) containing 10% FCS, 1060U/ml
penicillin G, 100pg/ml streptomycin. The 1929 cells were grown in 162cm?2 tissue culture

erade flasks (Corning Costar Corporation, Cambridge, MA, USA) at 37°C under 5% CO» for
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7 days. The supernatant was harvested and centrifuged at 2500 rpm for 15 minutes at 4°C to

get rid of cell debris. The clear supernatants were stored in 50ml aliquots at —20°C.

8. In vitro Infection with L. monocytogenes

Before each infection experiment, the BMDM cultures were washed three times in DMEM
containing 10% FCS but without antibiotics. These washing steps ensured that any residual
antibiotics were washed away. The BMDM monolayers were then simultaneously stimulated
with 100U/ml IFN-y (BD Pharmigen, BD Biosciences, San Jose, CA. USA) and inlected with
L. monocytogenes at a multiplicity of infection (MOI) of 10:1 (10 bacilli : 1 macrophage).
After 1 hour, gentamycin (Sigma-Aldrich, Munich, Germany) was added at 50pg/ml to kill
extraccllular bacteria. At 2, 4, 8 and 12 hours after infection, RNA and supernatant samples

were taken and stored at -80°C.

9. In vivo Infection with L. monocytogenes

For each experiment, a vial of frozen L. monocytogenes stock was thawed and diluted in PBS
before injection. Mice were injected into the peritoneal cavity with 200ul PBS containing 2 x
10" 1. monocytogenes bacilli or without bacteria. The number of viable bacteria in the
inoculum was determined by plating 10-fold serial dilutions on trypticase soy agar plates.
Plates were incubated at 37°C and the CFU counted after 24 hours. The actual infectious dose

was then calculated.

10. Secondary in vivo Challenge with L. monocytogenes

Mice were immunized by a sub-lethal dose (Tor W' mice) ot 2 x 10° 1. monocytogenes
injected into the intraperitoneal cavity. Surviving mice were challenged 8 weeks later with a
secondary i.p. infection ol 2 x 10* L. monocytogenes. Bacterial load (CFU) was measured in

the liver and spleen 2 days after secondary infection.

11. In vivo Aerosol Infection with Mycobacterium tuberculosis

All M .tuberculosis experiments were performed in the BSL 3 laboratories at the University of
Cape Town, South Africa. Pulmonary infection of mice was performed using an inhalation
exposure system (system model A4224, Glas-Col, Terre-Haute, IN). Stock solutions ot M.
tuberculosis were thawed and diluted in sterile distilled water. To infect mice with a natural
dose of 100 CFU/lung. animals were exposed [or 40 minutes to an aerosol generated by

nebulizing approximately 5.5 ml of a suspension containing 10" live bacteria. Inoculum size
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was checked 24 hours after infection by determining the bacterial load in the lung of infected
mice. Mice were weighed weekly before and after infection. In accordance with the Animal
Research Ethics Committee of the University of Cape Town, mice that lost 25% of their
original weight during the course of infection were sacrificed. Moribund CEBPB™ and [FN-
yR” mice were sacrificed at 6 and 7 weeks post infection respectively and their CFUs
determined in fung, liver and spleen. Surviving W1, PKC8'" and PKC8™ were sacrificed 10

weeks post infection and their bacterial load in Jung, liver and spleen determined

12. Determination of Bacterial Load in Organs

Bacterial loads in lung, liver and spleen of infected mice were evaluated at different time
points after infection with L. monocytogenes or M. tuberculosis. Organs from sacrificed mice
were removed aseptically and divided into 2 pieces, one for histology and one for bacterial
load determination. The piece for bacterial burden was weighed and homogenized in 0.05%
Tween-80 made in PBS. Ten-fold serial dilutions of the organ lysate was made in 1 x PBS and
100pul plated in duplicate on tryptose-soy agar plates (for L. monocytogenes) or Middlebrook
7H10 agar plates containing 10 % OADC (for M. tuberculosis). The L. monocytogenes plates
were incubated at 37°C overnight and the colonies counted the next day. The M. tuberculosis
plates were incubated at 37°C for 19-21 days and the colonies counted. The CFU/organ was

calculated and expressed as log;o CFU per organ.

13. Histology

One lung lobe, a piece of liver and spleen per mouse were fixed in 4 % phosphate-bultered
formalin and paratfin-embedded. Sections (2 o 3 pm) were stained with hematoxylin and
eosin and a modified Ziehl-Nielsen method as described (1). Standard Gram positive staining
was used to detect L. monocytogenes bacilli. All observations were done with a Nikon E400

microscope and the diameter of 250 granulomas was determined using Scion [mage, Software

(Scion, Frederick, MD, USA).
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I4. FACS analysis of Peritoneal Exudate Cells (PECs).

Mice were inoculated i.p. with 2 x 10* L. monocyrogenes and sacrificed 2 days alter infection.
PECs were harvested by flushing the peritoncal cavity with 10 ml of sterile [scoves's-
Modified Dulbecco’s Medium (IMDM) supplemented with 10% FCS, 100 U/ml penicillin
and 100 pg/ml streptomycin (All Gibeo, Invitrogen Corporation, Carlsbad, CA, USA).
Harvested cells were centrifuged at 1200 rpm for 8 minutes and resuspended in 2l complete
IMDM supplemented with 10% FCS, 100 U/ml penicillin and 100pg/ml streptomycin (all
Gibco). Cells in single cell suspension were counted using an improved neubauer
haemoeytometer. 5 x 107 cells were pooled for each experimental mouse group and were
washed in FACS buffer (PBS supplemented with 0.1% BSA and 0.05% Sodium Azide) by
centrifugation at 1200 rpm for S minutes. Cells were then stained for 15 minutes on ice in
100p of FACS buffer with a saturating amount of anti-Gr-1-FITC (mAb clone RB6-8G3),
anti-1-A"-biotin (mAb clone KH74), anti-CD11b-PE (mAb clone M1/70) (all from BD
Pharmigen, BD Biosciences, San Jose, CA, USA) or F4/80-PE mAb (Caltag Laboratories,
Burlingame, CA. USA) in the presence of 1% normal rat serum. Unbound antibody was
removed by centrifugation in 1ml FACS buffer. Pelleted cells were resuspended and incubated
for a further 15 minutes on ice with 100pul of a saturating amount of streptavidin-APC (BD) in
FACs buffer. Cells were washed for a final time and resuspended in 500ul FACs buffer
supplemented with 7-AAD (Sigma, St. Louis, USA). Stained cells were acquired using a
FACSCalibur flow cytometer and cells analyzed using CeliQuest software (both BD). Dead

cells stained with 7-AAD were excluded from analysis.

15. ELISA

The levels ol cytokines and chemokines in culture supernatants and sera was measured by
sandwich ELISA as previously described (2). The coating and biotinylated detection antibody
pairs, stepavidin-alkaline-phosphatase, stepavidin-horseradsish peroxidase, and recombinant
protein standards were purchased from BD Pharmigen (BD Pharmigen, BD Biosciences, San
Jose, CA, USA). In vitro Supernatant samples from triplicate wells at 2. 4, 8 and 12 hours
aller infection were collected and stored at -20°C. Sera samples were collected [rom infected
mice and stored at -20°C. Maxisorb 96 well ELISA plates (Nalge Nunc International,
Naperville, IKI.,USA) were coated overnight at 4°C with 50ul of “coating antibody™ dituted in
coating buffer (I X PBS, 0.02% sodium azide) at the recommended concentration. For TNF
FLISAs, the plates were coated in carbonate coating buffer (15mM NaCOj3, 35mM NatiCO;,

72mM NaCl). Plates were washed, blocked 2 hours at 37°C in 250ul blocking buffer (2% fat
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free milk powder, 0.1% sodium azide in IxPBS) and then washed again. Samples (scrum or
supernatant) were serially diluted two-fold in dilution buffer (4% BSA (fraction V), 0.02%
sodium azide in | X PBS) and 50pl added to each well. Similarly, the appropriate
recombinant protein standard was diluted to the recommended concentration, then serially
diluted three-fold in dilution bufter (4% BSA (lraction V), 0.02% sodium azide in 1 X PBS)
and 50p! added to designated control wells, The plates were incubated overnight at 4°C and
washed. S0pl of the appropriate biotinylated antibody was diluted to the recommended
concentration in dilution buffer (4% BSA (fraction V), 0.02% sodium azide in 1 X PBS) and
50ul was added to cach well. The plates were incubated at 37°C for 3h, washed and 50pl of
streptavidin-alkaline phosphatase diluted 1:1000 in dilution buffer (4% BSA (fraction V),
0.02% sodium azide in 1 X PBS) was added to each well. The plates were incubated for 60
minutes at 37°C. washed and 50pl substrate solution (1mg/ml p-nitrophenol-phospahte,
0.2mM MgCl,, 10% diethanolamine, 0.01% sodium azide) added to cach well. The enzymatic
reactions were developed at room temperature and was stopped when the most concentrated
standard reached 1.0 to 1.5 Agpsom OD units. The developing reaction was stopped by adding
50ul of 1M NaOH to each well. The plates were plates read at Agospm using a VersaMax
microplate reader (Molecular Devices Corporation, Sunnyvale, CA. U.8.A). For the wash
steps above, each well was washed 4 times with 300pl of wash buffer (2.68mM KCI, 1.47mM
KH>POy4, 8.09mM NapHPO4.2H,0, 136mM NaCl, 0.05% Tween-20, 0.01% sodium azide).
For 11.-10 ELISA reaction development, streptavidin-horseradish peroxidase and TMB
Substrate Solutions (Roche Diagnostics GmbH, Mannheim, Germany) were used as per the

manufacturer’s instructions.

16. Measurement of nitric oxide in culture supernatants

Cell culture supernatants were analyzed for the production of NO using the Griess reaction
assay, which measures the concentration of nitrite. a stable product of the reaction of NO with
05 (3). BMDM were infected as described and supernatant samples collected at 2, 4, 8 and 12
hours afler infection and stored at -20°C until analysis. Supernatant samples and standards
(ImM NO- solution) were serially diluted three-fold in DMEM contaiing 10% FCS,
100U/ml penicillin G, 100ug/ml streptomycin (all Gibeo, Invitrogen Corporation, Carlsbad,
CA., USA) and 50ul added to designated wells in a fat bottomed 96 well plate. 25! of Griess
Reagent 1 (1% sultanilamide in 2.5% phosphoric acid) and then 25ul of Griess Reagent (2
0.1% napthyl-cthylene-diamine in 2.5 % phosphoric acid) were sequentially added to each

well. The plate was incubated at room temperature for 5 minutes to allow the reaction to
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develop. The purple-pink colour of the reactions were read at Asionn and the reference at
Agoonm using VersaMax microplate reader (Molecular Devices Corporation, Sunnyvale, CA,

J.S.A).

17. Macrophage Bacterial Killing Assay

BMDMs (2.5 x 10° cells) were plated at 1ml per well in a 24-well tissue-culture grade plate.
The BMDMs were stimulated overnight with 100U/ml 1FN-y and the BMDMs infected with
L. monocytogenes as described. At 2. 4. 8 and 12 hours after infection, the BMDMs were
washed three times with Iml cold 1 X PBS containing 0.68mM CaCl, and 0.49mM MgCl; to
get rid of extracellular bacteria and residual gentamycin. The BMDMs were lysed by
repetitive pipetting in Iml of 0.05% Triton-X100. Ten-fold serial dilutions of the lysate was
made in 1 X PBS and 100pl plated on tryptose-soy agar plates. The plates were incubated at
37°C for 24 hours and the number of colonies counted and the CFU/ml for each sample

calculated.

18. Electron microscopy with low temperature fixation in cacodylate buffer

BMDMSs were stimulated and infected with L. monocytogenes as described. 4 hours afler
infection, the BMDMSs were washed twice with 1 X cold PBS containing 0.68mM CaCl, and
0.49mM MgCl> to remove extracellular bacteria. The BMDMs were washed once cacodylate
bufler (0.1M sodium cacodylate, 5SmM CaCly, 5mM MgCla, 0.1M sucrose pl7.2) and (ixed
overnight at 4°C in 2.5% gluteraldchyde made up in cacodylate buffer lacking sucrose. The
BMDMs were washed twice in cacodylate bufter (lacking sucrose) and stained with ftreshly
prepared osmium staining buffer (1% osmium tetroxide, 0.05M ferric cyanide in cacodylate
buffer (devoid of sucrose)) for 1-2 hours at room temperature in the dark. The BMDMs were
then washed twice in cacodylate bufter (lacking sucrose) and scraped from the culture dish.
The BMDMs were centrifuged at 1200 rpm for 20 minutes and the cell pellet resuspended in
20ul ol 2% low-melting-point-agarose prepared in cacodylate buffer (lacking sucrose). The
agar cell pellet was cut into ImM cubes and dehydrated in a series of ethanol and embedded in
Spurr’s resin. Ultra thin sections (90uM) were cut with a glass knife on a Reichert Ultracut S
(I.eica) ultramicrotome. The ultra thin sections were picked up on uncoated copper grids (300
mesh) and stained with uranyl acetate and Reynolds lead(4). The sections were examined

using a Zeiss 109 transmission electron microscope at 4400X and 20000X magnification.
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19. Fluorescent Microscopy

BMDM from WT. PKC3" and PKC8™ mice were generated as described and grown on acid-
cleaned 12-mm circular glass coverslips at density of 2.5 x 10° cells/coverslip. BMDMs were
activated with 100U/ml 1FN-y overnight and infected at MOI of 30:1 (30 bacilli : 1
macrophage) as described. At 90 minutes, 180 minutes and 240 minutes post-infection.
BMDMs were washed twice with PBS containing 0.68mM CaCl, and 0.49mM MgCly to
remove extracellular bacteria. The BMDMs were fixed at room temperature for 15 minutes in
3.7% tormaldehyde (vol/vol in PBS) and washed twice in pre-warmed PBS. The cells were
permeabilized in 0.2% TYriton X-100 (vol/vol in PBS) for 10 minutes at 37°C and washed
twice in PBS and blocked in 1% BSA (fraction V) (vol/vol in PBS) for 30 minutes at room
temperature. The BMDMs were washed twice with PBS and incubated in 1/1000 diluted
polyclonal rabbit anti-Listeria antibody (Capricorn Products LLC, Portland, ME, USA) for 30
minutes at room temperature. The BMDMS were washed twice with PBS and incubated in
1/1000 diluted goat anti-rabbit 1gG-FITC antibody (Sigma-Aldrich, Munich, Germany) for 30
minutes at room temperature. The BMDMS were washed twice with PBS and incubated in
actin staining solution (10.3nM  rhodamine phalloidin (Molecular Probes, Invitrogen
Corporation, Carlsbad, CA, USA) in 1% BSA(lraction V) for 30 minutes. The coverslips were
washed twice, air dried and mounted onto glass slides using Prolong AntiFade Mounting
media (Molecular Probes, Invitrogen Corporation, Carlsbad, CA, USA). BMDMs were
visualized using deconvoluting fluorescent microscope (Zeiss Axiovert 200M, Carl Zeiss,
Gottingen, Germany) under 100X oil immersion. Images in both the red and green channels
were saved for 15 non-overlapping random high power field views (HPI'V). Images were
analysed using Axiovision version 3.1 (Carl Zeiss, Gottingen, Germany). The total number of
bacteria in each HPI'V was scored in the green channel. In the merged red and green image,
the number of bacteria associated with actin (red-orange-yellow) and trapped in the
phagosome (green) was scored. Pereentage escape is calculated as total number of bacteria

associated with actin in all HPFV divided by the total number of bacteria in all the HPFV,
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20. Total RNA Isolation

Total RNA was extracted [rom BMDMs using TriReagent (Molecular Research Company,
Cincinnati, USA) as per the manufacture’s instructions. Briefly, 5 x 10° cells were lysed
directly in the culture dish in Iml of TriReagent. 200ul of chloroform was added [or every
Iml of lysate and vortexed thoroughly. The samples were incubated at room temperature for
I'5 minutes and centrifuged at 13500 rpm for |5 minutes at 4°C. The top aqueous layer was
transterred to a new tube and an equal volume of 100% isopropanol added and mixed. The
RNA was precipitated out of solution by incubating overnight at —-80°C and centrifuging at
13500 rpm for 30 minutes at 4°C. The RNA pellet was washed twice in 800ul 70% ethanol,
air-dried and resuspended in SOul -100ul of DEPC-treated water. Total RNA was extracted
[rom organs as described by Chomezynski et al (5). Organs were homogenized on ice in 3ml
RNA denaturing solution (4M guanidinium thiocyanate, 25mM sodium citrate, 0.5% (w/v)
sodium lauryl sarcosinate, 0.1M P-mercaptoethanol) for every 100mg of tissuc. An equal
volume of phenol pH4.0 was added and thoroughly mixed with the lysate. For every 1ml of
volume lysate 0.05ml 3M sodium acetate (pH 4.0) and 0.1ml chloroform-isoamyl alcohol
(49:1) were sequentially added. The samples were mixed thoroughly for 30 seconds and
incubated on ice for 15 minutes. The samples were centrifuged 14000 rpm for 20 minutes at
4°C and the top aqueous layer transferred to a new tube. An cqual volume of 100%
isopropanol was added and mixed thoroughly. The RNA was precipitated by incubating for ]
hour at -80°C and centrifuging at 14000 rpm for 30 minutes at 4°C. The RNA pellet was
dissolved in 0.3 ml of Solution D and an cqual volume ol 100% isopropanol added. The
samples were incubated for 1 hour at -80°C' and centrifuged at 14000 rpm for 30 minutes at
4°C. The RNA pellet was washed twice in 800pul 75% ethanol, air dried and resuspended in
100ul DEPC-treated H,O. All purified RNA samples were DNAsel treated, “cleaned up™ and
stored at -80°C. The quality of the RNA was checked by determining the ratio of the
absorbance at Asq/Asge and by running g of RNA on a 1% agarose gel that contained 2.2M
formaldehyde. The concentration of the RNA was determined by measuring the Asg. All
solutions, except TRIS-containing buftfers, used for the RNA work were treated with DEPC to
destroy any endogenous RNAses. To cach solution, DEPC was added to a final concentration
of 0.1% and gently shaken overnight at 37°C. The solutions were then autoclaved for 30
minutes to remove any traces of DEPC. For TRIS-containing butfers, solutions were prepared

using DEPC-treated water and an ultra-pure TRIS stock designated for RNA work only.
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21. DNAsel treatment and “cleanup”

The RNA was DNAse | treated to get rid of contaminating genomic DNA. 1-10ug of total
RNA was incubated with DNAsel cocktail (1 X DNAsel buffer (Promega, Madison, WI,
USA), 10U/ul DNAsel (Roche Diagnostics GmbH, Mannheim, Germany), 1U/ul RNAsin
{Promega, Madison, WI, USA) for 60 minutes at 37°C. The DNAsel-treated RNA was
“cleaned up”™ using the Qiagen MiniElute RNA cleanup kit (Qiagen, Valencia, CA, 1ISA) as
per the manufacturer’s imstructions. This “clean up” step helped remove contaminating
genomic DNA, proteins, residual phenol and salts. Briefly, the volume of the total RNA was
adjusted to 100ul by adding RNAse-free water. B-mercaptocthanol was added to Buffer RLT
before use as per the manufacturer’s instructions. 350ul of Butfer RLL'T was added to the RNA
and vortexed. 250ul of 96% ethanol was added and vigorously vorlexed to precipitate the
RNA out of solution. Each sample was then applied to a single RNeasy mini-column and
centrifuged at [0 000 rpm for 15 seconds at room temperature. The flow-through was
discarded and the RNeasy mini-column transferred to a new 2ml collection tube. The mini-
column was washed with 500ul Buffer RPE and centrifuged at 10 000 rpm for 15 seconds at
room temperature. The wash step was repeated and the mini-column centrifuged at 10 000
rpm for 2 minutes. The mini-column transterred to a new 2ml collection tube and centrifuged
at 10 000 rpm for 2 minutes at room temperature to dry the membrane. The mini-column
transferred to a new 1.5ml elution tube and 30ul of RNAse-free water was added directly on
to the membrane and incubated for 5 minutes at room temperature. The mini-column was then
centrifuged at 10 000 rpm for 1 minute at room temperature to elute the RNA. The elution
step was repeated and both 30ul RNA eluates pooled. The elimination of contaminating
genomic DNA was confirmed by RT-PCR using primers that bound to genomic DNA. The
quality and quantity of the RNA was checked by spectroscopy and denaturing gel
electrophoresis using standard methods (6). The Asge/Azge ratio was measured and an aliquot
was run on a 1% agarose gel containing 2.2M formaldchyde. The RNA was stored at —-80"C

until used.

22. ¢DNA synthesis

The genomic DNA free RNA was reverse transcribed into ¢cDNA using the [mProm-1[™
Reverse Transcription System (Promega, Madison, WI, USA) as per the manufacturer’s
instructions. 0.5ug of Oligo(dT)15 primer was added to 1-10ug of genomic DNA free RNA in
a final volume of 20ul. The sample was denaturing at 70°C for 10 minutes, then cooled on ice

for 5 minutes. 20ul of ¢cDNA synthesis cocktail (ImProm-I1I"™ S5X Reaction Buffer, 4mM
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MgCly, 0.5mM each dNTP, 1U/ul RNAsin, 2.0pul ImProm-I["™ Reverse Transcriptase) was
added and the samples incubated at 25"C for 5 minutes to anneal the primers. cDNA synthesis
was extended at 50°C for 60 minutes. The reaction was heat deactivated at 75°C for 5 minutes

and cooled on ice. The samples were divided into aliquots and stored at ~20°C.

23. Quantitative RT-PCR

The ¢cDNA was diluted 1:10 in 0.1mg/ml molecular grade BSA (Roche Diagnostics GmbH.
Mannheim, Germany) and 2ul added to 18ul PCR cocktail (1 X Sensimix d(T) (Quantace,
Neutral Bay, NSW, Australia) containing 1 X SYBR Greenl, 4.0mM MgCl,, 0.5uM forward
primer, 0.5uM reverse primer, (. [mg/ml molecular grade BSA). PCR products were amplified
on the Lighteyeler (Roche Diagnostics GmbH, Mannheim, Germany) using the generic
programme:] cycle at 95°C for 10 minutes, 50 cycles of 95°C for 5 seconds, 60°C for 15
seconds., 72°C for 10-60 seconds depending on PCR product size. Extension time was
calculated based on the fact that DNA Taq Polymerase can cover 25 base pairs (bp) per
sccond: Temperatureegeng = (PCR product size in bp)/(25bp/second). Data was acquired at
80°C for 1 sccond. A melting curve analysis was performed at the end of the amplification
program: 95°C' for 0 seconds, 75°C for 15 seconds, 65°C for 15 seconds and 95°C for 0
seconds with a ramping time ol 0.1°C/scconds. Quantitative data was analyzed using the “Fit
Points” and “Standard Curve Mcthod”. The p-2-microglubulin gene was used as the
housekeeping gene for data normalization. Primer sequences and product sizes are given in

Table 1.

90



Table 1. Primer Sequences and Product Sizes

jName Forward Sequence Reverse Sequence Product
size (bp)
MCP-1 5"-CAGCTC TCT CTT CCT CCA C-3° 5-ATT TAC GGG TCA ACT TCA CA-3° 390
B-Actin* ‘5'—TGG AAT CCT GTG GCA TCC AG AAA C-3' 5-TAA AAC GCA GCT CAGTAA CAG TCC G-3' 348
¥B2mg 5-TGA CCG GCT TGT ATG CTA TC-3' 3-CAG TGT GAG CCA GGA TAT AG-3' 222
IL-18 S-TGG TTC CAT GCT TTC TGG -3 5-TCC GTATTA CTGCGGTTG T -3 279
TNF iS'-TCT CAT CAGTTC TAT GGC CC-3 5-GGG AGT AGA CAA GGT ACA AC -3 212
IFN-y 5'-GCT CTG AGA CAA TGA ACG CT-3 5'-AAA GAG ATA ATC TGG CTC TGC-3' 227
IL-6 5-GTT CTC TGG GAA ATC GTG GA -3 5-TGT ACT CCA GGT AGC TAT GG-3' 208
IL-10 ?5'—AGC CGG GAA GAC AAT AAC TG -3 S-CATTTC CGATAAGGCTTGG -3 189
IL-12p35  5-GAT GAC ATG GTG AAG ACG GCC -5 5-GGA GGT TTC TGG CGC AGA GT -3 402
IL-12p40  5'-CTG GCC AGT ACA CCT GCC AC-3' 5-GTGCTT CCA ACGCCAGTTC -3 384
INOS 5'-AGC TCC TCC CAG GAC CAC AC -3 5-ACG CTG AGT ACCTCATTG GC -3 481
PKCS 5-CGGGCTACGTTTTATGC -3 S-TCCAACGGGGATAGTG -3' 367
CLECSF9 5°-GGA AGA ATG AAT TCA ACC AAAT-3° 5’-AAA GGT GTA TCA TCC ACC CA-¥ 486
ISGF3y 5‘5’-CAT ATT CAA GGC TTG GGC AC-3° 3-GCC ACC ATA GAT GAA GGT GA-3° 496
C/EBPf 5-CCC ATG GAA GTG GCCAACT-3¥ 5°-GCG AAG AGG TCG GAG AGG AA-3° 382
G-CSF S“TCCCAAACTGGGTTCT -3' S-CTTTATTATCCGCAAGCT -3' 278
* binds to gel‘lomic DNA and cDNA
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24. Microarray Design and Overview

A 2 x 2 factorial experimental design was used to compare the gene expression patterns of treated
vs. non-treated BMDMs for WT and CEBPB™ mice. A 2 x 2 factorial design means that
comparison between 2 factors (treatment vs. untreated) are being also compared with another 2
factors. namely the WT and CEBPB” mice genetic backgrounds. An outline of the design shown
in Figure 2. “Treated” refers to BMDMs that were simultaneously stimulated with 100U/m]1 IFN-y
and infected with L. monocytogenes at a MOI of 10:1 (10 bacilli : 1 macrophage) for 4 hours.
“Untreated™ refers to media controls. Due to budget limitations, biological replicates were done
instead of technical repeats and a “balanced dye” approach used instead of dye-swaps to
compensate [or dye-labelling bias. “Dye balance” means that each condition is measured equally
often with the Cy3 dye as with the Cy5 dye. Therefore, the “treated™ samples for each biological
repeat was labelled with the opposite Cy-dye than in the previous biological repeat. The same
principle was applied to “untreated” controls and is outlined in Figure 2. There were 4 biological
repeat experiments which were analysed over 8 individual arrays (Fig. 2). Each biological
experiment was analyzed using 2 microarrays: the first microarray compared W7o VS.
W T ieaed @and the second microarray compared KOyreyed V8. KOynreared- NOne of the samples from
the biological repeat experiments were pooled. l:ach biological infection experiment was done
independently of each other. The RNA for each biological replicate was extracted separately at 4
hours post-infection using TriReagent (Molecular Research Company, Cincinnati, USA) and
DNAsel treated and cleaned up using the RNeasy Mini Kit (Qiagen, Valencia, CA, LISA) as per
the manufacturer’s instructions. The mRNA was linearly amplified and labelled using the Amino
Allyl MessageAmp™ Il CyDye aRNA Amplification (Ambion, Austin, Texas, USA) as per the
manutacturer’s instructions. The labelled cDNA was purified and hybridized to spotted Mouse
Exonic Fvidence Based Oligonucleotide (HHlumina. San Diego, CA, USA) microarrays printed at
the capar Microarray Facility (University of Cape Town, South Africa). The microarrays were
processed in batches of 2 or 4 over a period of 4 weeks. Table 2 summarizes the information for

all samples and hybridization experiments for the four independent biological experiments.
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Biological Biological Biological Biological
Experiment Experiment Experiment Experiment
1 2 3

4
WTH, WT2, WT3, WT4,
WT1, WT2, WT3, WT4,
I Compare ratios” ICompare ratios* I Compare ratios* I

KO3

KO1, KO2, , KO4,

KO1, KO2, KO3, KO4,

* Paired T-TEST based on permutation & Bonferroni Correction

Figure 2. Microarray Design: The gene expression patterns of treated vs. untreated BMDMs
within each genotype were compared. The “treated” and “untreated” samples are denoted by a
subscripted “t” and “u” respectively. Each white rectangle represents a two channel microarray.
The back of the black arrow represents sample labelled with Cy3 (green) and the front of the
arrow represents labelling with CyS (red). “Treated” refers to BMDMs that were simultaneously
stimulated with 100U/ml IFN-y and infected with L. monocytogenes at a MOI of 10:1 at 4 hours
post-infection. “Untreated” refers to media controls. For each biological experiment there were 2
microarray slides, one for the C/EBPB”* (WT) samples and the second for the C/EBPB” (KO)
samples. There were 4 independent biological repeat experiments which were analysed over 8
individual arrays. Differentially expressed genes between the WT and C/EBPB” were identified

by a paired T-Test based on permutation and Bonferroni Correction.
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Table 2. RNA samples, treatments, labelling, and microarrays. Four independent biological
infection experiments were analysed over 8 individual arrays. In the treatment column “+” refers
to BMDMs simultaneously stimulated with IFN-y and infected with L. monocytogenes at a MO

5

of 10:1 (10 bacilli : | macrophage)and “- refers to untreated media controls. RNA was purified
at 4 hours post-infection and the mRNA linearly amplified and labelled with either Cy5 (red) or
Cy3 (green) fluorescent dyes. The labelled samples were hybridised to spotted MEEBO
oligonucleotide arrays which were printed at the “capar” Microarray Facility at the University of

Cape Town, South Africa. Microarray slides were identified by their unique barcode numbers.

Biological  Sample label Treatment  Cy-dye lybridization to
experiment label  Slide (Barcode #)
] KOT yreated Cy3 12301884
| KO unireated Cys 12301884
] WT1 reated Cy5 12301864
1 WTnireated Cy3 12301864
2 KO2\reated Cy5s 12301883
2 KO2 nireated Cy3 12301883
2 W T2 reated Cy3 12301862
2 W12 unreaed Cy5 12301862
3 KO3 reated Cy3 12301878
3 KO3 untreated Cy5 12301878
3 WT3reated Cy5 12301881
3 WT3untreated Cy3 12301881
4 KO4 reated Cy5 12301882
4 KO4untreated Cy3 12301882
4 W T4 reated Cy3 12301856
l4 WT4 nireated Cy5 12301856
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25. Microarray Total RNA Isolation

BMDMs were generated tfrom C/EBPB-deficient (C/EBPB‘/') and wild-type (WT) mice as
described in section 6. The BMDMs were [FN-y-activated and infected with L. monocytogenes at
a MOI 10:1 as described in section 8. At 4 hours post-infection, RNA was extracted and using
TriReagent (Molecular Research Company, Cincinnati, USA) and DNAsel treated and cleaned up

using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) as described in sections 20 and 21.

26. Generation And Labelling Of cDNA

The mRNA was linearly amplified and labelled using the Amino Allyl MessageAmp™ (I CyDye
aRNA Amplification (Ambion, Austin, Texas, USA) as per the manufacturer’s instructions. Since
the MessageAmp 1l procedure was very sensitive to temperature, all thermocyclers and incubators
were preheated to ensure that the correct temperature had been reached and stabilized. Tube
holders were also pre-warmed in the incubator before placing the reaction tubes in them. For all
enzymatic reactions, a hybridization oven was used to avoid the formation of condensation in the
reaction tubes. Condensation would change the composition of reaction mixtures and therefore

greatly reduce yield.

27. Reverse Transcription to Synthesize First Strand cDNA

Ina 0.5ul tube, Tl T7 Oligo(dT) Primer was added to Ipg of total RNA and the volume adjusted
to 12ul with RNAse-free water. The reactions were incubated at 70°C for minutes in a
thermocycler and snap-cooled on ice for 5 minutes. The reactions were centrifuged at 13000 rpm
for 30 seconds to bring down the contents of the tube and placed on ice. The reverse transcription
master mix (I X First Strand Buffer, dNTP mix, RNAse Inhibitor and ArrayScript reverse
Transcriptase) was made at room temperature as per the manufacturer’s instructions. The master
mix was gently mixed by pipetting and 8ul added to each sample and incubated at 42°C in a
hybridization oven. The samples were then briefly centrifuged at 13000 rpm for 30 seconds to
bring down the contents of the tube and placed on ice until ready to proceed with second strand

synthesis.
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28. Second Strand ¢DNA Synthesis

The second strand master mix (1 X Second Strand Buffer, ANTP mix, DNA Polymerase, RNAse
) was assembled on ice as per the manufacturer’s instructions and mixed by gentle pipetting.
80ul of second strand master mix was added Lo cach sample. The sample and master mix was
mixed by gentle pipetting up and down 2 to 3 times, then flicking 2 to 3 times. The samples were
centrifuged at 13000 rpm for 30 seconds to bring down the contents of the tube. The samples
were incubated at 16°C in a pre-cooled thermocycler for 2 hours. The ¢cDNA samples were

immediately purilied using the spin columns provided in the kit.

29. ¢cDNA Purification

250ul of ¢DNA Binding Buffer was added to each sample and mixed thoroughly by pipetting up
and down 2 to 3 times and {licking 3 to 4 times. The samples were centrifuged at 13000 rpm for
30 seconds to bring down the contents ol the tube. The cDNA sample\cDNA Binding Bufler
mixture was added onto the center of the cDNA filter cartridge and centrifuged for | minute at
10000 rpm at room temperature. The {low-through was discarded and the cDNA filter cartridge
placed in a new wash tube. S00p! of wash bulfer was added to each ¢cDNA filter cartridge and
centrifuged for 1 minute at 10000 rpm at room temperature. The flow-through was discarded and
the ¢cDNA filter cartridge centrifuged lor an extra | minute to remove trace amounts of wash
buffer. The ¢DNA filter cartridge was placed in a new cDNA elution tube and 10ul of pre-
warmed (50-55°C) nuclease-free water was added directly onto the membrane and incubated at
room temperature for 5 minutes. The ¢cDNA filter cartridge was centrifuged for 1.5 minutes at
10000 rpm at room temperature. The elution step was repeated and the cDNA eluates pooled (~16

ul). The ¢cDNA was used immediately for mRNA amplification by in vitro transcription.

30. In Vitro Transcription to Synthesize aRNA (single round amplification)

The in vitro transcription (IVT) master mix (aalU'TP, ATP, CTP, GTP, UTP, | X T4 Reaction
Bulter, T7 Enzyme Mix) was made up at room temperature as per the manulacturer’s
instructions. The ratio of aaUTP:UTP used was |:1. The IVT master mix was gently vortexed and
centrifuged at 13000 rpm for 30 seconds to bring down the contents of the tube. 26ul of the IVT
master mix was added to each reaction and thoroughly mixed by pipetting up and down 2 (0 3
times, then flicking the tube 3 to 4 times. The samples were centrifuged at 13000 rpm for 30

scconds 1o bring down the contents ol the tube. The samples were incubated 37°C in a
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hybridization oven for [4 hours. 60pl nuclease-ree water was added to each aRNA sample (final
volume equaled 100 pl) to stop the IVT reaction. The aRNA samples were immediately purified

using the spin columns provided in the kit.

31. aRNA Purification

350ul of aRNA Binding Buffer was added to each sample and mix thoroughly by pipetting up and
down 2 to 3 times and flicking 3 to 4 times. 250 pl of analytical grade 96% ethanol was added to
each aRNA sample and pipetted up and down 3 times. The sample was then immediately added
onto the center of the aRNA filter cartridge and centrifuged for | minute at 10000 rpm at room
temperature. The flow-through was discarded and the aRNA filter cartridge placed in a new 2.0ml
collection tube. 650pul of Wash Buffer was added to each aRNA filter cartridge and centrifuged
for | minute at 10000 rpm at room temperature. The flow-through was discarded and the aRNA
filter cartridge centrifuged for an extra I minute to remove trace amounts ot wash buffer. The
aRNA filter cartridge was placed in a new aRNA elution tube. 100ul of pre-warmed (55°C)
nuc¢lease-free water was added directly onto the membrane and incubated at room temperature for
5 minutes. The aRNA filter cartridge was centrifuged for 1.5 minutes at 10000 rpm at room
temperature. The elution step was repeated and the aRNA eluates pooled (200pl). The purified
aRNA was quantitated by spectrophotometric analysis at Ao, Azgo and As3p using a NanoDrop®
ND-1000A UV-Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The
size distribution of aRNA was analyzed by denaturing agarose gel analysis. The remaining
purificd aRNA was vacuum dried until cornpletion using a SpeedVac (Savant Instruments Inc,
Holbrook, NY, USA) set at medium for [0 minutes. The dried aRNA was resuspended in 9pl

Coupling Buffer and used immediately for dye coupling.

32. aRNA:Dye Coupling Reaction

For this procedure, all reactions were carried out in the dark because the Cy3 and CyS dyes were
light sensitive. All reagents and reaction tubes were wrapped in foil. The Cy3 or Cy5 dye was
resuspended in | Tyl ultra-pure DMSO and gently vortexed. The | lpl of resuspended dye was
added to the aRNA that was resuspended in Coupling Buffer and gently vortexed. The dye
coupling reaction was incubated at room temperature for 30 minutes in a dark closed drawer. To
quench the coupling reaction, 4.5l of 4M hydroxylamine was added to each reaction and gently

vortexed. The quenching reaction was incubated in the dark at room temperature for 15 minutes.
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During this reaction. the large molar excess of hydroxylamine quenched the amine-reactive
groups on un-reacted dyc molecules. The volume of the reactions was brought up to 30ul by
adding 5.5nu1 RNAse-free water to each sample. The dye-coupled aRNA was immediately purified

using the aRNA filter cartridge supplied in the kit.

33. Dye Labelled aRNA Purification

[05ul of aRNA Binding Buffer was added to each sample and mix thoroughly by pipetting up and
down 2 to 3 times and flicking 3 to 4 times. 75ul of analytical grade 96% ethanol was added to
cach labeled aRNA sample and pipetted up and down 3 times. The sample was then immediately
added onto the center of the labeled aRNA filter cartridge and centrifuged for | minute at 10000
rpm at room temperature. The flow-through was discarded and the labeled aRNA filter cartridge
placed in a new 2ml collection tube. 500ul of Wash Buftfer was added to each labeled aRNA filter
cartridge and centrifuged for I minute at 10000 rpm at room temperature. The flow-through was
discarded and the labeled aRNA [ilter cartridge centrifuged for an extra | minute to remove trace
amounts of Wash Bufter. The labeled aRNA filter cartridge was placed in a new labeled aRNA
elution tbe. 10ul of pre-warmed (55°C) nuclease-free water was added directly onto the
membrane and incubated at room temperature for 5 minutes. The labeled aRNA filter cartridge
was centrifuged for [.5 minutes at 10000 rpm at room temperature. The elution step was repeated
and the aRNA cluates pooled (~20pl). The quantity of the labeled aRNA and the number of dye
molecules incorporated was measured by spectrophotometric using the NanoDrop® ND-1000A
UV-Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DI, USA) For labeled aRNA
quantitation the absorbance at 260nm, 280nm and 230nm were measured. The success of the
aRNA labeling was determined successful if the frequency of dye incorporation (1'Ol) into the
aRNA was between 30-60 dye molecules per 1000bp of aRNA. The frequency of dye
incorporation (I‘OI) was determined by measuring the absorbances at 550nm (Cy3) and 650nm
(Cy5) and the FOI calculated using the equation below. 4pg of each pure labeled aRNA was
mixed together and RNAse-free water added to 30ul. The aRNA probe mixture was placed on ice

until ready lor hybridization.

Frequency of  #dye molecules Ay 9010ecm™ M
incorporation . B X o e X 1000
1000 base pairs Az Dye Extinction Coefficient
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Where:

Dye  Absorbance Maximum  Extinction Coefficient*
Cy3 550nm 150000
Cy5 650nm 250000

* Fxtinction Coefficient at Aygy in cm™ M

34. Hybridization Coverslip preparation

Coverslips (Erie Scientific Company, Portsmouth, NH, USA) were washed in 100% acetone for |
hour, in 0.2 % SDS for 10 minutes, then twice in double distitled water for 10 minutes for each
wash. All wash steps were done at room temperature with gentle agitation. The coverslips were

dried in an oven at 42°C for 10 minutes.

3S5. Prehybridization

The Mouse Exonic Evidence Based Oligonucleotide(MEEBO) (Illumina, San Diego, CA, USA)
spotted microarrays were printed at the capar Microarray IFacility (University of Cape Town,
South Africa). The pre-hybridization buffer (SX SSC., 0.1% SDS, 1% BSA) and 2 X hybridisation
buller (50% lormamide, 10 X SSC, 0.2% SDS) were made fresh and preheated to 42°C for 30
minutes just belore use. Only 2 or 4 microarray slides were processed in one batch. Each MEEBO
microarray slide was placed in a hybridisation chamber (Arraylt, Sunnyvale, CA ,USA) with the
gene spots facing up. The cleaned coverslip was placed over the slide and 200ul of the pre-
hybridization solution gently pipetted under the coverslip. The chamber was sealed and
submerged in a plastic container containing water preheated to 42°C. The plastic container was
placed in a hybridisation preheated to 42°C and the slides were pre-hybridized for 30 minutes.
The slides were washed 5 times in double distilled water. Each wash was done at room
temperature for 30-60 seconds. The slides were then dipped in 100% isopropanol and dried by
centrifugation in swinging bucket rotor for 5 minutes at 1000 rpm at room temperature. The dried
slides were placed in a hybridization chamber and the cleaned hybridization coverslip carefully

placed over the array. The microarray stides were used immediately for hybridization.
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36. Hybridization

The 2 X hybridisation buffer (50% formamide, 10 X SSC, 0.2% SDS) was made fresh and
preheated to 42°C for 30 minutes just before use. 28ul of the heated 2 X hybridization buffer was
mixed with the 30ul aRNA probe mixture. The probe was then heat denatured at 90°C for 3
minutes and then cooled to 42°C. The denatured probe was added very carefully to the pre-
hybridized microarray slide at the bottom end of coverslip. Any air bubbles were worked toward
the edge by gently tapping the coverslip surface. The hybridization chamber was sealed wrapped
in toil to keep out light. The chamber was then submerged in a plastic container containing water
tub preheated 1o 42°C. The hybridization reactions were incubated at 42°C in a hybridization oven
for 16-20 hours. The plastic container was also wrapped with foil to retain humidity and block out

light.

37. Post-hybridization Washing

The low stringency wash bufter (2 X SSC, 0.1% SDS), medium-stringency wash buffer (1.0X
SSC) and high-stringency wash buffer (0.02X SSC) werc made fresh. All staining dishes were
covered with foil to make them light tight and the laboratory lights were turned off, in order to
minimize the exposure of the microarray slides to light. The hybridization chamber was unsealed,
the microarray slide gently removed from the chamber. The microarray slide was submerged into
a dish containing low stringency wash buffer (2 X SSC, 0.1% SDS) and gently agitated at to
remove the coverslip. The microarray slide was washed in the low stringency wash buffer for 4
minutes at room temperature with gentle agitation. The microarray slide was then washed twice in
medium stringency wash buffer (1.0X SSC) at room temperature for 4 minutes. The microarray
was washed in high-stringency wash buffer (0.02X SSC) slide for each wash. The slides were
then dipped 5 times in 100% isopropanel and dried by centrifugation in swinging bucket rotor for
5 minutes at 1000 rpm at room temperature. The slides were kept in a light-tight container and

scanned immediately.

38. Scanning and Image Analysis

The microarray slides were  scanned wusing an  Axon GenePix  4000A  (Axon
Instruments/Molecular Devices Corporation, Sunnyvale. CA, U.S.A) scanner and GenePix Pro
5.1.0.19 software running on a Windows XP operating system. The scan power was set (o

(00100, the resolution to 10um and the pixel size to 0. The internal scanner temperature

100



averaged between 37°C o 38°C. The number of lines averaged during the scanning process was
set Lo 2. The microarray slides were scanned at 635nm and 532nm wavelengths and the gene/spot
ratios were set for 635nm/532nm. No normalization or background subtraction was done at this
stage. Each microarray slide was initially scanned in the “Preview Mode™ to optimise the photo-
multiplier (PMT) settings so that the overall fluorescence in the red and green channels were
balanced. The channels were considered balanced when the ratio of overall fluorescence in the
ereen and read channels were cqual o 1. The microarray slide was then scanned at the optimized
PMT scitings and the image saved as atiff file. Each slide was scanned a maximum of 3 times to
avoid damaging the dye molecules resulting in subsequent loss of quantitative florescence data.
The array list and grid was loaded over the (T images using the GenePix 5.1.0.19 software.
Individual spots were aligned using the single irregular and /or regular feature tool. Each spot was
individually checked for quality and to see if it was aligned to the grid. Spots were lagged as bad
if’ they were (1) printed on top of each other, (2) dilated, (3) looked like doughnuts, (4) were
irregular in morphology, (5) had a comet tail or (6) contained particles or scratches. Once the
grids were aligned, the settings were saved and the quantitative gene expression data exported as

a “GenePix Results™ (.gpr) file.
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39. Microarray Image and Data Analysis
All image and data analysis was conducted in the R environment for statistical computing and
programming using the following packages (7), BioConductor (8), Limma (9-11) and Smida (12).

R version 2.2.0. was downloaded from http://cbio.uct.ac.za/CRAN/ and BioConductor, LIMMA

and SMIDA from http://www.bioconductor.org/. R was run on a Windows XP operating system.

The gpr files, Targets file, SpotTypes file and R-script were placed in the same working directory.
The Targets file was used by R to identify the gpr files and which samples (reference or treated)
were labelled with Cy3 or CyS. The SpotTypes file identified which genes on the array were
experimental and which were controls. The gpr. files were read by the Limma programme and
genes that were flagged as “bad” during the gridding process were given a weighting 0.1. This
meant that the “bad” spots would not be excluded from further analyses, but only 10% of their
values would be used. The layout of the array was composed of 4 x 8 grids, where each grid was
composed of 35 rows x 35 columns. This layout was entered into the Limma programme which
was then used for subsequent image plots. The background for each array was corrected using a
“probabilistic” method rather than subtraction (12). The variation in background, foreground and
log-ratios (treated vs. untreated; also called M-values) for each array was assessed using image
plots. The balance of the densities of the red and green channels was evaluated by density plots.
Systematic bias and print-tip artifacts were identified by whole array and print-group Ratio-
Intensity plots (also called MA-plots) before normalization. Evaluation of these plots helped
decide which normalization method would be best to use. The data within each array was
normalized using print-group LOWESS. The effectiveness of normalization in removing the
systematic and printing biases was assessed by image plots of the spatially normalized M values
and MA plots and box plots for each array and its print-tip groups. The data between arrays were
normalized using the slide-scale normalization method and the effectiveness of the normalization
was assessed by density plots and box plots. The duplicate spots in the normalized data were
merged and averaged, taking into account gene weights for bad spots. The M and A values of the
normalized and averaged data was saved and read into the TM4 Multi-experiment Viewer (MeV)
Software Package (13). Differentially expressed (DE) genes were identified by a paired T-Test
where p-values were calculated based on 100 permutations per gene. Significance was determined
by Standard Bonferroni Correction (14, 15). The T-Test used Welch approximation since unequal
variances between samples was assumed. The alpha value (the overall threshold p-value) was set

to 0.01 and the false discovery control rate was to set to “fast but conservative”. The differentially
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expressed genes were hierarchically clustered using using Euclidian distance and average link

clustering.

40. Reproducibility of Microarray Experiments

Reproducibility between arrays was assessed by linear regression analysis. The M-values of one
array was plotted against its biological replicate value in another array. The more reproducible the
data was between the arrays, the closer the R? value was to 1. Biological replicates were
considered reproducible if the R* >0.3, since Churchill et al found that reproducibility between
biological replicates can be as low as R* = 0.3 (16). Reproducibility within each array was
assessed by calculating the standard deviation for each replicate gene on the array. Those replicate
genes with a standard deviation greater than 0.2 were questionable and unreliable. The standard
deviation value of >0.2 was chosen since this was the cut-off value used by many researcher to
define questionable data (17). However, a standard deviation cut-off of 0.2 was too stringent for
the data from this study (discussed in chapter 4), therefore the less conservative value of 0.3, was
used in this study to trim unreliable data from the microarray data set. Statistical analyses were

performed in Microsoft Excel.

41. Functional Clustering and Promoter Analysis
The DE genes were functionally clustered according to their functional annotations using the
FatiGOplus program (18). The Unigene gene symbols for the DE genes were submitted into

FatiGOPlus web page found at http://babelomics.bioinfo.cipf.es/fatigoplus/cgi-bin/fatigoplus.cgi.

Annotations for SwissProt keywords, InterPro motifs, KEGG signalling pathways and Gene
Ontology (GO) levels 1 to 9 for Biological Processes, Molecular Functions and Cellular
Component, were included in the analysis. The results were saved and the annotation data parsed

into Microsoft Excel.
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42. Promoter Analysis

The P-MATCH (19) program was used to identify putative transcription factor binding sites in
the promoters of DE genes. The first 1000bp of the promoter sequences were downloaded from
the University of California Santa Cruz RefSeq Gene Table Browser found at

http://www.genome.ucsc.edu/cgi-bin/hgTables?’command=start. The RefSeq gene accession

numbers for each DE gene was pasted as a list and submitted into the Gene Table Browser and
the following options selected: “genomic DNA”, “promoter region only”, “1000bp upstream of
transcriptional start site”. The promoter sequences were saved as text files and parsed into the P-
MACTH programme that searches for potential binding sites for transcription factors in any given
sequence. A customized set of transcription factor matrices were selected to analyze the promoter
sequences of the DE genes. The immune cell-specific profile provided by P-MATCH contains the
matrices for transcription factors that are known to be active during immune responses in T-, B-,
mast, myeloid, natural killer cells and macrophages. This profile was further customized by
adding matrices for transcription factors that interact with C/EBPB (Table 3). Only high quality
matrices were used for the analysis and the “minimize false positives” option was selected. High

quality matrices are defined as those matrices that give the lowest frequency of false positive

matches.
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Table 3. Transcription Factors Included in the Promoter Analysis

AMLI
AML1a
AMLIb
AML ¢
AP-]
ATF-4
C/EBPu
C/EBPR
C/EBPS
C/EBPe
C/LEBPy
c-Eis-1
c-lits-2
c-Fos
CHOP-10
c-Jun
c-Maf
EGRI
EGR2
EGR3
-1
Elk-1
FosB
FOXO04
GATA-3
GATA-4
HEB

HMG |
HMG I(Y)
HMG'Y
Ik-1

NF-kB1

NF-xB2

oct-B2

p300

PEBP2

PEBP2a
PEBP2aA |
PEBP2aA2
PEBP2aB I
PEBP2aB2
PEBP2RB

PEBP2[I
PEBP2(32
POU2FI

POL2F
POU2I2 (Oct-2.1)
POU2IF2 (Oct-2.3)
POU2F2 (Oct-2.4)
POU2F2 (Oct-2.6)
POU2F2C
POU3FI
POU4FI(DH

pRb

PU.L

RAR

RARa

RARal

RARa2 TCE-1(P)
RARB TCEF-T1A
RARBI TCF-1B
RARB2 TCF-1C
RARB3 TCF-2
RARY TCF-3
RARyI TCFBI
RARY2 VDR

Re

RXRa

RXRf(

RXRpI

RXRB2

RXRy

Sox4

Spl

SRF

STATI

STATla

STATIB

STAT2

STAT3

STAT4

STAT6

Tal-1

TBP

TCF-1
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43. Literature Profiling

The literature profiling strategy used to select candidate genes for further study is outlined in
Figure 3. The Milano Literature mining tool (20) was used to search the PubMed (21) database to
see if any of the differentially expressed genes has been shown to play a role in infectious
diseases caused by intracellular pathogens such as Listeria monocytogenes, Mycobacterium
tuberculosis, Brucella abortus, Salmonella typhimurium and Leishmania major. In addition,
searches were done to determine if the differentially expressed genes played a role in innate
immunity, bactericidal functions, phagocytosis, endocytosis, phagosome maturation and phago-
lysosome fusion. Furthermore, any links to immune signalling pathways regulated by cytokines,
Rab GTPases, C/EBPP and NF-xB were investigated. Nested keyword searches using gene
aliases coupled to the search terms were done. Manual literature searches were done for a smaller
set of candidate genes using PubMed (21), AceView (22), OMIM (23) and Entrez Gene (24)
databases. The [SMR (25, 26), BayGenomics (26), DeltaOne (27) and Entrez Gene (24) databases
were searched to find transgenic and gene deficient mouse models for candidate genes. The

Milano Literature mining tool can be accessed at http://milano.md.huji.ac.il.

USER mpﬁ'r Listeria
Gene ID + Search +——— monocylogenes
term Phagosome
Phagocytosis
Gene symbol E
5 -  » ndosome

& aliases j & Endocytosis
; ; NF-IL&
Microarray Literature-based Anpotation NE-IL-6

(MILANQ) Web Interface C/EBP beta

,‘ C/EBPbeta
RESULTS cEml
Annotated Gene List e
(but many false positives) Pathogen
Inflammation
Manual PubMed Defense
Searches Immunity
- ISMR
Annotated Gene List :
{no false positives) Gene Deficent Baégemm'cs
£ Mouse Model eitaOne
Enirez Gene

candidate genes

Figure 3. Literature Mining Strategy to identify candidate genes for further investigation.
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44, Systems Biology Protein-Protein Interaction Network

Protein-protein interaction data for genes of interest were downloaded from Entrez Gene, Human
Protein Reference Database (HPRD) and Biomolecular Interaction Network Database (BIND).
The network was created by downloading the interaction data for all the first, second and third
“neighbours” of Rab5a, PKCé& and G-CSF. The term “first neighbours™ refers to proteins that
interact directly with the protein of interest, while “second neighbours™ are those proteins that
interact with the “first neighbour” proteins and “third neighbours” are proteins that interact with
the “second neighbour” proteins: e.g. in Figure 4 A the first neighbours of protein A are coloured
in blue and the second neighbours in pink. It possible that two different proteins have the same
first andfor second neighbour (Fig. 4 B) thereby creating a small network. The protein-protein
interaction data was saved in simple interaction file (sif) format, visualized and analyzed using

the Cytoscape 2.2 software programme (28).

Figure 4. Creation of Protein-Protein Interaction Networks. Proteins are depicted as coloured
circles and protein-protein interactions as black lines. (A) The first neighbours (N1, blue circles)
of protein A interact directly with protein A. The second neighbours of protein A (N2, pink
circles) interact with the first neighbours of protein A, hence they are two interactions away from
protein A. (B) The fitst neighbour of protein B is also the second neighbour of protein A (green,
circle), and protein B is the third neighbour of protein A. Similarly protein-protein interactions
occur between the first, second and third neighbours of protein A and protein B, thus creating an

interaction network.
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45. MIAME Compliance and Public Database submission

In accordance with Minimum Information about Microarray Experiments (MIAME) compliance
(29), the microarray design, methodology and data has been deposited in the MIAME compliant
Gene Expression Omnibus database. The data can be accessed at the website below using the

accession number GSE6256: hitp://www.ncbi.nlm.nih.gov/geo/

46. Statistical analysis.

All in vitro and in vivo data, was statistically analyzed using Student’s T-tests (two-tailed with
unequal variance) and values of p<0.05 were considered significant. Survival data was analyzed
by Kaplan-Meier using the log-rank test to compare survival data. Each experiment was repeated
at least once to ensure reproducibility. Differentially expressed (DE) genes were identified by a
paired T-Test using Welch approximation where p-values were calculated based on 100
permutations per gene. Significance was determined by Standard Bonferroni Correction (14, 15).
The alpha value (the overall threshold p-value) was set to 0.01 and the false discovery control rate

was to set to “fast but conservative”.
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REAGENTS AND SUPPLIERS:

Reagent or Kit Supplier
3,3’,5,5’-lclramethylbcnzidine (TMB) Roche Diagnostics GmbH, Mannheim, Germany
7-Amino Actinomycin D (AAD)

Sigma-Aldrich, Munich, Germany

Acetone Si gmé:/‘\wl_drich, Munich, Germany

Amino Allyl MessageAmp™ [l CyDye Ambion, Austin, Texas, USA

aRNA Amplification Kit

ammonium chloride BDH Chemicals Ltd., Poole, England

anti-CD1 1b (clone M 1/70) ‘ BD Pharmigen, BD Biosciences, San Jose, CA, USA
anti-F4/80 Caltag Laboratories, Burlingame, CA, USA

anti-Gir- | (clone RB6-8GS) BD Pharmigen, BD Biosciences, San lose, CA, USA
anti-1-Ab (clone KH74) BD Pharmigen, BD Biosciences, San Jose, CA, USA
anti-rabbit 1gG-FITC TSTgma—AIdricil, Munich, Germany
b-Mercaptoethanol Sigma-Aldrich, Munich, Germany B
Bovine Serum Albumin (fraction V) Roche Diagnostics GmbH, Mannheim, Germany

Bovine Serum Albumin(BSA) (molecularRoche Diagnostics GmbH, Mannheim, Germany
grade at 20mg/ml)

calcium chloride BDH Chemicals Ltd., Poole, England

Chloroform BDH Chemicals Ltd., Poole, :ngland

circular glass coverslips (12-mm) Merck Laboratory Supplies, South Africa
Concanavalin A (ConA) Sigma-q/j\lwdrich, Munich, Germany

dicthanolamine Merck Laboratory Supplics, South Africa
Diethylpyrocarbonate (DEPC) Sigma—/\ldricﬂjMunich, Germany
—d‘i'iﬁelhylsulphoﬁidc (DMSO) Sigma-Aldrich, Munich, Germany

DNAscl (1ouU/ul) ~ Roche Diagnostics GmbH, Mannheim, Germany |
ANTPs (100pM) Promega, Madison, WI, USA

Dulbecco's  Modified Eagle's Medium|Gibco, Invitrogen Corporation, Carlsbad, CA, USA
(DMIEM) for Cell Culture

EDTA BDH Chemicals Ltd., Poole, England ]
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LOSI[] stain

Sigma-Aldrich, Munich, Germany

B lhdnol (absolule)

BDH Chemicals Ltd., Poole, England

IFat free milk powder (Spar House Brand)

Spar Grocery Store Franchise, South Africa

ferric cyanide

Sigma-Aldrich, Munich, Germany

Fetal Calf Serum (FCS

Fetal Calf Serum ([ CS

~ |South Africa

Delta Bioproducts, Johannesburg, Gauteng Province,

Gibco, Invﬂro,g,cn(orporatl()n Carlsbad, CA. USA

formaldchydc

BDH Chemicals Ltd.. Poole, England N

F mmamxdc

Formam 1dc redistilled (mlcroarray)

~ [Sigma-Aldrich, Munich, Germany

Life Tec hnoloycs Gaithersburg, Ml, USA

gluteraldehyde  (electron  microscopySigma-Aldrich, Munich, Germany
grade)
zlycerol BDH Chemicals Ltd., Poole, England

guanidinium thiocyanate

BDH Chemicals [.td., Poole, England

hematoxylin stain

Sigma-Aldrich, Munich, Germany

Gibco, Invitrogen Corporation, Carlsbad, CA, USA

horse serum
hybridisation chamber

Alrayll, Sunnyvale, CA USA

Hybridization Coverslips

Erie Scientific Company, Portsmouth, NH, USA

Hybridization Coverslips (Hybrislip)

Sigma-Aldrich, Munich, Germany

hydrogen peroxide

Merck Laboratory Supplies, South Africa

[FN-y (recombinant protein for

stimulation)

BD Pharmigen, BD Biosciences, San Jose, CA, USA

IFN-y Biotinylated antibody

BD Pharmigen, BD Biosciences, San Jose, CA, LUSA

IFN-y Coating antibody B

BD Pharmigen, BD Bl()suenccs San Jose, CA, USA

[I'N-y Recombinant Protein Standard

BD Pharmigen, BD Bloscmnccs San l()su C A USA

1L-12p35 BlOllnyldtLd antibody

BD Pharmigen, BD Biosciences, San Jose, CA, LISA

IL-12p35 Coating antibody

BD Pharmigen, BD Biosciences, San Jose, CA, USA

[1.-12p35 Recombinant Protein Standard

BD Pharmigen, BD Biosciences, San Jose, CA, UbA

L1.12p40 Biotinylated antibody

BD Pharmigen, BD Biosciences, San Jose, CA, USA

IL .12p40 Coating antibody

BD Pharmigen, BD Biosciences, San Jose, CA, USA

I 12p40 Recombinant Protein Standard

BD Pharmigen, BD Biosciences, San Jose, CA, USA

IL-18 Blotlnyldtéd antibody

BD Pharmigen, BD Biosciences, San Jose, CA, USA B

11-18 Coating antibody

BD Pharmigen, BD Biosciences, San Jose, CA, USA

11.-18 Recombinant Protein Standard

BD Pharmigen, BD Biosciences, San Jose, CA, USA

-6 Bmtmylated antibody

BD Pharmigen, BD Biosciences, San Jose, CA, USA |

I1.-6 Coating antibody

BD Pharmigen, BD Biosciences, San Jose, CA, USA

[1-6 Recombinant Protein Standard

BD Pharmigen, BD Biosciences, San Jose, CA, USA |
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Reagent or Kit

Supplier

ImProm-1[T™ Reverse TranscriptionPromega, Madison, WI, USA

System

Iscoves’s Modified Dulbecco's MaodifiedGibeo, Invitrogen Corporation, Carlsbad, CA, USA
Eagle's Medium (IMDMM) for Cell

Culture

isoamyl aleohol

Sigma-Aldrich, Munich, Germany

lsopropanol

BDH Chemicals Lid., Poole, England

Isopropanol (microarray)

Fisher Scientific

L-glutamine

Gibco, Invitrogen C()rporatiﬁon, Carlsbad, CA, USA

Lipopolysaccharide (L.PS)

Sigma-/\_ldrich, Munich, Germany

low melting point agarose

Promega, Madison, WL, USA

magnesium chloride

BDH Chemicals Ltd., Poole, England

magnesium chloride

BDH Chemicals Ltd., Poole, England

MCP-1 Blolmylalcd anllbodyn

BD Phdrmlg,cn BD Biosciences, San Jose, CA, USA |

MCP-1 Coating antibody

BD Pharmigen, BD Biosciences, San Jose, C'A, USA

M( P | Recombinant Protein Standard

BD Pharmigen, BD Biosciences, San Jose, CA, USA

MIE:1BO Oligonucleotide Array Spotted
Arrays

capar Microarray Facility, University ol Cape Town,
South Africa

Microarray Slide (GAPSII Coated Slides)

Corning Costar Corporation, Cambridge, MA, USA

Mriddlcbrook?["l‘) broth

Difco, Detroit, M1, USA

Mlddlchrook ADC enrichment medium

Difco, Detroit, MI, USA

M|dd|ubm()k OADC enrichment medium

Life Technologies, Gaithersburg, MI, USA

Mouse Exonic Evidence Based

Oligonucleotide(MLEBO) Set

[Mlumina, San Diego. CA, USA

n- | -napthylethylenediamide

Sigma-Aldrich, Munich, Germany

normal rat serum

BD Pharmigen, BD Biosciences, San Jose, CA, USA

odium lauryl sarcosinate

BDI Chemicals Lid., Poole, England

Oligonucleotide Primers

DNA  Synthesis Laboratory, Dept. Molecular and
Cellular Biology, University of Cape Town , South
Africa -

oc;mium tetroxide

Sigma-Aldrich, Munich, Germany

p-aminobenzene-sulfonamide

Sigma-Aldrich, Munich, Germany

Penicillin G and Streptomycin Solution
(100X)

Gibco, Invitrogen Corporation, Carisbad, CA, USA

Peroxidase Substrate (Solution B)

Roche Diagnostics GmbH, Mannheim, Germany

phenol pH4.0
pho:ph()rlc acid

~ Sigma-Aldrich, Munich, Germany

BDII Chemicals Ltd., Poole, England

Polyacrylcarrier

M(?‘lgggl!;lr Research Company, Cincinnati, USA
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polyclonal rabbit anti-Listeria antibody

Capricorn Products LLC, Portland, ME, USA

potassium chloride

BDH Chemicals Ltd., Poolcl England

p()t;c;s:;s‘iuvlﬂ—i(vji hydrogen phosphate

BDH Chemicals Ltd., Poole, England

Prolong Antifade Mounting Media

Molecular Probes, Invitrogen Corporation, Carlsbad,
CA., USA

Proteinase K

Roche Diagnostics GmbH, Mannheim, Germany

Qiagen MiniElute RNA cleanup kit

Qiagen, Valencia, CA, USA

Electron Microscopy Sciences, Fort Washington, PA,
USA

Molecular "P'r(”)bes, Invitrogen Co rporation; “Carlsbad
CA, USA

RNasin (1U/ul)

Promcg@ Madison, WI, USA

RNcasy Midi Kit

Qiagen, Valencia, CA, USA

RNeasy RNA [:xtraction Mini Kit

Qiagen, Valencia, CA, USA

RQI1 DNAsel bufter (10 X)

Promega, Madison, WI, USA

Saline Sodium Citrate (SSC) Solution (20
X)

Sigma-Aldrich, Munich, Germany

vt:,’,cnsimi;d(T) Mastermix Kit

Quantace, Neutral Bay, NSW, Australia

sodium acetate

BDH Chemicals Ltd., Poole, England

Sodl um Azide

BDH Chemicals Ltd., Poole. England

sodium bicarbonate

BDH Chemicals Ltd., Poole, IEngland

Sodium cacodylate

BDH Chemicals Ltd., Poole, ngland

sodium carbonate

BDH Chemicals Ltd., Poole, England

Sodium Chloride

BDH Chemicals Ltd., Poole, England

sodium citrate

BDH Chcmical_s ttd., Poole, England

Sodium Dodecy! Sulfate (SDS), 10%

BDH Chemicals L.td., Poole, England

Sodium Pyruvate

Gibco, Invitrogen Corporation, Carlsbad, CA, USA

stepavidin-alkaline-phosphatase

BD Pharmigen, BD Biosciences, San Jose, CA, USA

Streptavidin-APC

BD Pharmigen, BD Biosciences, San Jose, CA, USA

sSucrose

BDH Chemicals Ltd., Poole, England

sulfanilamide

Sigma-Aldrich, Munich, Germany

SYBR Greenl
Tellon coated-bag

Roche Diagnostics GmbH, Mannheim, Germany

Max Planck Institute for Ilmmunobiology, Max
Planck, Freiberg, Germany

TMB Peroxidase Substrate (Solution A)

Roche Diagnostics GmbH, Mannheim, Germany

:I:‘_N[}li}iotinylated antibody

[3[5|)hlﬁlrlﬂig€n, BD Biosciences, San Jose, CA, USA




Reagent or Kit

Supplier

INF Coating antibody

I'NTF Recombinant Protein Standard

BD Pharmigen, BD Biosciences, San Jose, CA, USA

BD Pharmi gen, BD Biosci em,u, San J 05(: (A USA

TriReagent

Molecular Rescarch Company, Cincinnati, USA

TRIS-HCI BDH Chemicals Ltd., Poole, England
Triton-X 100 BDH Chemicals Ltd., Poole, England

Gibeo, Invitrogen Corporation, Carlsbad, CA, USA

tryptose-soy broth

Difco. Detroit, MI, USA

Tween 80

BDH Chemicals I,td.: Poole, ‘Eingland

Tween-20

uncoated copper grids (300 mesh)

Merck Laboratory Supplies, South Africa

Sigma-Aldrich, Munich. Germany

uranyl acetate

Electron Microscopy Sciences, Fort Washington, PA,

USA

-mercaptocthanol

Sigma-Aldrich, Munich, Germany
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SOFTWARE RESOURCES
Software

AceView Dalabase

Supplier/URL
http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.h

tml

Axiovision version 3.1

Carl Zeiss, Gottingen, Germany

‘lu'iuy(',}cnoﬁw ics Database

http://baygenomics.ucst.edu/cgi-

bin/BayDbAccess.py?TY PE=search

BioConductor (BioCLite)

hllp://www.bidconductor.org/.

Capar Microarray Facility Website

CellQuest

http://www .capar.uct.ac.za/default.html

Becton-Dickinson, BD Biosciences. San Jose, CA, USA

CyDye Incorporation Calculator

http://www.prontosystems.com/technical support/calculator.

DeltaOne Database

DNAMAN versiond.1.3.

~ [Lynnon BioSoft, USA

http://www.deltagen.com/deltaone/blast.html

Entrez Gene Database

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene

'IV;"‘z;lyki(}()plus

hup://babeIorﬁics.bioinfo.cipf.es/lgtigoplus/cgi—

bin/fatigoplus.cgi

GenePix Pro 5.1

Molecular Devices Corporation, Sunnyvale, CA, U.S.A

ISMR Database

htlp:?’/www.informatics.jax.org/imsr/index.jsp

LLimma

http://www.bioconductor.org/.

Milano Literature Mining Tool

http://milano.md.huji.ac.il.

OMIM Database

http://www.ncbi.nlm.nih.gov/entrez/query.fegi?db=OMIM

PubM cdr Database

http://www.ncbi.nlm.nih.gov/entrez/query.fegi?db=PubMed

R version 2.2.0

http://cbio.uct.ac.za/CRAN/

Scion Image Software

Scion, Frederick, MD, USA

Smida

http://www.bioconductor.org/.

T™M4 Multi-experiment  Viewer

(MeV) version 3.1

http://www.tmé4.org/

Uﬂivcrsity of Southern California’s

RelSeq Gene Table Brower

http://www.genome.ucsc.edu/cgi-

bin/hgTables?command=start
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SOFTWARE SCRIPTS WRITTEN FOR IMAGE ANALYSIS USING LIMMA

setwd("C:W\AnitaW\New MEEBO _mouse oligo_microarray\\R Data Analysis")
library(limma)

## Read Targets
targets <- readTargets()

## Read GPR [iles into R. Give weight 0.1 to flags with GenePix flag less than 0
RG <- read.maimages(targets$FileName, source = "genepix", wt.fun=wtllags(0.1))

##t Set print layout

RGS$printer <- getlayout(RGS$genes)
spottypes<-readSpotTypes()
RGS$genes$Status<-controlStatus(spottypes,R(y)
RGS$printer

#RG2<-RG

library(smida)

RGS$R].1]<-bkg.norm(xpr=RGSR|. [ |.empty=200,method="probabilistic",dat.log.scale=I'ALSE)
RGSR[,2]<-bkg.norm(xpr=RGSR[.2].empty=200,method="probabilistic" dat.log.scale=FALSE)
RGSR[.3]<-bkg.norm(xpr=RGER (.3 [,empty=200,method="probabilistic",dat.log.scale=F ALSE)
RGSR[.4]<-bkg.norm(xpr=RGSR[,4|.empty=200,method="probabilistic",dat.log.scale=F ALSE)
RGYR[.5]<-bkg.norm(xpr=RG$R[,5],empty=200.method="probabilistic".dat.log.scale=F AL.SE)
RG$R[,6]<-bkg.norm(xpr=RGS$R[,6],empty=200,method="probabilistic".dat.log.scale=F ALSL)
RGSR],7[<-bkg.norm(xpr=RG$R[,7],empty=200,method="probabilistic".dat.log.scale=F ALSE)
RG$R[,8]<-bkg.norm(xpr=RGS$R[,8],empty=200,method="probabilistic",dat.log.scale=F AL.SE)
RGS$G[. 1]<-bkg.norm(xpr=RG$G[, | |,empty=200,method="probabilistic",dat.log.scale=IF AL.SY:)
RGSG[,2]<-bkg.norm(xpr=RG$G[,2[,empty=200,method="probabilistic",dat.log.scale=FAL.SL:)
RGEG[.3[<-bkg.norm(xpr=RG$G(.3 [.empty=200,method="probabilistic",dat.log.scale=F AL SE)
RGSG|.4|<-bkg.norm(xpr=RG$G|.4],empty=200,method="probabilistic",dat.log.scale=FALSL)
RG$G].S[<-bkg.norm(xpr=RGS$G[,5 |,empty=200,method="probabilistic",dat.log.scale=F ALSE)
RG$GI,6]<-bkg.norm(xpr=RG$G[,6],empty=200,method="probabilistic",dat.log.scale=FALSE)
RGEG)L7 | <-bkg.norm(xpr=RG$G[.7|,empty=200.method="probabilistic".dat.log.scale=F ALSE)
RGSG[.8]<-bkg.norm(xpr=RGS$G[,8].empty=200,method="probabilistic",dat.log.scale=FALSE)

# Plot densities of Raw Data
MA .b<-normalizeWithinArrays(RG,method="none" ,bc.method="none")
plotDensities(MA.b)

# Look at the variation of background values over each array.
for (iin 1:8)

{

x110)

imageplot(log2(RGSRb[.i1+0. 1), RGS$printer, low="white", high="red")
xI11()

imageplot(log2(RGSGb|.i|+0.1), RG$printer, low="white", high="green")



t
]

#lmage plots of the red and green foreground for cach array:

for (i in 1:8){

x11()

imageplot(log2(RGR[,i|+0.1), RG$printer, low="white", high="red")
x11(0)

imageplot(log2(RGS$GI,i]+0.1), RGSprinter, low="white", high="green")
t

f

# Image plot of the un-normalized log-ratios or M-values for each array:
for (i in 1:8)!

x 10

imageplot(MA.b$M|.i], RGS$printer, zlim=¢(-3.3))

!
f

## MA Plots for each whole array belore dye normalization
for (i in 1:8)¢

x11()

plotMA(MA b.array=i,main=paste("Array",format(i).,sep=" "))

k)
f

#H# MA Plots for each array by printtipgroup before before dye normalization
for (i in 1:8){

plotPrintTipLoess(MA.b,array=i)

xI1Q

]

]

## Normalize within arrays using print-tip loess
Ul

MA p<-normalizeWithinArrays(RG.method="printtiploess",bc.method="none")
plotDensities(MA .p)

# Image plot of the spatially normalized log-ratios(M-values
[or (i in 1:8)4

xI Q)

imageplot(MA.p$SM(,i], RGS$printer, zlim=¢(-3,3))

]

H

## MA Plots for each whole array after print-tip normalization
for (iin 1:8){

plotMA(MA .p,array=i,main=paste("Array",format(i),sep=" "))
lines(lowess(x=MA.pSA[,i].y=MA.p$M[,i|),col=2)

x| 1()

[\

s
boxplotMA.pSM~col(MA.p$M),names=colnames(MA .p$M))

[16



## Normalize between Arrays
MA.ps<-normalizeBetweenArrays{MA .p,method="scale")
plotDensities(MA.ps)

## Identily and merge replicates. Sort by gene 1D 1o get spacing regular and average over
duplicate spots

i <- order(MA.pAg$genes$ID)

MA.pAq.o<- MA.pAq]i.]

aveM<-matrix(0,ncol=8,nrow=length(unique(MA.pAq.o$genes$iD)))
aveA<-matrix(0,ncol=8.nrow=length(unique(MA .pAq.o$genes$iD)))

for (jin 1:8)

!

t

aveM| j|<-unlist(lapply(splitf MA.pAq.0$M[.j|,MA .pAq.o$genes$ID),mean))
aveA[Lj]<-unlist{lapply(splilMA .pAq.0$A[,j|,MA .pAq.o$genes$ID),mean))
t

]

MA.pAg.o$M<-aveM

MA pAq.o5A<-aveA

MA pAg.o$weights<-MA .pAq.o$weights|!duplicated(MA .pAq.o$genes$ID), ]|
MA.pAg.o$genes<-MA.pAq.o$genes|!duplicated(MA .pAg.o$genes$ID), ]

## MA plots ot normalized and averaged data

for (iin 1:8){

plotMA(MA .pAq.o,array=1.main=paste("Array" ,format(i),sep=""),cex=0.3)
lines(lowess(x=MA .pAq.o$A[i].y=MA.pAq.0$M[,i]),col=2)

xI1()

3

f

#i save M-values to file on C:drive

Mvals<-cbind(MA .pAqg.o$genes$ID,MA .pAq.o$genes$Name,MA .pAq.o0$M)
write.lable(Mvals,file="¢c:\\Mvals",sep="\l" ,row.names=F ALSE)

#I:ND OF SCRIPT

[17



SPECIALIZED EQUIPEMENT

Equipment Supplier

Axiovert  200M  Deconvoluting/Carl Zeiss, Gottingen, Germany

Fluorescent Microscope

Axon GenePix 4000A Scanner  |Axon  Instruments/Molecular  Devices  Corporation,

Sunnyvale, CA, U.S.A

FACSCalibur Becton-Dickinson, BD Biosciences, San Jose, CA. USA
Lightcycler Roche Diagnostics GmbH: Mannheim, Germany o
MJ thermocycler Biozym, Hessisch Oldendorf, Frankfurt, Germany

NanoDrop ND-1000A  UV-VisNanoDrop Technologies, Wilmington, DE. USA

Spectrophotometer

Nikon E400 mié?éscope Nikon E400 microscope
gpccd\/ac Savant Instruments Inc, Holbrook, NY, USA

Zeiss 109 (ransmission electron|Carl Zeiss, Gottingen, Germany

microscope.

VersaMax microplate reader Molecular Devices Corporation, Sunnyvale, CA, U.S.A
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RECIPES

General Lab Solutions

Mouse Tail Digestion Buffer

[2.5ml IM TRIS-HCL, pH8

S50ml S00mM EDTA, pH8.0

[2.5m! IM Na(Cl

25ml 10% SDS

2.5ml 10mg/ml Proteinase K

Add 12.5ml of IM TRIS-HCL (pH8), 50ml of S00mM EDTA (pH8.0), 12.5ml of IM NaCl and
25ml of 10% SDS to 140ml of ddH,0O. Bring up the final volume to 250ml and filter sterilize
with a 0.22uM filter (Millipore Corporation, Bedford, USA). Aliquot into sterile tubes and store

at -20"C. Thaw buffer and add 10mg/ml Proteinase K at a 1:100 dilution.

10mg/ml Proteinase K

Ig Proteinase K

Weigh out Ig of Proteinase K and dissolve in 100m! of ddI1,0. Filter sterilize with a 0.22uM
lilter (Millipore Corporation, Bedford, USA) and aliquot into sterile tubes. Store at -20°C and use

at a 1:100 dilution in Mouse Tail Digestion Bufter.

0.5M EDTA, pH 8.0
93.06g EDTA
Weigh out 93.06g of EDTA and dissolve in 450ml ddH»0O. Adjust pl to 8.0 and bring final

volume to 500ml. Autoclave and store at room temperature.

2M NaCl
11.688g Na('l
Weigh out 11.688g of NaCl and dissolve in 90ml of ddH,O. Bring final volume to 100ml and

autoclave. Store at room temperature.
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10% SDS
10g SDS
Weigh out 10g of SDS and dissolve in 90ml of ddH.>O. Bring final volume to 100ml and

autoclave. Store at room temperature,

IM TRIS-HCI, pHS8.0
60.55¢ TRIS-HCI
Weigh out 60.55g of TRIS-HCI and dissolve in 450mlddH,0. Adjust pli to 8.0 and bring final

volume to 500ml. Autoclave and store at room temperature.

1 X Phosphate Buffered Saline (PBS)

8g NaCl

0.2g KCI

[.4de Na2HPO4

0.24g KH2PO4

Weigh out chemicals and dissolve in 900mi of ddH,O and adjust pH to 7.4. Bring final volume to
1000m| and filter steritize with a 0.22uM filter (Millipore Corporation, Bedford, USA). Store at

4"C or room temperature.

1 X PBS (with CaCl; and MgCl,)

8¢ NaCl

0.2¢ KCI

1.44¢ NaHPO4.2H,0

0.24g KH,PO,

100mg CaCl; 2H-0

100mg MgCly 6H-0

Weigh out chemicals and dissolve in 900mi ot ddH.0 and adjust pH to 7.4. Bring final volume to
[000m! and filter sterilize with a 0.22uM filter (Millipore Corporation, Bedtord, USA). Store at

4°C or room temperature.



3.7% formaldehyde (vol/vol in PBS)

48.68ml 38% formaldehyde

500ml 1 X PBS

Mix together 48.68ml of 38% formaldehyde and 400ml of 1 X PBS. Bring up volume to 500ml|
and filter sterilize with a 0.22uM filter (Millipore Corporation, Bedford, USA). Aliquot into

sterile tubes and store at 4°C.

4 % phosphate-buffered formalin

52.63ml 38% formaldehyde

500ml 1 X PBS

Mix together 52.63ml of 38% formaldehyde and 400ml of | X PBS. Bring up volume to 500ml
and filter sterilize with a 0.22uM filter (Millipore Corporation, Bedford, USA). Aliquot into

sterile tubes and store at 4°C.

10% glycerol

10ml 100% Glycerol

90ml 1 X PBS

Mix together 10ml of 100% of Glycerol and 90ml of 1 X PBS. Autoclave and store at

tcmperature.

10 % Tween-80
[Oml 100% Tween-80
90ml | X PBS

Mix together 10mi of 100% Tween-80 and 90ml of | X PBS. Autoclave and store at temperature.

10% Triton-X100

[0m1 100% Triton-X100

90ml 1 X PBS

Mix together 10ml of 100% Triton-X100 and 90ml of | X PBS. Autoclave and store at

temperaturc.



0.2% Triton-X100
2ml 10% Triton-X 100
98ml 1 X PBBS

Mix together 2ml of 10% Triton-X 100 and 98ml ol I X PBS. Autoclave and store at temperature.

1% BSA (Fraction V)

g BSA (fraction V)

[00ml | X PBS

Weigh out Tg of BSA (fraction V) and dissolve in 95ml of | X PBS. Bring up the final volume to
100ml and filter sterilize with a 0.22uM filter (Millipore Corporation, Bedford, USA). Aliquot

into sterile tubes and store at -20°C.

Bacterial Solutions

Tryptose-Soy Agar Plates.

30g Tryptose-Soy Broth

25g Bacto Agar

Weigh out 30g of Tryptose-Soy Broth and 25g ot Bacto Agar and dissolve in 1000ml of dd11,0.
Autoclave and pour into sterile bacterial grade plastic petridishes in a sterile laminar flow hood
and allow the agar to set. Invert the plates and incubate overnight at 37°C. Pack plates in sterile

plastic bags and store in the inverted position at 4°C.

Tryptose-Soy Broth
30g Tryptose-Soy Broth
Weigh out 30g of Tryptose-Soy Broth and dissolve in 1000m! of ddH,O. Autoclave and store at

room temperature.



Middlebrook 7H10 agar plates

[9¢ Middlebrook 7H10 agar

[00mI Middlebrook OADC enrichment medium

Sml glycerol

Weigh out 19g of Middlebrook 7H10 agar and dissolve in 900ml of ddH,O containing 5mi of
100% glycerol. Autoclave at 121°C for 10 minutes only and cool agar to 50-55°C. Aseptically add
100ml Middlebrook OADC enrichment medium. Pour into sterile bacterial grade plastic
petridishes with 2 compartments under a sterile laminar flow hood and allow the agar to set. Pack

the plates in sterile plastic bags and store in the inverted position at 4°C.

Middlebrook 7H10 Broth

4.7¢ Middlebrook 7H 10 Broth

t00mI Middlebrook ADC enrichment medium

2m! 100% glycerol

0.5g Tween-80

Weigh out 4.7g Middlebrook 7H10 broth and dissolve in 900ml of ddH>O containing 2ml 100%
glycerol and 0.5g Tween-80. Autoclave for 10 minutes at 1210C and cool to 50-55°C and

aseptically add 100ml Middiebrook ADC enrichment medium. Store at room temperature.

0.05% Triton-X100 in 1 X PBS

500pl 10% Triton-X100

99.5 1 X PBS

Mix together 10ml of 10% Triton-X100 and 95ml of 1 X PBS. Bring up the final volume to

100mI and autoclave. Store at temperature.



Cell Culture Solutions

Fetal Calf Serum (FCS)
500ml FCS
Thaw one 300mli bottle of IFCS at 37°C and heat inactivate at 56°C for 30 minutes with

intermittent agitation. Make 25ml aliquots and store at -20°C.

Horse Serum
500ml Horse Serum
Thaw one 500ml bottle of horse serum at 37°C and heat inactivate at 56°C for 30 minutes with

intermiltent agitation. Make 25ml aliquots and store at -20°C.

Dulbecco's Modified Eagle's Medium (DMEM)

[3.382 DMEM powder

100ml Fetal calf serum

[0ml 100X Penicillin G and Strepltomycin Solution

Weigh out 13.38g of DMEM powder and 3.7g of sodium bicarbonate and dissolve in 800ml
ddH-0. Add 100ml heat decomplemented fetal calf serum and 10ml of 100X Peniciliin G and
Streptomycin Solution. Bring the final volume to 1000ml and filter sterilize with a 0.22uM filter

(Millipore Corporation, Bedford, USA). Store at 4°C.

Iscoves’s Modified DMEM (IMDM)

17.66g IMDM powder

100ml Fetal call serum

10ml 100X Penicillin G and Streptomycin Solution

Weigh out 17.66g of IMDM powder and 3.024¢ of sodium bicarbonate and dissolve in 800ml|
ddi1:0. Adjust pH to between 7.2 - 7.4 with IM NaOH. Add 100ml heat decomplemented fetal
call serum and 10ml of 100X Penicillin G and Streptomycin Solution. Bring the final volume to
1000ml and filter sterilize with a 0.22uM filter (Millipore Corporation, Bedford, USA). Store at
4°C.



Plutznik Media

264m| DMEM (with 100U/ml penicillin G, 100pg /ml streptomycin)

50ml IFCS (heat decomplemented)

25ml Horse serum (heat decomplemented)

S5ml 200mM L-glutamine

Sml 100mM Na-pyruvate

Iml 1000X 2-B-Mercaptoethanol

150ml 1.929 cell-conditioned medium

Add all the reagents together and lilter sterilize with a 0.22uM filter (Millipore Corporation,

Bedford, USA). Always make fresh just before use.

200mM L-Glutamine
2.922¢ L-Glutamine
Weigh out 2.922g [-Glutamine and dissolve in 100ml of ddH,0O and filter sterilize with a 0.22uM

filter (Millipore Corporation, Bedford, USA). Make 5ml aliquots and store at -20°C.

1000X 2-B-Mercaptoethanol

698ul 2-p-Mercaptoethanol

Add 698ul of 2-B-Mercaptoethanol to 100ml of ddH,O. Filter sterilize with a 0.22uM filter
(Millipore Corporation, Bedford, USA) and store at 4°C.

100mM Sodium Pyruvate
I.1g Sodium Pyruvate
Weigh out 1.1g sodium pyruvate and dissolve in 100ml ddH>O. Filter sterilize with a 0.22uM

filter (Millipore Corporation, Bedford, USA) and store at 4°C.



Red cell lysis Buffer

8.34g NH,CL

0.037g EDTA

1.00g Nal1CO;

Weigh out chemicals and dissolve in 1000ml of ddH»O. Filter sterilize with a 0.22uM filter

(Millipore Corporation, Bedford, USA) and store at 4°C.

1 X Trypsin/EDTA Solution

10 X Trypsin/EDTA Solution (Gibco, Invitrogen Corporation, Carlsbad, CA, USA)

Add [0ml of 10 X Trypsin/EDTA Solution to 90ml of ddH-0, filter sterilize with a 0.22 uM filter
(Millipore Corporation, Bedford, USA) and store at 4°C.

Immunology Solutions

ELISA Coating Buffer
0.2g¢ NaN;
Weigh out NaN; and dissolve in 900ml of | X PBS, bring the final volume to 1000ml and store at

room temperature.

ELISA Carbonate Coating Buffer

[.6g Na-COy;

2.9¢ NaHCOjy

4.2¢ NaCl

Weigh out chemicals and dissolve in 900m! of ddH,O. Adjust pH to 9.5 with [M Citric Acid.
Bring the final volume to 1000ml and filter sterilize with a 0.22uM filter (Millipore Corporation,

Bedford, USA) and store at 4°C.



ELISA Blocking Buffer

20g Powder Milk

0.2g NaN;

Weigh out chemicals and dissolve in 900ml of 1 X PBS, bring the final volume to 1000ml and

store at 4°C.

ELISA Dilution Buffer

[0g BSA

0.2g NaN;

Weigh out chemicals and dissolve in 900ml of | X PBS, bring the final volume to 1000m! and

store at 4°C.

FLISA Washing Buffer (20 X)

20g KCL

20g KIH;HPO4.2H,0

8002 NaCl

50ml Tween-20

[00m! 10% NaN;

Weigh out chemicals and dissolve in 4500ml double distilled water (dd11,0). Add 50ml of
Tween-20 and 100ml of 10% NaNj. Bring linal volume to 5000ml and store at room temperature.

Dilute 1:20 in ddH-0 lor a | X working concentration buffer.

ELISA Substrate Buffer (for alkaline phosphatase conjugates)

0.2g NaN;

97ml diethanolamine

0.8 MgCl,.6H,0

Weigh out chemicals and dissolve in 700ml of ddIH,0. Add 97ml of liquefied diethanolamine and

adjust pH to 9.8. Bring the final volume to 1000ml and store at 4°C.
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ELISA Substrate Bufter (for horseradish peroxidase conjugates)

TMB Peroxidase Substrate Solution A (Roche Diagnostics GmbH, Mannheim, Germany)
Peroxidase Substrate Solution B (Roche Diagnostics GmbH, Mannheim, Germany)

IM H;PO,

Just before use, mix equal volumes of TMB Peroxidase Substrate (Solution A) with Peroxidase
Substrate Solution B. Add 50ul per well and let the reaction develop at room temperature for 5

minutes. Stop the reaction by adding S0l of IM H;PO,

Griess Reagent Standard (1ImM NaNO»)
6.899mg NaNO-
Weigh out 6.899mg of NaNO; and dissolve in 100ml of ddH,0O and store at 4°C.

Griess Reagent 1

Ig sultanilamide

[00mI 2.5% phosphoric acid

Weigh out g sullanilamide and dissolve in [00ml of 2.5 % phosphoric acid. Cover bottle in foil

-~

to protect from light and store at 4°C

Griess Reagent 2

0.1g napthyl-ethylene-diamine

[00ml 2.5 %phosphoric acid

Weigh out 0.1g napthyl-cthylene-diamine and dissolve in 100ml of 2.5 % phosphoric acid. Cover

bottle in [vil to protect from light and store at 4°C.

2.5% phosphoric acid
3ml 85% phosphoric acid
Add 3ml of 85% phosphoric acid slowly to 90ml of ddH,0. Bring up volume to 100ml and store

at rooim temperature.



Microscopy Solutions

6.6uM Rhodamine Phalloidin Stoek

I vial rhodamine phalloidin (300Units)

I.5ml methanol (ultra pure)

Dissolve | vial of rhodamine phalloidin (300Units) in 1.5 ml methanol. Make [0ul aliquots and

wrap in foil to protect from light. Store in the dark at ~20°C. Do not free/thaw more than once.

Cacodylate Buffer (with or without sucrose)

5.35g sodium cacodylate

254mg CaCl> 21H-0

84mg MgCly 61,0

8.5¢ sucrose

Weigh out 5.35¢g of sodium cacodylate and dissolve in 220ml ddH20. Adjust pH to 7.2 with IM
[1CL and adjust volume to 250ml. Add the MgCl, and CaCl, If required, add 8.5g sucrose and

bring volume to 250ml. Store at 4°C.

0.5M Ferric Cyanide

2.112¢ ferric cyanide

Weigh out and dissolve 2.112g of ferric cyanide in ddH20. Make Always make fresh just before
use. This solution is highly toxic. Use it under the flow hood at all times. Adhere to all University

Health and Safety precautions relevant Lo this solution.

2.5% Gluteraldehyde in Cacodylate Buffer
25% gluteraldehyde stock (electron microscopy grade)
Add 2ml of 25% gluteraldehyde to 18ml cacodylate buffer containing sucrose. Always make

fresh just before usc.



4% Osmium Tetroxide

g OsOy

Weigh out and dissolve g of OsOy in 25ml ddH-O. Cover in foil to protect the solution from
light and store at 4°C. The solution can be kept for several months at 4°C, and can be used so long
as it has not turned black during storage. This solution is highly toxic. Use it under the flow hood

at all imes. Adhere to all University Health and Safety precautions relevant to this solution.

1% 0s0y and 0.05M Ferric Cyanide Staining Solution

4% Osmium Tetroxide

0.5M Ferric Cyanide (freshly made)

Prepare this solution just prior to use. Add 2ml of 4% 0Os0, solution and 200ul of 0.05M ferric
cyanide (freshly prepared) to 6ml of cacodylate buffer pH7.0 devoid of sucrose (the solution will

turn brown). Use the solution immediately.

Reynolds Lead Solution

1.33g lead nitrate

1.76g sodium citrale

8m! IM sodium hydroxide

Boil 750ml of ddH-0O for at least 30 minutes in order to boil off carbon dioxide. Weigh out 1.33g
of lead nitrate and carefully add to a 50ml volumetric flask. Add 30ml of the boiled water to the
50ml volumetric ask and shake. Add 1.76g of sodium citrate to 50ml volumetric flask and shake
vigorously for 2 minutes. The solution will turn milky white.Let solution stand for 30 minutes
with occasional shaking by inversion. Add 8ml of IM sodium hydroxide solution (freshly made)
and mix by inversion. The solution should clear. Bring up the volume to 50ml. Aliguot into [0m]
portions using a syringe into air-tight bottles that contain a rubber or cork stopper in the bottle

neck. Store at 4°C.



Uranyl Acetate Solution

6.25¢ uranyl acetate

Weigh out 6.25 grams of uranyl acetate powder into an amber glass bottle. Add 100ml ddH-0
into the amber bottle and sonicate the uranyl acetate solution for | hour under a fume hood. When

sonication is complete, wrap some Parafilm around the cover ot the amber bottle and store at 4°C.

RNA and Microarray Solutions

DEPC-treated H,O

1600m1 ddH,0

Iml Diethylpyrocarbonate (DEPC)

Add tml of DEPC to 1000ml of ddH-0 and incubate overnight at 37°C with agitation. Autoclave
to sterilize and heat deactivate the DEPC. Aliquot in RNAse-free tubes and store at room

lemperature.

70% Ethanol

70ml absolute ethanol

30ml DEPC-treated H,O

Add 30ml of DEPC-treated H-O to 70ml absolute ethanol and mix well. Aliquot in RNAse-Tree

tubes and store at room temperature.

75% Ethanol

75ml absolute ethanol

25ml DEPC-treated H,O

Add 25ml of DEPC-treated H,0 1o 75ml absolute ethanol and mix well. Aliguot in RNAse-free

tubes and store at room temperature.



Chloroform-Isoamyl Alcohol (49:1)

Iml isoamyl alcohol

49m| chloroform

Add Iml of isoamyl alcohol to 49ml of chloroform in a in RNAse-free glass bottle. Cover bottle
in foil and store at 4°C.

3M Sodium Acetate

408.3g sodium acctate.3H->0

glacial acetic acid

1.0ml DEPC

Weigh and dissolve 408.3g of sodium acetate. 3H-0 in 700 ml of ddH-O. Adjust the pH to 5.2
with glacial acetic acid and bring the final volume to 1000mi. Add Im! of DUEPC and incubate
overnight at 37°C with agitation. Autoclave to sterilize and heat deactivate the DEPC. Aliquot in

RNAse-free tubes and store at room temperature.

0.75M Sodium Citrate Ph7.0

110.29¢ of sodium citrate

Weigh 110.29¢ of sodium citrate and disselve in 450ml of ddH0O. Adjust the pH to 7.0 and bring
the final volume to 500ml. Add 0.5ml of DEPC and incubate overnight at 37°C with agitation.
Autoclave to sterilize and heat deactivate the DEPC. Aliquot in RNAse-free tubes and store at

room temperature.

0.5% Sodium Lauryl Sarcosinate

5¢ sodium lauryl sarcosinate

Weigh out 5g of sodium lauryl sarcosinate and dissolve in 950ml of ddH»O and bring the final
volume to 1000ml. Add Iml of DEPC and incubate overnight at 37°C with agitation. Autoclave
to sterilize and heat deaclivate the DEPC. Aliquot in RNAse-free tubes and store at room

temperature,



RNA Denaturing Solution “Solution D”

250¢ guanidinium thiocyanate

17.6ml 0.75M sodium citrate pH7.0

26.4ml 0.5% (w/v) sodium lauryl sarcosinate

360ul 14.4M 2-f3-mercaptoethanol

Weigh out and dissolve 250g of guanidinium thiocyanate in 293 ml of ddH,0, 17.6 ml of 0.75M
sodium citrate (pH 7.0) and 26.4 ml of 10% sodium lauryl sarcosinate. Dissolve using a heated
magnetic stirrer set at 65°C. Cover the bottle in foil as this solution is sensitive to light. Solution
D may be stored for months at 4°C but the guanidinium will precipitate out of solution, therefore
pre-warm the solution before using it to dissolve the crystals. Add 360ul 14.4M 2-B-

mercaptoethanol per 50 ml of Solution D just before use.

RNA Loading Buffer

14.0pl 12.3M Formaldehyde

50.0ul 100% Formamide

10.0ul 10 X MEA Bulfer

Tul 10mg/ml Ethidium Bromide

Make up the bufter fresh cach time. Add all reagents together and mix well. Add 7.4ul of loading

buffer to 2.6l of RNA. This recipe is enough for 10 samples

10 X MEA Electrophoresis Bufter

0.2 M MOPS, pl17.0

6.67ml 3M sodium acetate, pH5.2

0.5M IEDTA pH 8.0

Weigh out and dissolve 41.8 g of MOPS in 700 ml of sterile DEPC-treated H20. Adjust the pii to
7.0 with 1M NaOH. Add 6.67ml of DEPC-treated 3M sodium acetate and 20ml of DEPC-treated
0.5M EDTA (pH 8.0). Adjust the volume of the solution to 1000m| with DEPC-treated H>0O. Add
Iml DEPC and incubate overnight at 37°C with shaking. Autoclave to heat deactivate the DEPC
and to sterilize (autoclaving turns the solution yellow but does not affect the pH). Store at 4°C

wrapped in foil to protect from light.



Pre-Hybridization Buffer

50u1 20 X SSC

Tl 20% SDS

20u! 1% BSA

[29ul ddH,O

Mix together 50ul of 20 X SSC, lul of 20% SDS, 20ul of 1% BSA and 129ul of ddH,0. Make

buffer fresh each time and incubate at 42°C until use. This recipe is enough for | microarray slide.

2 X Hybridisation Buffer

100pl 50% formamide

100ul 20 X SSC

2l 20% SDS

Mix together in sequential order100ul of 50% formamide, 100ul of 20 X SSC and 2ul of 20%
SDS. Make buffer fresh each time and incubate at 42°C until use. This recipe is enough for 1

microarray slide.

Low Stringency Wash Buffer

20ml 20 X SSC

lml 20% SDS

179mi ddH-0

Mix together 20ml of 20 X SSC, Iml of 20% SDS and 179ml of ddH->O. Make bufler fresh each

time.

Mecdium-Stringency Wash Buffer

[Oml 20 X SSC

190ml ddH»0O

Mix together [0ml of 20 X SSC and 190ml of dd11,0. Make buffer fresh each time.

High-Stringency Wash Buffer

2ml 20 X SSC

198ml ddH,0

Mix together 2ml of 20 X SSC and 198ml of ddH»0. Make buffer fresh each time.
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CHAPTER 3

GENERATION  AND  INFECTION OF BONE MARROW  DERIVED
MACROPHAGES WITH LISTERIA MONOCYTOGENES

SUMMARY

The chief aims of this chapter were to establish in vitro infection of bone marrow derived
macrophages (BMDMs) with L. monocytogenes and to compare the subsequent innate
immune responses between infected W'I" macrophages and macrophages genetically deficient
for C/EBPB (C/EBPBR™). L. monocytogenes was used in the current study as a model
imtracellular pathogen to identify genes involved in mediating macrophage bactericidal
elfector activity. Host protection to L. monocytogenes involves the activation ol cellular
immune responses resulting in the activation of macrophage bactericidal effector functions,
granuloma formation and protective Thil-type responses. [FN-y and TNF are key cytokines
essential for full macrophage activation (1, 2), resulting in enhanced production of cytokines,
chemokines and bactericidal molecules such as reactive oxygen intermediates (ROI) and
reactive nitrogen intermediates (RNI). Several in vivo infection studies using mice deficient
for INOS or various components of NADPH phagocyte oxidase. showed that bacterial killing
took place despite the lack of ROl and RNI (3-7). These studies suggested that macrophages
have an alternative killing mechanism that is independent of ROI and RNI. Furthermore,
studies using mice deficient for genes involved in TNF and/or IFN-y signalling emphasized
the existence of an alternative unknown killing mechanism that is independent of ROI or RNI
(3-7), but dependent on IFN-y, TNF and C/LEBPB (8-10). The most downstream molecule in
this hypothetical pathway would be C/EBPP, since the C/EBPP” mice induced IFN-y and
TNF at levels equivalent to WT mice during L. monocytogenes infection (10). Macrophage
genes involved in mediating listericidal activity would therefore most likely be downstream of
C/EBPR in this unknown killing pathway. Comparison of the gene expression profiles of WT
and C/I,iBPB‘/’activalcd macrophages infected with L. monocytogenes would  therefore
increase the probability of identifying these listericidal effector genes. However, before RNA
was extracted and the gene expression profiling experiments exccuted, several biological
parameters were compared to literature to ensure that the in vifro infection experiments
reflected the™ biology™ of in vivo infections. Only if all the results concurred with literature,
was the in vitro experiment judged successlul and the RNA used for gene expression analysis.

Furthermore, in order to mimick as closely as possible the biology of in vivo infections,



macrophages were only stimulated with [FN-y upon infection with L. monocytogenes.

Both W'I" and (J/EBPB'/' infected macrophages were fully activated and secreted equivalent
amounts of pro-inflammatory mediators such as [[.-6, TL-12, [[.-18, TNF, MCP-1 and nitric
oxide. However, despite full macrophage activation C/EBPB” macrophages had 30% more
escaped Listeria bacilli in the cytoplasm than the WT macrophages at 4 hours p.i..
Consequently, the C/EBPB” macrophages displayed uncontrolled bacilli growth and at 12
hours after of infection contained 6-fold more bacteria than the WT macrophages.
IFurthermore, the C/EBPB'/' macrophages had impaired induction of G-CSF, CLECSIK9, IL.-
12p35 and ISGF3y genes, whose transcription is dependent on C/EBPB (10-13). Altogether,
these results demonstrated that the observed phenotype of C/EBPB™ macrophages were
representative of those reported in the literature and confirmed that the “biology” of the in
vitro infection experiments reflected that of in vivo infections. The infection experiment was
repeated four times independently of each other and RNA extracted at 4 hours p.i. for
microarray analysis, since this was the earliest time point where a signilicant ditference
between WT and C/EBPB” macrophage listericidal activity was observed. The increased
bacterial load and impaired killing in the C/EBPB™ macrophages was considered a
consequence of differential expression of genes, between the WT and C/EBPR”
macrophages, that were required for mediating listericidal activity. The quality and purity of
the RNA was high and was biologically relevant as shown by quantitative RT-PCR for
C/EBPP target genes. Although the yield of RNA was low for some experiments, there was
sufficient RNA for linear mRNA amplification which would generate enough sample for

microarray analysis.



RESULTS

1. Efficient Activation of C/EBPB” BMDM:s

Bone marrow derived macrophages (BMDMs) were successfully generated from the WT and
C/EBPB™ mice. The yield of bone marrow stem cells per mouse prior to differentiation was
comparable for both WT and C/EBPB”™ However, after 10 days of in vitro differentiation in
conditioned medium containing granulocyte macrophage colony stimulating factor (GM-CSF)
and macrophage colony stimulating factor (M-CSI), the yield of differentiated macrophages
was significantly lower for the C/EBPB” mice (Fig. 1). Macrophages from WT and C/EBPR™
mice were simultaneously stimulated with [FN-y and infected with L. monocytogenes at a
MOI of 10 bacilli : 1 macrophage. Macrophage activation was assessed by measuring the
fevels of pro-inflammatory mediators (Fig. 2) in the cell culture supernatants. Both WT and
(,‘/lfiBP[fS'/' macrophages efficiently induced TNF, 1L-12, [L-6, I[.-18, and MCP-1 which
increased until the last time-point in the assay. As expected from the literature, there was no
significant difference in the level of induction of these mediators between the WT and
(‘/IEBPB'/‘ macrophages during . monocytogenes infection (10). The only exception was for
11.-18, which at 4 hours p.i. was >10 fold lower in the C/EBPB'/' macrophages as compared to
WT. Although not statistically significant, the levels for TNF, 1L-6 and LL-18 were generally
lower, whereas 11.-10 was higher in the C/EBPP” macrophages than the WT. These results
demonstrated that C/ EBPB'/' macrophages were fully activated as compared to W, since they

produced protective, pro-inflammatory mediators at levels comparable to WT.
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Figure 1. Decreased in vitro differentiation of C/EBPB” bone marrow stem cells into
macrophages. Bone marrow stem cells were grown for 10 days in 30% 1.929 conditioned
media containing GM-CSF which stimulated the differentiation of the stem cells into
macrophages. Dala are represented as averages and SEM of 8 independent experiments (* p

<0.03).
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Figure 2. Efficient induction of pro-inflammatory mediators in C/EBPB” macrophages
during in vitro L. monocytogenes infection. Macrophages from WT (filled squares) and
C/EBPR™ (open squares) were penerated and infected with L. monocytogenes at MOI of 10
bacilli : 1 macrophage. Supernatants from triplicate wells were collected at 2, 4, 8 and 12
hours post-infection and levels of ¢ytokines and chemokine MCP-1 was measured by ELISA.
Data are represented as averages and SEM ol 3 independent experiments done in triplicate (*
p<0.05).
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2. Enhanced bacterial growth and increased bacterial cscape from C/EBPB'/"
phagosomes following L. monocytogenes infection.

W and C/EBPB™ macrophages were simultaneously stimulated with IF'N-y and infected with
L. monocytogenes for 2,4, 8 and 12 hours. Despite having levels of nitrite, which is indicative
of nitric oxide production, that were equivalent to WT (Fig. 3 A), C/EBPB” macrophages had
significantly increased bacterial growth at 4, 8 and 12 hours p.i. (Fig. 3 B). In contrast, WT
macrophages were able 1o restrict bacterial growth and maintained a steady state plateau
during the 12 hour period. Both WT and C/EBPB” macrophages contained equivalent
numbers of bacteria at 2 hours p.i., indicating no significant defect with respect to
phagocytosis in the C/EBPB™ macrophages. To determine if the increased bacterial growth
was duc to enhanced bacterial escape from phagosomes, macrophages were infected with
Listeria and bacterial escape measured by electron microscopy (Fig. 4). The number of
bacteria in the cytoplasm or enclosed by a double membrane (phagosome) were scored and
the percentage ol escape calculated as described in the methods. The majority of the bacteria
in the W'T' macrophages were confined within phagosomes (Fig. 4 A), whereas many bacilli in
the C/ F,BPB'/' macrophages were {ree in the cytoplasm and in the process ol moving as shown
by the actin “comet tails” (Fig. 4 B). [lurthermore, several bacilli in the C/EBPR™
macrophages were in the process of cell division (Fig. 4 C). The C/EBPB  macrophages had
significantly 30% more escaped L. monocytogenes in the cytoplasm than the WT (Fig. 4 D).
These results demonstrated that although C/EBPB‘/’ macrophages were activated and
produced protective, pro-inflammatory mediators and nitric oxide, they were nevertheless
unable to control Listeria growth due to their inability to confine Listeria within the

phagosome.
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Figure 3. Impaired bacterial Killing in C/EBPB'/' macrophages despite efficient induction
of bactericidal mediators. Macrophages from WT (filled squares), C/EBPB™ (open squares)
were generated and infected with L. monocytogenes. At 2, 4, 8 and 12 hours after intection the
(A) levels of nitrite, which is indicative of nitric oxide production and the (B) bacterial load

were measured. Data is representative of three independent experiments (* p<0.05).
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Figure 4. Increased escape of L. monocytogenes from C/EBPB"' phagosomes. WT and
C/EBPP” macrophages were infected with L. monocytogenes and were processed for electron
microscopy at 4 hours p.i.. L. monocytogenes bacilli are indicated by arrows labelled L.m. (A)
The majority of the bacilli in the WT macrophages were confined within phagosomes,
whereas (B) many bacilli in C/EBPB” macrophages were free in the cytoplasm and in the
process of moving as shown by the actin “comet tails” (arrows labelled A). (C) Many of the
bacilli in the C/EBPR” macrophages were in the process of cell division, as shown by the
dividing membrane (black arrow). (D) The C/EBPB'/‘ (open bars) macrophages had
significantly greater L. monocytogenes phagosomal escape as compared to the WT (filled
bars). Electron micrographs are representative of 3 independent experiments. Data in graph
(D) is the average and SEM of 3 independent experiments (* p<0.05). Magnification for (A)
and (B) is 4400X, (C) is 20000X.
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3. Purification of total RNA from activated BMDM:s infected with L. monocytogenes

WT and C/EBPB” macrophages were simultaneously stimulated with [FN-y and infected with
L. monocytogenes. RNA extracted at 4 hours p.i. for microarray analysis, since this was
earliest instance time point where a significant difference between WT and C/EBPB”
macrophage listericidal activity was observed (Fig. 3 B). Since the difference in listericidal
activity was a consequence of differential expression of listericidal genes in the C/EBPB™
macrophages as compared to WT, RNA was collected for comparative microarray analysis in
order to identify the listericidal genes. RNA was isolated from four independent biological
experiments and DNAsel treated to get rid of contaminating genomic DNA (Fig. 5 A). The
quality and quantity of the RNA was checked by denaturing gel electrophoresis (Fig. 5 B) and
spectroscopy (Table 1.). The ratio of 28S to 18S eukaryotic ribosomal RNA bands were
visually estimated to be approximately 2:1, indicating that the RNA was intact and of high
integrity. The purity of the RNA was high for all samples as indicated by Ajep/A2s ratios,
which for pure RNA is equal to 2.0 (14). The yield of RNA for each experiment differed and
ranged from 8.2ug to 115ug. Since the standard protocols at the capar Microarray Facility
required at least 50pug of total RNA for each microarray hybridization, the mRNA in each
sample would have to be linearly amplified in order to generate enough sample for microarray

hybridization (discussed in chapter 4).
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Figure 5. Denaturing 1% agarose gel electrophoresis of total RNA purified for
microarray analysis. WT and C/EBPB” macrophages were activated and infected with L.
monocytogenes and total RNA purified at 4 hours p.i.. (A) Total RNA contaminated with
genomic DNA (gDNA); (B) DNAse I-treated and purified total RNA. The 28S and 18S
ribosomal RNA bands are indicated. WT1 and KO1 denote the RNA extracted from WT and
C/EBPB™ (KO) macrophages for the first infection experiment. The same labelling scheme

applies for infection experiments 2, 3, and 4.
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Table 1. Quantification and purity of total RNA purified for microarray analysis.

Total RNA was purified from L. monocylogenes infected WT and C/EBPP™ activated
macrophages at 4 hours p.i.. The RNA was DNAse | (reated to get rid of contaminating
genomic DNA. WT1 and KOI represent the RNA extracted from WT and C/EBPB” (KO)
macrophages for the first infection experiment. The same labelling scheme applies for
infection experiments 2, 3, and 4: In the treatment column “-” refers to media controls and

-+ to samples activated by [FN-y and infected with L. monocytogenes.

Experiment Treatment Ajq Axg A/ Azso RNA  conc. vyield (pg)

(ng/nl)

WTI - 10.66 5.08 2.1 0.43 24.15
Wl + 8.88 421 2.1 0.36 19.95
KOl - 11.73 5.56 2.1 0.47 26.68
KO + 3.90 1.84 2.1 0.16 8.20
WT2 - 2740 [ 12.93 2.1 1.10 63.67
W12 ¥ 32.88 15.51 2.1 1.32 76.60
KO2 - 41.04 19.45 2.1 .64 95.85
KO2 + 40.66 1927 |21 1.63 94.96
W13 - 2260 | 10.71 2.1 0.90 52.33
W13 + 11.90 5.67 2.1 0.48 27.09
KO3 - 26.37 12.44 | 2.1 1.05 61.23
KO3 " + 17.93 8.50 2.1 0.72 41.32
WT4 - 0.38 0.22 1.7 0.30 64.23
W4 o+ 0.33 0.18 1.8 0.26 55.67
KO4 - 0.68 0.36 1.9 0.54 115.07
| KO4 + 0.49 0.27 1.8 0.39 82.89

In order to determine if the RNA was “biologically representative” of in vivo and in vitro data
reported for C/EBPB™ mice, the induction of C/EBPP target genes G-CSF, CLECSF9, 11.-
12p35 and ISGF3y was measured by quantitative real-time RT-PCR. An aliquot of the RNA
that was to be used for RNA analysis was used to make ¢cDNA for the RT-PCR analysis.
C/EBPP was shown to be essential for the induction of G-CSF during innate immunity against
L. monocytogenes (10), Mycobucterium tuberculosis (15) and Brucella abortus (16). G-CSF

was found to be important (or bactericidal killing by promoting membrane fusion between
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pathogen-containing phagosomes and endosomes (16). Similarly, C/EBPP was shown to be
essential Tor induction of CLECSF9 in response to LPS, TNF, [[.-6, and IFN-y stimulation
(12) and for 1L-12p35 induction during Candida albicans infection (11). In addition, C/EBPJ
was shown to transcriptionally induce ISGF3y, a component of the ISGF3 protein complex
that is essential for [FN signaling (13). As expected, the C/EBPB” macrophages had impaired
induction of G-CSF, CLECSF9, 11.-12p35 and I1SGF3y (Fig. 6). Furthermore. the
amplification of the RT-PCR products was very efticient and robust, indicating that the

quality ot the RNA to be used for microarray was of high quality.
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Figure 6. lmpaired induction of C/EBPB target genes in C/EBPB” macrophages during
L. monocytogenes infection. Quantitative RT-PCR of C/EBPB target genes in WT (filled
bars) and C/EBPB™ (open bars) activated macrophages at 4 hours p.i. cDNA was generated
from the same batch of total RNA that was used for microarray analysis. Data represents the

averages and SEM of 3 independent experiments.
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DISCCUSION

‘The aims of this chapter were to establish and evaluate the in vitro infection of BMDMs with
L. monocytogenes, compare the innate immune responses between infected WT and C/EBPB™
macrophages and to purify RNA from the infected WT and C/EBPP™ macrophages for
comparative gene expression profiling. In this study L. monocytogenes was used as a model
intracellular pathogen to identify macrophage genes involved in mediating listericidal activity.
Host protection to L. monocytogenes involves the activation of macrophage bactericidal
cffector functions, granuloma formation and protective Thl-type responses. Key cylokines
required during the innate immune phase are [FN-y and TNF, which promote macrophage
activation and production pro-inflammatory mediators and anti-microbial molecules such as

ROI and RNI.

Several in vivo infection studies using mice deficient for iNOS, p47phox, gp91phox or both
gp91phox and iINOS, showed that bacterial killing took place despite the lack of ROI and RNI
(3-7). Furthermore, studies using mice deficient for genes such as [FN-y (17, 18), IFN-yR (8,
17), ICSBP (19), IRF2 (19), RelB (20), TNFRpSS (21, 22), and C/EBPB (10) also
demonstrated that that macrophages have an alternative unknown killing mechanism that is
independent of ROI or RNI. This unknown mechanism is most likely driven by 1FN-y and
TNF, since these cytokines are essential for the cytocidal/cytostatic  and
bactericidal/bacteriostatic activity of macrophages respectively (8, 9). The most downstream
molecule in this alternative killing pathway would be C/EBPB, since the C/EBPB'/'
macrophages expressed normal levels of IFN-y and TNF as compared to W' (10, 15).
Furthermore, since the macrophage effector genes would most likely be downstream of
C/EBPB in the unknown killing pathway, comparative gene expression analysis between WT
and C/EBPP” macrophages inlected with Listeria would therefore increase the probability of
identifying these effector genes. [However, before proceeding with the RNA extractions and
the microarray experiments, several parameters of the infection experiment needed to be
checked to (1) determine if the biology of the in vitro infection was equivalent to that of the in
vivo infections, (2) determine the best time-point at which to extract RNA for microarray
analysis and (3) purify and assess the quality of RNA to be used for microarray analysis. In
order to mimic the biology of the in vivo infection experiments, macrophages were not pre-
activated with IFN-y prior to infection with L. monocytogenes. Instead, macrophages were
stimulated with IFN-y and infected with L. monocytogenes at the same time. This particular

infection protocol was used since it reflected more closely the biology ol natural infections,
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where macrophages do not exist in a pre-activated state, but rather undergo activation upon
infection. The biology of the in vitro data was assessed by measuring the production of pro-
inflammatory mediators, nitric oxide, transcription of C/EBPP target genes, phagosomal
escape and listericidal activity. The generation of BMDMs from stem cells was successfully
optimized, although the yield was 3 times lower for the C/EBPB™ mice. This was not
unexpected, since C/EBPPB has been shown to be important for macrophage dilferentiation
and is highly up-regulated during the differentiation process (23). Moreover, the lack of G-
CSF in the C/EBPB'/' bone marrow stem cells may also account for the decreased yield of
bone marrow derived macrophages. Studies using G-CSF deficient (G-CSF™) mice
demonstrated that G-CSF is required for the differentiation ot bone marrow stem cells into
macrophages(24). In the G-CSF” mice, the frequency of bone marrow progenitor
macrophage colony forming cells were signiticantly reduced as compared to WT mice,

resulting in marked decreased yield of macrophages (24).

Both WT and C/EBPB'/' macrophages were equivalently activated during L. monocytogenes
infection since they both induced significantly high levels of [1-6, I1.-12, 11.-18, TNF and
MCP-1 as compared to their media controls. Moreover, in spite of slightly higher levels of 1L-
10, the C/EBPB'/‘ macrophages were activated to the same extent as W'T, since there was no
significant difference in the levels ol induction of these pro-inflammatory mediators between
these two groups. However, 1L-18 levels were significantly lower in the C/EBPB™
macrophages at 4 hours p.i., but reached levels comparable to WT at later time points.
Furthermore, the levels of nitrite, which is indicative of nitric oxide, were equivalent tor both
C/EBPR™ and WT macrophages. However. despite full macrophage activation. the C/EBPB”
macrophages had 30% greater listerial escape {rom the phagosome and uncontrolled bacilli
growth. Kinetic analyses of macrophage activation and listericidal activity were performed at
2.4, 8 and 12 hours after infection in order to determine the best time point to collect RNA
for microarray analysis. No significant diffcrences between the WT and C/EBPR”
macrophage activation were observed over a 12 hour period, since both groups efticiently
induced protective pro-inflammatory cytokines, chemokine MCP-1 and nitric oxide.
[However, signilicant differences in listericidal activity were observed between the two groups
at 4, 8 and 12 hours p.i.. Since the increased bacterial load and impaired killing in the
C/EBPB™ macrophages was a consequence of differential expression of listericidal genes in
C/EBPB” macrophages as compared to WT. total RNA was therefore purilied from infected

samples and controls at 4 hours p.i.. The quality of the RNA was excellent, since ¢cDNA
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generated from it robustly amplified in several quantitative RT-PCR reactions using the
Lighteycler, which is a real-time RT-PCR instrument that is highly sensitive to impurities and
requires a high quality ¢cDNA (emplate. In addition, quantitative RT-PCR confirmed that
C/EBPB™ macrophages had impaired induction of C/EBPP target genes as reported in
literature (10-13). All together, these results demonstrated and confirmed the phenotype of
(,‘/l?iB["ﬁ‘f‘ macrophages infected in vitro with L. monocytogenes was the same as reported in
the literature (10-13) and therefore provided a solid foundation on which to base the gene
expression profiling experiments. The infection experiment was repeated four times

independenily of each other and RNA extracted at 4 hours p.i. for microarray analysis.
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CHAPTER 4

IDENTIFICATION OF GENES INVOVLED IN MACROPHAGE EFFECTOR
FUNCTIONS AGAINST L. MONOCYTOGENES BY DNA MICROARRAY.

SUMMARY

The anti-listerial transcriptional response of IFN-y-activated macrophages from WT and
C/EBPB™ mice infected with L. monocytogenes was successfully profiled at 4h post-infection
using oligonucleotide microarrays. Image analysis revealed that there were several quality and
printing defects which resulted in systematic variation within and between the arrays. A
sequential normalization procedure within and between arrays was used to remove, as much
as possible, systematic variation from the data. However, statistical evaluation of the
normalized microarray data showed that the technical reproducibility within each array and
between replicate experiments was poor. Removal of questionable and unreliable data
increascd the reproducibitity and reliability of the microarray data, although it did necessitate
trimming 49% of the genes from the data set. Despite the poor performance on statistical
level. the microarray data still contained biologically meaningful data. For example, genes
encoding several pro-inflammatory cytokines, chemokines, iINOS and genes important for
macrophage activation and MHC class I presentation were significantly up-regulated in both
the WT and C/EBPB” infected macrophages. Moreover, the induction of C/EBPB and its
target genes, G-CSF, CLECSF9, IL-12p35 and ISGF3y was impaired in the C/EBPB”
macrophages. Differentially expressed (DE) genes were identified by a two sample paired T-
Test based on permutation rather than distribution. A Bonlerroni correction was applied to the
p values to adjust Tor multiple testing. Five percent (1268 genes) of the mouse genome was
differentially expressed between the WT and C/EBPB™ activated macrophages infected with
L. monocytogenes. Functional clustering of genes showed that 2.0% of the DE genes were
involved in host immunity and detense, 3.1% in the production ot ROI, 4.6% in the regulation
of transcription, 16.1% in signalling and 8.9% were involved in phagosome maturation,
phago-lysosome fusion. Moreover, promoter analysis identified that [8.0% of the DE genes
had putative binding sites for C/EBPP and 47.3% had binding sites for transcription factors
that interacted with C/EBPB. A focused functional clustering strategy was used to reduce the
number of candidate genes from 1268 down to 220 genes. Literature profliling of these 220
candidate genes revealed that several were already published in literature to play a role in

defense against L. monocytogenes. Since the aim ol the microarray experiment was to identify



SEN

listericidal genes in the activation and killing pathway downstream of C/EBP[3, PKC3 was
considered the most promising candidate gene since it is involved in humoral defense,
immune signalling and production of superoxide. Moreover, PKCS is involved in the
regulation of transcription and promoter analysis revealed that it may itself be a
transcriptionally regulated by C/EBPB. In B cells stimulated with LPS, PKC8 was shown to
negatively regulate C/EBPP transcriptional activity. Studies by Wadsworth and Goldfine
using rottlerin, a putative specific PKCo inhibitor, indirectly suggested that PKC8 promoted
phagosomal escape however no direct evidence showing a correlation between the listerial
phagosomal escape and PKC$ activity was presented. Furthermore, the up-regulation of
PKC3 in the highly susceptible C/EBPP™ macrophages infected with L. monocytogenes was
validated by quantitative RT-PCR. Taken together, these data suggested that PKC6 may be
detrimental to the host during L. monocytogenes infection, however this premise has never
been tested. Since the role of PKCS in innate immunity to intracellular pathogens has not been
directly investigated to date, the PKCd gene deficient mouse model was used in the current
study to functionally characterize the role ol PKCo during L. monocytogenes infection. PKCS
gene delicient mice were used rather than rottlerin, since this putative PKCS specific inhibitor
has been reported to non-specifically inhibit several other kinases and non-kinase enzymes (I,

2).
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RESULTS

1. RNA Amplification, Labelling and hybridization to MEEBO Oligonucleotide

Microarrays

Total RNA was purified from L. monocytogenes infected WT and C/EBPQ” activated
macrophages at 4 hours p.i. The total RNA was DNAsel treated and re-purified to get rid of
contaminating genomic DNA, salts and phenol which may inhibit cDNA synthesis. Although
the quality of the RNA was excellent as discussed in Chapter 3, the yield was too low for
standard microarray protocols used at the capar Microarray Facility, which required at least
50pg total RNA for each hybridization. This is a common problem with gene expression
profiling by microarray. Routinely 10 to 100e of total RNA or 2 to Se¢ of mRNA for each
sample is required for a single labeling and hybridization reaction. To overcome this
limitation, especially in the case of gene expression analysis of small biopsies, fine necdle
aspiration or laser capture microdissection samples, a linear RNA amplification method was
developed by van Gelder et al (3). In this method, the mRNA in the total RNA sample is
reverse transcribed into double stranded DNA using oligo-d(T) primers that contain a T7
RNA polymerasc promoter 5' to the polythymidyate (d(T)) region. After second-strand cDNA
synthesis, a T7 RNA polymerase is used to gencrate amplified anti-sense RNA (aRNA).
However, one major concern of this procedure is the (idelity of the amplification process,
since not all mMRNAs may amplify equally well. Unequal amplification of RNA could lead to
the erroneous identification of genes as being differentially expressed when in fact their
dilferential expression is due to biased RNA amplification rather than biology.
Hypothetically, there may be two kinds of biases during the RNA amplification procedure.
The first bias may be sequence-dependent which is caused by the complicated secondary
structure of RNA, the full length of the mRNA. the length of polyA tail and/or the sequence-
specific efficiency ol the T7 RNA polymerase. These sequence-dependent biases could
change the relative mRNA abundance for some genes in the amplified RNA. The second bias
may be abundance-dependent and is caused by the copy number of the RNA. Since the
mRNA copy numbers are different between the test sample and the reference sample, the
resulting ratios may not depict the true expression profile of the two samples. A study by Li et
al showed that biases introduced in the processes of RNA amplification were minimal and
were sequence-dependent but not abundance-dependent (4). Several groups have also shown
that the biases introduced during the RNA amplification procedure are minimal (5, 6). In one

of these studies, the differential expression ol only 3-4 % of genes idenlified as being outliers,
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could not be validate by quantitative RT-PCR (6). Moreover, RNA amplification has been
reported to improve the reproducibility of microarray expression profiles for a wide range of
RNA inputs (5, 6). However, it is prudent to test if linear amplification has taken place by
spiking the RNA amplification reactions with different doses of control RNAs e.g. Lucidea
doping controls lrom Amersham Biosciences. Furthermore, to ensure that genes identified as
outliers are truly differentially expressed, it is important to quantitate their expression levels
in the unamplified RNA from the same batch ol RNA that was used for RNA amplification
and microarray hybridization. Therefore, in this study. the mRNA fraction of the total RNA
was linearly amplified to generate enough probe lor microarray analysis. However, at the time
of the microarray experiments in this study, these doping RNA controls were not available.

Therefore the linearity of the RNA amplification procedure could not be assessed.

First strand ¢cDNA was successfully reversed transcribed using oligo d(T) primers that
contained a T7 promoter sequence. Second strand ¢cDNA synthesis converted the single-
stranded ¢cDNA into double-stranded ¢cDDNA that was then i#n vitro transcribed using T7 RNA
polymerase to synthesize aRNA. During the jn vitro transcription (IVT) amplification
reaction, amino allyl modified dUTP (aaUTP) was incorporated into the aRNA at a ratio of |
UTP:1 aaUTP. The aaUTP contained a reactive primary amino group on the C5 position ol
the uracil that could be chemically coupled to N-hydroxysuccinimidyl ester-derivatized dyes
(NHS dyes) such as Cy3 and CyS. The amplification of the RNA samples was highly
successful as shown by the excellent yiclds, quality and purity: the amplified RNA (aRNA)
appeared as a smear extending above the 285 rRNA band to just above the 35S rRNA band,
and was of high quality since no degradation was observed (Fig. I). The purity of the aRNA
was excellent as revealed by Axqo/Aagy ratios that were close to 2.0 (Table 1). Furthermore, the
yield ol aRNA was exceptionally good, since > 100pg aRNA was generated from g of total
RNA (Table 1). The purified aRNA was successfully labelled with either Cy3 or CyS via a
coupling reaction between the amino ally modilied UTP residues on the aRNA and the amine
reactive Cy-dyes. The frequency of dye incorporation (FOI) into the purified aRNA was
excellent and between 39-57 dye molecules were incorporated per 1000 nucleotides of aRNA
(Table 2). The yield, quality and dyc-labelling of the aRNA probes was first-rate, and the

microarray hybridization step was proceeded with confidence.

Before hybridization of the labelled aRNA, the arrays were prehybridized to wash away any
unbound oligonucleotides that did not bind to the slide during to the printing process. In

addition, the prehybridization step reduced non-specific background hybridization by
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blocking the reactive groups on the surface of the slide which could have bound labelled
aRNA. Furthermore, in order to reduce evaporation of the labelled aRNA, the hybridizations
were carried out at 42°C. However, it was later discovered that the hybridization apparatus
used was inadequate as it did not maintain the temperature at 42°C throughout the
hybridization step. Instead, the hybridization apparatus, a plastic container filled with water
pre-warmed to 42°C placed in a hybridization oven heated to 42°C, cooled to 35°C.
Unfortunately since, half of the experiment (4 microarrays) had already been processed using
the faulty system and economic constraints did not allow for repeat hybridizations, it was
decided to process the remaining experiments under the same conditions to maintain
consistency. Moreover, since the hybridization buffer contained 50% formamide, it was
hoped that any non-specific hybridization due to the lower temperature would be prevented by
the high percentage of formamide in the hybridization buffer. Consequently a calibrated

waterbath set at 42°C was set up for future hybridizations in the capar microarray facility.

WTA1 KO1

[ 1 T |
- + - + - untreated media control

+ [FN-+y + LM

1

2 3 5
28s —
18s —> W |
I !

1og 2-3.g

Figure 1. Denaturing 1% agarose gel electrophoresis of purified aRNA.

Shown is an example of high quality aRNA that is representative of all samples used in the
microarray experiment. Lane 1 contains 1pg total RNA; lanes 2 — 5 contains 2-3ug of aRNA
generated from RNA isolated from WT and C/EBPB” (KO) macrophages from the first
biological experiment that were either untreated media controls (-) or activated with [FN-y

and infected with L. monocytogenes (+). Arrows indicate the position of the rRNA bands
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Table 1. Quality and yield of purified unlabelled aRNA. Purified total RNA (1pug) was
reversed transcribed using oligo d(T) primers that contained a T7 promoter sequence. Second
strand ¢cDNA synthesis converted the single-stranded cDNA into double-stranded ¢cDNA that
was then in vitro transcribed (1VT) using 17 RNA polymerase to synthesize aRNA. WT1 and
KOI1 represent aRNA samples from the first biological infection experiment. The same

labelling scheme applies for infection experiments 2, 3, and 4. In the treatment column -

refers to untreated media controls and “+7 refers to samples activated by 1FN-y and infected

with L. monocytogenes.

Sample  Treatment Cone. (pg/nl) = Yield (pg)
8.14 134.10

KOl - 1938 [9.50 [2.04 0.78 155.06

WTI + 3457 1678 | 2.06 1.73 172.86

WTI - 29.54 | 1420 | 2.08 1.48 14771

KO2 + 1998 [ 9.65 |2.07 0.80 159.80

KO2 - 1633 |7.96 |2.05 0.65 130.62

WT2 + 2340 [ 1136 |2.06 0.94 187.20

W12 - 1528 | 731 2.09 0.61 122.24

KO3 + 2055 | 10.08 |2.04 0.82 164.42

KO3 - 18.17 | 8.95 203 073 145.32

WT3 + 11941 956 |2.03 0.78 15524

WT3 - 1935 [9.53 2.03 0.77 154.84

KO4 n 0.83 | 5.44 1.99 0.43 86.66

KO4 - 14.00 [ 7.11 1.97 0.56 112.00

W4 + 2054 [ 1027 | 2.00 0.82 16434

WT4 - 1577 | 7.88 | 2.00 0.63 126.14
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Table 2. Frequency of Cy-dye incorporation into purified labelled aRNA. Purified aRNA
from WT and C/EBPB™ (KO) macrophages were labelled with either Cy3 or Cy5 via a
coupling reaction between the amino ally modified UTP residues on the aRNA and the amine
reactive Cy-dyes. WTT and KOI represent aRNA samples from the first biological infection
experiment. The same labelling scheme applies for infection experiments 2, 3, and 4. In the
treatment column *-" refers to untreated media controls and "+ refers to samples activated by
IFN-y and infected with L. monocytogenes. The {requency of incorporation (FOI) represents

the number of Cy dye molecules incorporated per 1000 nucleotides. (nd = not determined)

Sample Treatment Dye Aseo/A A Ass Agso aRNA FOI
Label (Cy3) (Cy5)  (ng)
0.259 19.17
KOl - Cys  [.04 0.263  |nd 0323 1946 |44
WT1I |+ [CyS P06 0.286  |nd 0321 Ri.i6  ho
Wl - Cy3  DRos 0273 0227 |nd 2020 |50
KO2 +  Cys  R.07 0252 |nd 0309 [18.65 {44
KO2 - lCy3 03 0.281 0.24 nd 20.79 51
W2 o Cy3 pos 0279  0.241 nd 20.65 52
WT2 - loys 209 0.26  |nd 0.347 1924 48
KO3 + lcys |17 0235 0.175  |nd 1739 @5
KO3 - Cy5 1.78 0.281  |nd 0309 2079 40
W13 + Cys  [1.85 0.245  nd 0.268  [18.13 39
WT3 - cy3 176 0.284  0.194 |hd P02 4]
K04 v Cys 186 0.115  |nd 0.138  [8.51 43
KO4 - Cy3 .69 0.106 [0.097 nd 7.84 55
W4 +  Cy3 173 0.106 (0.1 nd 784 |57
WT4 - oys e 0.106 nd 0.128 784 44
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2. Scanning and Image Analysis

After washing away unbound labelled aRNA probe, the microarray arrays were scanned using
optimized photo-multiplier-tube (PMT) settings so that the overall fluorescence in the red and
green channels were balanced. Scanned microarray images were saved and analyzed using
GenePix 5.1 software. The image analysis process consisted of three general steps: (i) the
addressing/gridding step where the co-ordinates and identity of each spot on the array were
defined. (ii) segmentation step where pixels were classified as either foreground (within the
printed spot) or background and (iii) intensity extraction where the red and green fluorescence

foreground and background intensity pairs were calculated for each spot.

The addressing for each spot was difficult, because many of the grids were printed slightly
“skew” resulting in displacement of spots from the expected location. These displacements
and irregular spacing of spots were most likely caused by misalignment of the gridding robot
and/or bent damaged pins. Furthermore, only 50% to 60% of the spots on the arrays gave a
detectable fluorescent signal. Consequently the “missing™ spots were flagged as “not found™
during the addressing step. Segmentation for each spot on the arrays was done by manual
alignment using the single irregular and/or the regular feature tool. This method was chosen
because it allowed the diameter of the “circle™ that defined the foreground of the spot 1o be
estimated independently of other spots. Moreover, the segmentation algorithm implemented
by this feature did not place restrictions on the shape of the spot, and efficiently allowed spots
that were oval or irregularly shaped to be defined. The intensity extraction step was
automatically carried out by the GenePix software, and was based on the principle that (i)
each pixel in a scanned image represented the level of hybridization at a specific location on
the slide and (ii) that the total amount of hybridization for a particular spotted DNA sequence
was proportional to the total fluorescence at the spot. The natural measure of spot intensity
was therefore the sum of pixel intensities within the spot. The background fluorescence for
cach spot was estimated by measuring the local background intensity in the region that was
furtherest away from all four surrounding spots. In addition. the GenePix software also

calculated other quality control metrics for spot size, morphology and tlags.
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Visual inspection of the scanned fluorescent microarray images revealed several quality and
printing defects summarized in Table 3. For example. several bright spots on the arrays had
comet tails that masked the true signal of surrounding spots (Fig. 2 A). About 10% ol the
spots on the array were either printed on top of each other or merged into each other (Fig. 2 BB,
C). resulting in significant loss of data. This was particularly bad in grid number 31 for all
arrays, where spots within the first 8 rows had merged (Fig. 2 C). most likely due to
misalignment of the gridding robot and/or bent/damaged printing pins. The general size and
morphology of the spots were inconsistent over the whole array and several dilated spots were
obscrved (Fig. 2. D). Furthermore. several grids were printed skew, resulting in irregular spot-

to-spot spacing within the 35x35 array, which made the assignment of gene 1Ds difficult.

Table 3. Summary of visual quality and printing issues for all arrays. Visual inspection of

{luorescent microarray images revealed several quality and printing defects. The severity of

cach problem was rated by + signs, where + is present, + + bad and + + + very bad.

Comel tails

Merged spots e e e e B e I e e e e B e o I S S S IR S A
Spots on top of each | + 4 |+ ++ | F++ | #++ | £+t |+ 44 [+t |44+
other

Missing spots + +- + + + + T T
Dilated spots + + + + + n + P ]
Displaced spots + + + + + + T 7
Particle contamination | + + ++ + + + 4+ |+ 4+
HAI“r"reguIar morphology | + + + + + + + |y |
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Figure 2. Microarray Printing and Quality Issues. Visual inspection of the fluorescent
images revealed that the arrays had several quality and printing defects (arrows) as
demonstrated by (A) comet tails that streak out from bright spots, (B) spots printed on top of
each other that consequently spread out (C) spots that merged into each other and (D) dilated
spots. Shown here are grids from the array for the third biological experiment where the
aRNA from WT macrophages untreated (media controls; labelled with green Cy3) or
activated with [FN-y and infected with L. monocytogenes (labelled with red Cy5) was
compared. Each square represents a grid of genes that were printed in 35 x 35 array and each
microarray contained 32 grids. Each fluorescent spot represents an individual gene. Spots that
appear yellow indicate that the particular gene is expressed in both the untreated macrophages
and [FN-y activated and L. monocytogenes infected macrophages. Green or red spots indicate
that the gene is expressed only in the untreated macrophages or the IFN-y and infected
macrophages respectively. Shown in A, B, C and D are grids 5, 25, 32 and 4 respectively for
array WT3.
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The reasons for the observed printing defects can only be speculated since the arrays were
printed by the capar Microarray facility and the physical printing process was not part of this
dissertation. The comet tails may have been caused by (i) printing too high a concentration of
DNA resulting in overloading the binding capacity of the slide, (ii) inadequate fixation of
DNA to the slide due to poor UV cross-linking or inadequate baking, (iii) poor post-print
washing technique and/or (iv) damaged and/or defective printing pins which delivered an
excessive amount of DNA during the printing process. In addition, some of the above defects
may also have been worsened by the hybridization of very highly expressed genes in the
samples or by accidental movement of the coverslip while adding the labelled probes to the
array. Misalignment of the gridding robot and bent/damaged printing pins may have
accounted for spots being printed with irregular spacing resulting in “skew grids™, as well as
causing spots to be printed on top of each other and merging together. Moreover, damaged,
bent and/or blocked printing pins may have delivered excessive amount of DNA to spots,
causing them to “bleed out” due to capillary action resulting in dilated spots. In addition,
some of the spots could not be addressed (i.c. given a gene [D) since they were not printed in
the expected location. Consequently several spots could not be confidently identified and
were classified as “missing”. However, several “displaced™ spots that were printed in a
position other than their expected location could still be confidently identified. For example, a
spot printed equidistantly between the expected location for gene A and gene B can not
confidently be given the identity of either gene A or B. However, a spot printed off centre
from the expected location of gene A can be confidently addressed as gene A. Furthermore,
some of the above defects may also have been worsened by “human handling techniques™
where particle contamination from dust in the work area, gloves or particulates in the wash

buffers may have been introduced.

Although hybridization of the labelled probes was performed at 35°C instead of 42°C, no
noticeable non-specific hybridization was observed by eye. Open “non-fluorescent™ areas
indicated that not every spot on the array had bound labelled probe, which would be expected
it non-specific binding had taken place. Moreover, several bright green or red spots were
observed, indicating that differentially expressed RNAs had bound specifically to their
oligonucleotide target spot on the array (Fig. 3.). Had non-specific binding taken place, the
background fluorescence may have been high and the majority of the spots on the array would
have fluoresced yellow. Although there were several quality issues, the array still contained
biologically meaningful data, since induction of pro-inflammatory genes was clearly up-

regulated in the “treated™ samples and appeared as bright green or red spots depending on the
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Cy-dye label of the treated sample (Fig. 3). Moreover, since most of the negative control
genes did not have any significant fluorescent signal above background, the specificity of the
hybridization reaction, despite the low temperature of 35°C, appeared to be reliable. Once the
grids were aligned for each spot, the fluorescent intensity for each spot and its estimated
background fluorescence was measured and exported as a “GenePix Results” (.gpr) file for

analysis.

a "Teavee

Figure 3. Apparent specific hybridization at 35°C. Although hybridization of the labelled
probes was performed at 35°C instead of 42°C, no noticeable non-specific hybridization was
observed. Several bright green or red spots can be seen, indicating that differentially
expressed aRNAs have bound specifically to their oligonucleotide target spot on the array.
Differential hybridization of pro-inflammatory genes known to be induced in activated
macrophages during L. monocytogenes infection can be seen: the levels of mRNA for [L-6,
[L-B and TNF in macrophages activated with I[FN-y and infected with L. monocytogenes
(Jabelled with green Cy3) was much higher than in the untreated macrophages (labelled red
with Cy5), and these spots therefore appeared bright green. Shown is a grid 10 of 32 from the
WT2 array for the second biological experiment where the aRNA from WT macrophages
untreated or activated with IFN-y and infected with L. monocytogenes was compared. The
insets for IL-6, IL-B and TNF are taken from grids 24, 25 and 16 respectively from WT2

array.
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3. ldentification and Normalization of Systematic Bias

Visual inspection of the fluorescent images revealed that there were several quality issues and
systematic biases. In order to accurately and precisely measure gene expression changes, it
was important (o remove any systematic variation in the microarray data that may obscure the

" infected macrophages. If the

true experimental variation between the WT and C/EBP[3
systematic variation was not removed, it may have resulted in the failure to identify truly
differentially expressed genes (false negatives), as well as in the identification of genes not
truly differentially expressed between the two samples (false positives). The goal of
normalization was to identify and remove these systematic variations while retaining the
biological inlormation. However, complex normalization procedures may also remove
biological information. To avoid this, a simple sequential normalization procedure was
followed as recommended by Wit and McClure (7): first the data within each array was
normalized followed by normalization of data between all the arrays. Furthermore, a specific
sequence of steps was followed for the within-array normalization: first spatial effects were
removed, then the background corrected and lastly dye bias effects were removed. Thereafter
between-array normalization re-scaled the data across all arrays. All image and normalization
procedures were conducted in the R version 2.2.0. environment for statistical computing and

programming (8) using packages BioConductor (9). Limma (10-12) and Smida (7).

Sources of systematic variation (not related with variation due to biological causes) include:
(i) differences in the labelling (i.e. dye biases). (ii) differences in the sample preparation, (iii)
differences in the hybridization, (iv) differences in the photo-detection and (v) auto-
(Tuorescence. The most common systematic variation is caused by dye bias, where the red
channel intensities tend to be lower than the green channel intensities. The Cy3 and CyS5 dyes
used for labeling the aRNA probes have slightly different physical properties with respect to
their quantum yield, size, half-life, heat- and light-sensitivity. These differences resulted in
dilterential incorporation of the dyes into the labeled aRNA and differential hybridization of
the labeled aRNA probes onto the array. F'urthermore, the imbalance between the red and
green spot intensities was not constant for all spots within and between arrays. Red (Cy5) and
green (Cy3) spot intensities varied as a result in differences of location of the spot on the
array, the arraying pins used and experimental variation in the hybridization process. As a
consequence the red and green channels of the array had slightly different efficiencies, which

made direct comparison of the gene expression data unfeasible.
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Dye-swap normalization is often used to normalize for dye biases, where hybridizations are
repeated twice with dyes swapped and the expression value for each spot over the Cy3 and
CyS5 channel are averaged. However, the dye bias effects often differ from array to array and
there is no guarantee that dye swap normalization effectively removes the dye bias. Moreover,
dye swap experiments were not economically feasible. Therefore in this study, a “balanced
dye” approach was used, where each treatment condition for all four biological replicates
were labelled equally often with the Cy3 dye as with the CyS5 dye (Fig. 4). In this manner the

dye labelling bias was compensated for.

Biological Biological Biological Biological
Experiment Experiment Experiment Experiment
1 3 4

WT1, WT3, WT4,
VS, y vs. VS.

’ WT3, WT4,

WTH1

Figure 4. Balanced dye labeling strategy to compensate for dye bias. In the balanced dye
labelling strategy, each treatment condition for all four biological replicates were labelled
equally often with the Cy3 dye as with the Cy5 dye. Each white rectangle representis a two
colour DNA microarray where the aRNA form [FN-y activated macrophages infected L.
monocylogenes (“treated”) is compared to aRNA from untreated macrophages. Samples
labelled with Cy3 are shown in green and samples labelled with Cy5 are shown in red. The
“treated” and “untreated” samples are denoted by a subscripted “t” and “u” respectively. For
each biological experiment there were 2 microarray slides, one for the C/EBPB"" (WT)

samples and the second for the C/EBPB™ (KO) samples.
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Other widely used normalization methods are (i) global intensity-independent normalization,
(i) global intensity-dependent /focally weighted scatter plot smoothing (LOWESS)
normalization and (iil) print-group LOWLESS normalization (local intensity-dependent).
Global normalization assumes that the efliciencies of Cy5 and Cy3 dye differ by a constant
value and that most of the genes on the array arc not differentially expressed. The average of
the log ratios for all the genes on the array is therefore assumed to be zero. I this was the
case, then the summed intensity values for each channel should be equal, and where they
differed, a normalization factor could be calculated and used to rescale the intensity values for
cach gene on the array (13). However, this method did not correct f{or spatial differences or
[or intensity biases of the dye. For example the Cy3 dye may incorporate into the aRNA more
cfficiently at lower intensities than the Cy5 dye. Global LOWESS normalization
acknowledges that the variation between the red and green channels is not always constant
and can change as a function of the signal intensity (i.e. is intensity-dependent). In this
method, the intensity variation can be corrected by generating a best fit curve through the
middlc otf'a Ratio-Intensity plot of the microarray data and this line becomes the new zero line
for the vertical axis (14). In the Ratio-Intensity plot, the ratio of the red (R) and green ((G)
intensities (log2(R/G): also called the M value) tor each spot is plotted against the average
signal intensity (0.5*%(logaR + log,G); also called the A value) for each spot. In this analysis,
the M value in the (M, A) pair is shifted by a quantity c=¢(4) depending on the A value. This
constant, ¢(4) is estimated by using the LOWESS function (15), which acts as a kind of
regression analysis, and performs robust linear lits by calculating a moving average along the
A axis, using data from an unselected set of genes on the array. Robust in this context means
that the curve is not affected by a small to moderate percentage of diflerentially expressed
genes. The fraction of data to be used for smoothing at each point can be defined by the
researcher. This method assumes that (i) relatively few genes are differentially expressed and
(ii) that no systematic relationship exists between the differential gene expression and the
focation of spots on the array. However, in practice this is not true since spatial bias is a very
common problem and is often caused by hybridization artifacts, print tip and/or plate effects
that occurred during array printing. Print-group LOWESS normalization can correct for both
intensity-dependent bias and spatial bias, by performing LOWESS fits for the data within
each print group. The basic assumptions of this method are that (i) the majority of the genes
are not differentially expressed and (ii) that the number of up-regulated genes is
approximately cqual to the number of down regulated genes. Therefore, all the gencs on the
microarray are used for print-group LOWESS normalization. Moreover, print-group

LOWESS normalization is only effective if the print-group is greater than 1000 spots per
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print-group and that the above assumptions holds true for each print-group. Normalization
between arrays adjusts the M values across all ol the arrays so that they are on the same scale.
This essentially prevents one or more arrays having undue weight when averaging thelog ratio
across arrays. However, normalization between arrays is only effective if the data does not
contain “missing values™, which can result from excluding (lagged data and using background

subtraction.

Image plots of the red and green background helped identify damaged arrays, spatial patterns

and/or miscellancous strange patterns. Although not detected by visual inspection of the
fluorescent images. the image plots clearly showed that all the arrays except WT4 had high
background levels in both the red and green channels (Figs. 5, 6). Moreover, within each
array, the level of red and green background hybridization appeared uniform, except for small
areas/patches that appeared darker. Since these dark patches were localized to small areas,
they were most likely caused by printing defects rather than uneven hybridization, which
would have affected larger arcas of the array. Since the high background may mask/bias the
true intensity value of spots, the microarray data needed to be corrected to remove the bias
attributed by the high background. Background subtraction is the most common method for
background correction, where the local background fluorescence is subtracted from the total
spot intensity. However, background subtraction was found to actually increase the variance
in the data, which is evident by the wide spreading of points at the low fluorescent intensities
(Figs. 7. 8 “subtraction™ panel). In contrast. global background normalization using the
probabilistic method (16), stabilized the variance, which can be seen by the tight clustering of
data points at low intensities (Figs. 7, 8 “probabilistic” panel). The "probabilistic" method
calculated the conditional expectation of the true signal given the observed signal using the
cquation: E(si | si + bi), where the observed signal was considered to be the sum of the true
signal (s7) and the background (hi), which are assumed to follow exponential and normal
distributions respectively. Estimates of the background distribution’s mean and standard
deviation were calculated from the fluorescent values of a defined set of empty spots over the

array.
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KO1 KO2 KO3 KO4

1 2 3 4

WT1

Figure 5. Image plots of the background fluorescence in the red channel. Shown here are
image plots of the red background fluorescence for each individual array which is made up of
4 x 8 grids. Each rectangle represents a DNA microarray slide and the smaller squares
represent the grids. The grids for array KO1 are numbered from left to right and grid number
1 is highlighted within the dashed box. The same grid numbering scheme applies for all the
arrays. The level of brightness is proportional to the level of background fluorescence. WTI
and KO1 represent DNA microarray slides from the first biological infection experiment. KO

represents C/EBPB™. The same labelling scheme applies for infection experiments 2, 3, and 4.
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Figure 6. Image plots of the background fluorescence in the green channel. Shown here

are image plots of the green background fluorescence for each individual array which is made
up of 4 x 8 grids. Each rectangle represents a DNA microarray slide and the smaller squares
represent the grids. The grids for array KO1 are numbered from left to right and grid number
| is highlighted within the dashed box. The same grid numbering scheme applies for all the
arrays. The level of brightness is proportional to the level of background fluorescence. WTI
and KOI represent DNA microarray slides from the first biological infection experiment. KO

represents C/EBPB . The same labelling scheme applies for infection experiments 2, 3, and 4,
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Figure 7. Comparison of background correction methods for C/EBPB™ arrays. Shown

here are Ratio-Intensity plots of microarray data from the C/EBPB” arrays that were

background corrected by subtraction (left panel) or by probabilistic adjustment (right panel).

The average signal intensity (represented as an “A value™) represents A = [0.5 * (logR +

log2G)]. The M values represent the differential ratio of log»(R/G). R and G represented the

background corrected Red and Green intensities respectively.
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Figure 8. Comparison of background correction methods for WT arrays. Shown here are
Ratio-Intensity plots of microarray data from the WT arrays that were background corrected
by subtraction (left panel) or by probabilistic adjustment (right panel). The M values represent
the differential ratio of log(R/G). The average signal intensity (represented as an “A value”™)
represents A = [0.5 * (logaR + log:(G)]. R and G represented the background corrected Red

and Green intensities respectively.

171



Although probabilistic global background normalization removed the high background, Ratio-
Intensity plots revealed that there was significant dye bias, especially at the lower intensities.
The intensity-dependent relationship between the "average signal" (A value) and expression
ratio (M value) for each array can be seen by the curvature of the data and dipping of the
LOWESS line at lower intensities, which was particularly bad for KO1, KO2, KO4, WT2 and
WT4 arrays (Figs. 9. 10 "Background corrected™ panel). The marked decreased background
fluorescence for the WT4 and KO4 arrays, as compared to the other arrays, may be due
fragmentation of the aRNA in the W'T and KO4 aRNA samples. For this pair of samples, the
microarray slides were accidentally broken in the swinging bucket centrifuge during the post-
hybridization washing steps. Consequently. the “back-up™ labelled aRNA for WT4 and KO4
samples, which had been stored at -20°C, were thawed and used for hybridization on new
MEEBO arrays. The single freeze thaw cycle of the labelled aRNA for these samples may
have partially fragmented the aRNA. Interestingly, the fragmentation of aRNA has been
shown to actually improve hybridization kinetics on oligonucleotide printed microarrays (17).
Therefore the shorter aRNA sequences in the WT4 and KO4 samples my have bound more
specifically to their target probes and less non-specifically to the background of microarray
slides. Consequently, the background fluorescence for the WT4 and KO4 microarrays were
much lower than the other microarrays in this study. Moreover density plots of the
background corrected data confirmed the presence of significant dye bias (Fig. 11 A), as
demonstrated by the spread between green and red density lines for cach array. tad there
been no dye bias, the density lines for the red and green channels would have been
superimposed on each other. Furthermore, the mean pixel intensities (log 2) of the red and
green foregrounds ranged from 0 to 16, and centred around 5, which indicated that the
hybridization worked well and that there was no saturation of signal during the scanning
process. llad either of these conditions occurred. the pixel intensity values would have
clustered either at the high or low end of the scale respectively. Since the assumption was
made that the majority of the genes on the arrays, representing the entire mouse genome, were
not differentially expressed during infection, the mean M values were expected to be centered
around zero. However, differential dye bias affecting the arrays resulted in different spreads
of M values for each array, resulting in their median M values deviating around zero (Fig. 12
A). In addition, the degree of intensity-dependent dye bias was not consistent over the array,
and varied by print group, as shown by the deviation from zero and the differing degree of
curvature of the LOWESS lines for each print group (Figs. 13, 14). This was particularly
noticeable in arrays KO1, KO4, WT2 and WT4.
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Figure 9. Identification of intensity-dependent dye biases in C/EBPB” arrays. Shown
here are Ratio-Intensity plots of background corrected C/EBPB” microarrays before and after
print-group LOWESS normalization. The “best fit” LOWESS line is shown in red. The M

values represent the differential ratio of logo(R/G). The average signal intensity is represented

as “A values”, where A = [0.5 * (log:R + log,(G)]. R and G represent the background
corrected Red and Green intensities respectively. KO represents data the KO (C/EBPB™)
array from the first biological experiment. The same labelling scheme applies for infection

experiments 2, 3, and 4.
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Figure 10. Identification of intensity-dependent dye biases in WT arrays. Shown here are
Ratio-Intensity plots of background corrected C/EBPB” microarrays before and after print-
group LOWESS normalization. The “best fit” LOWESS line is shown in red. The M values
represent the differential ratio of log;(R/G). The average signal intensity is represented as “A
values”, where A ={0.5 * (logz:R + log2G)]. R and G represent the background corrected Red
and Green intensities respectively. KOI represents data from the KO (C/EBPB™) array for the
first biological experiment. The same labelling scheme applies for infection experiments 2, 3,

and 4.
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Figure 11. ldentification and correction of dye bias in microarray data. Shown here are
density plots of the smoothed empirical densities for the individual green (green line) and red
(red line) channels (A) after background correction, (B) after print-group LOWESS

normalization and (C) after slide scale normalization between microarray slides.
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Figure 12. Box plots of Ratio-Intensity plots of arrays after within slide and between
slide normalization. Shown here are box plots of the M values which are (A) background
corrected only, (B) normalized by print-group LOWESS and (C) normalized across all arrays
using a slide-scale re-scaling algorithm.The central box represents the inter-quartile range
(IQR), which is the difference between the 75th percentile (upper quartile) and 25th percentile
(lower quartile). The line in the middle of the box represents the median. Extreme values
(>75th percentile and <25th percentile) are plotted individually. WT1 and KOI represent
microarray data from the first biological infection experiment. WT and KO represent wild-
type (C/EBPB™") and C/EBPB respectively. The same labelling scheme applies for infection

experiments 2, 3, and 4.
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Figure. 13. Identification of intensity-dependent spatial dye biases in C/EBPB” arrays.
Shown here are Ratio-Intensity plots of background corrected data by print-group before
normalization. Each large square represents an individual array that is composed of 4 x 8
grids which are represented as smaller squares. The “best fit” LOWESS line for data in each
print-group (grid) is shown is red. The M values represent the differential ratio of log(R/G).
The average signal intensity is represented as “A values”, where A = [0.5 * (logzR + log,G)].
R and G represent the background corrected Red and Green intensities respectively. KOI
represents data from the KO (C/EBPB™) array for the first biological experiment. The same

labelling scheme applies for infection experiments 2, 3, and 4.
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Figure. 14. Identification of intensity-dependent spatial dye biases in WT arrays. Shown
here sare Ratio-Intensity plots of background corrected data by print-group before
normalization. Each large square represents an individual array that is composed of 4 x 8
grids which are represented as smaller squares. The “best fit” LOWESS line for data in each
print-group (grid) is shown is red. The M values represent the differential ratio of loga(R/G).
The average signal intensity is represented as “A values”, where A =[0.5 * (logR + log,G)].
R and G represent the background corrected Red and Green intensities respectively. WTI
represents data from the WT array for the first biological experiment. The same labelling

scheme applies for infection experiments 2, 3, and 4.
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Data shown in the diagnostic plots in figures 9 and 10 indicate that there were significant
spatial and dye biases that needed to be removed from the microarray data before any
quantitative analysis could be done. Print-group LOWESS normalization was considered the
best method o use to remove these systematic biases, since it corrects for both spatial bias
and smoothes the dependence of log ratios on intensities. However, this method was only
reliable if (i) the majority of the genes were not differentially expressed and (ii) that each
print-group consisted of at least 1000 genes. Since most of the genes on the fluorescent
images appeared yellow (not differentially expressed) and the print-groups were composed of
1225 genes, all the assumptions of print-group LOWESS normalization were satisfied and the
data within each array were normalized using print-group LOWESS. Furthermore, spots that
were flagged as bad were given a weighting of 0.1, normalized and retained in the data set,
thereby avoiding the generation of “missing data”. Print-group LOWESS normalization
successfully removed the spatial and dye biases within each array. Density plots showed that
the distributions of the red and grecn intensities essentially became the same for each array
(Fig. 11 B) and box plots of the M values showed that the median of the M values was
centered on zero for all arrays (Fig. 12 B). Moreover, Ratio-Intensity plots of the data no
longer had the previously observed curvature and was more tightly clustered along the
LLOWESS line which was linear and centered around zero (Figs. 9, 10 Print-group LOWESS
normalized™ panel). However, differences in scale and spread of the M values existed between
the arrays, indicating that the data between arrays nceded to be normalized. Since
probabilistic background correction and gene weighting had been used during the
normalization procedure, the microarray data did not contain any “missing values™, a
requirement for between array normalization. The M values between the arrays were therefore
normalized using a sliding scale normalization, which effectively divided the M values in
every array by the Median Absolute Deviation (MAD). Normalization between the arrays
resulted in the density of the red and green channels being the same for all arrays (Fig. 11 C)
and the M values having the same median and spread (Fig. 12 C). The sequential
normalization procedure implemented had therefore effectively removed, as much as possible,

the systematic biases and “non-biological™ differences from the microarray data.
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4. Reproducibility of Microarray Experiments

Although sequential normalization of the microarray data removed as much systematic biases
as possible, there was still considerable “non-biological™ variability due to the inclusion of
questionable or inconsistent data. In order to reduce the probability of erroneously classifying
non-differentially expressed genes as being ditlerential expressed, it was therefore important
to remove the questionable data before procecding with the quantitative gene expression
analysis. Usually, technical replicate or biological replicate experiments are performed to
identify and reduce the variability of microarray data. Biological replicate experiments use
RNA isolated from the independent biological sources and measures both the natural
biological variability and the random variation introduced during the RNA preparation.
Technical replicate experiments measures the natural and systematic variability introduced
during the experiment. Technical replicates include replicated spots within a single array,
multiple alternatively spliced ¢cDNAs/oligos lor a particular gene within a single array, or
repeated hybridizations using the same RNA sample. For example, dye-swap experiments are
commonly used to compensate for technical variation and dye biases that occurred during
labeling or hybridization. However. due to budget limitations, technical replicate
hybridizations and dye-swap experiments were not done in this study. Instead, multiple
replicate spots within each array were used to assess the technical reproducibility of the arrays
and a balanced dye-labelling approach was used to compensate for dye labelling variation.
Moreover, since it is the reproducibility of biological replicates that is important for biological

inference, biological replicate experiments were chosen over technical repeat experiments.

Reproducibility within each array was assessed by calculating the standard deviation (SD) ol
the M values for cach replicated gene on the array. Genes with SD>0.2 were considered
questionable/unreliable and therefore not reproducible. The SD value of 0.2 was chosen since
it is the SD cut off value that many rescarchers use to define questionable data (18). A total of
41 difterent genes were randomly spotted multiple times across the array. The number of
replicates per gene varied from 2 to 20 and the total number of replicate spots was 728. The
reproducibility within all the arrays was poor, where >50% of the replicate genes failed the
SD<0.2 criteria of reproducibility (Table 4). The only exceptions were for arrays KO3 and
WT1 which respectively had 39% and 49% reproducibility among replicated genes. This poor
reproducibility indicated that there were significant technical sources of variation within the
experiments, which may include unequal hybridization kinetics across the individual arrays

and/or variability within the printed arrays.
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Table 4. Technical reproducibility assessed by replicate genes within each array. The
Standard deviation of the M values for each replicated gene was calculated. M values with a

SD<0.2 were “passed™ and considered reproducible. Similarly, M values with a SD>0.2 were

“failed™ and considered to questionable/unreliable.

Total replicate spots

# genes replicated 41 4] 41 41 41 41 4] 4]

# passes I 10 6 7 20 I 15 10

# fails 30 31 25 34 21 30 26 31

ttal replicates 41 41 41 41 41 41 41 41
% pass 27 24 39 17 49 27 37 24

% fail 73 76 61 83 51 73 63 76

In order to reduce the variance and complexity of the microarray gene expression data, the M
values for the replicate spots were merged and averaged over all four biological replicate
experiments. ‘The reproducibility between biological duplicates was measured by linear
regression. Biological replicates were considered reproducible if the correlation between their
M values was greater than 0.3, since Churchill et al found that reproducibility between
biological replicates can be as low as R > 0.3 (19). Comparison of “like-treatment”™ samples,
e.g2. W reared V8. W3 npreared Within the red (CyS) or green (Cy3) channel, showed that the
reproducibility within each treatment group was satisfactory (R*=0.62) (Fig. 15). However,
when the ratio of the intensities, comparing treated vs. untreated samples (M values) were
caleulated. the reproducibility was poor (R*= 0.000001 - 0.13) (Fig. 16). This may have been
due the fact that the individual treatment groups already had a considerable amount of
variation (R*<0.7, Fig 15) and the direct comparison between the treatment groups introduced
even more variation, due to the additive nature of their inherent variances. Ratio-Intensity
plots of the biological replicate experiments showed that the majority of the data was not
reproducible between experiments, as shown by the “outliers”™ which had standard deviations
(SD) greater than 0.2 (blue data in Fig. 17) or SD greater than 0.3 (blue data in Fig. 18) .
Therefore to improve the reliability and confidence of the microarray data, unreliable or
questionable data was removed from the microarray data set. As reviewed by Quackenbusch
et al (18), many researchers define questionable data as those genes which have SD>0.2
between biological or technical replicate experiments. However, since a SD>0.2 cut-off

would require trimming 60% of the genes from the data set, it was considered too stringent.
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Moreover, using the SD>0.2 cut off criteria would result in the exclusion of key
immunological genes, such as TNFRpSS (20), 11-13 (21, 22), p47phox (23), PId2 (24),
Rabget (25), Zip198 (26, 27) and Cyp2b9 (28), which play a significant role during the innate
inflammatory immune response against L. monocytogenes. Since the microarray experiments
were considered an exploratory study, it was more important o include biologically
sipnificant genes in the data for future analyses. Elimination of known and other, as yet,
unidentified biologically relevant genes, would decrease the probability of tulfilling the aims
ol the study, which were to identify genes involved in mediating listericidal activity.
Therefore a less conservative value of SD>0.3, which is used as a yardstick by several data
analysis software e.g. GenePix 5.1 to define reliable data, was used to trim unreliable data
from the microarray data set. Removal of these inconsistent/unreliable “outliers™ with SD>0.3
required 49% of the genes to be trimmed from the data set. However it did result in better
correlation and reproducibility between the biological replicates (R*= 0.3 - 0.4, Fig. 17), but
not to the same extent when a SD>0.2 cut off was used (R*= 0.2 - 0.4, Fig. 18). Had there
been no budget limitations, the microarray experiments would have been repeated using

commercial, high quality microarray slides in order to obtain statistically reliable data.
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Figure 15. Reproducibility of fluorescent intensities between biological replicate
experiments. The normalized red (Cy5) or green (Cy3) fluorescent intensities for “like”
treatments labelled with the same dye were plotted against each other for each biological
experiment. Reproducibility of the fluorescent intensities between the biological experiments
was measured by linear regression (red line). Biological replicates were considered
reproducible only if the correlation between the fluorescent intensities was R?>0.3. Treated
refers to aRNA generated from IFN-y activated macrophages infected with L. monocytogenes.
Untreated refers to aRNA generated from media control macrophages. WT1 and KOI
represent data from the WT or KO (C/EBPB™) arrays for the first biological experiment. The

same labelling scheme applies for infection experiments 2, 3, and 4.
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Figure 16. Reproducibility of gene expression ratios between biological replicate
experiments. The normalized M values for each spot was plotted against each other for each
biological experiment. Reproducibility of the M values between the biological experiments
was measured by linear regression (red line). Biological replicates were considered
reproducible only if the correlation between the M values was R?>0.3. The M value represents
the ratio of the fluorescent intensities for treated vs. untreated aRNA bound to each spot.
Treated refers to aRNA generated from [FN-y activated macrophages infected with L.
monocytogenes. Untreated refers to aRNA generated from media control macrophages. WTI
and KO1 represent data from the WT or KO (C/EBPB”) arrays for the first biological

experiment. The same labelling scheme applies for infection experiments 2, 3, and 4.
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Figure 17. Reproducibility of gene expression ratios between “trimmed” biological
replicate experiments (SD<0.2). The normalized M values for each spot was plotted against
each other for each biological experiment. M values with SD>0.2 (blue) were considered
questionable and were removed from the data. Reproducibility between the biological
experiments was measured by linear regression (red line) of the remaining M values (black).
Biological replicates were considered reproducible only if the correlation between the M
values was R*>0.3. The M value represents the ratio of the fluorescent intensities for treated
vs. untreated aRNA bound to each spot. Treated refers to aRNA generated from [FN-y
activated macrophages infected with L. monocytogenes. Untreated refers to aRNA generated
from media control macrophages. WT] and KOl represent data from the WT or KO
(C/EBPB™) arrays for the first biological experiment. The same labelling scheme applies for

infection experiments 2, 3, and 4.
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Figure 18. Reproducibility of gene expression ratios between “trimmed” biological
replicate experiments. The normalized M values for each spot was plotted against each other
for each biological experiment. M values with SD>0.3 (blue) were considered questionable
and were removed from the data. Reproducibility between the biological experiments was
measured by linear regression (red line) of the remaining M values (black). Biological
replicates were considered reproducible only if the correlation between the M values was
R?>0.3. The M value represents the ratio of the fluorescent intensities for treated vs. untreated
aRNA bound to each spot. Treated refers to aRNA generated from I[FN-y activated
macrophages infected with L. monocytogenes. Untrealed refers to aRNA generated from
media control macrophages. WT1 and KOI represent data from the WT or KO (CfEBPB'/')
arrays for the first biological experiment. The same labelling scheme applies for infection

experiments 2, 3, and 4.
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5. Biological Relevance of Microarray Data

Despite the poor reproducibility within and across the microarrays, biologically relevant data
could still be extracted. Several genes involved in host defense and immune responses were
significantly up-regulated in both the WT and C/EBPB” macrophages during L.
monocytogenes intection (Fig. 19 A). For example, the pro-inflammatory cytokines IL-1a,
[L-[3, 1L-6, IL-12p40, IL-18, TNF and chemokines MIP-1a, MIP-1(3, MIP-2, MCP-1. MCP-3,
MIG and ITAC were significantly up-regulated in both the WT and C/EBPP” macrophages.
Similarly. inducible nitric oxide synthase (iNOS), which catalyzes the formation of
bactericidal nitric oxide, was efficiently induced in both WT and C/EBPB” macrophages.
Morcover, several genes involved in mediating [FN-y and TNF signalling were highly up-
regulated in both WT and C/EBPB” macrophages. For example, ICSBP, IRF1, Interferon-
induced protein with tetratricopeptide repeats 2 (lfit2), 1fit3, Interferon-induced protein 35
(11135), Interferon activated gene 203 (11i203) and Interferon activated gene 2028 (1fi202b)
are important for [FN-y-mediated signalling. whereas TNFRp55, TNF receptor superfamily
member 5 (TnfrsfS), TNF ligand superfamily member 10 (Tnfsf10) and TNF ligand
superfamily member 4 (Tnfsf4) are important for TNF signalling. In addition, Myd88, the
adaptor protein essential for integrating TLR signalling to downstream effectors, was also
highly up-regulated in both genotypes. Similarly the genes for Macrophage activation 2
(Mpa2) and Histocompatibility 28 (H28), which are important for macrophage activation and
MHC class 11 expression respectively, were also induced in WT and C/EBPB” macrophages.
More importantly, C/EBPP was up-regulated only in W'I' macrophages (Fig. 19 B) and the
induction of C/EBP[3 target genes such as G-CSIF, CLECSE9, 11.-12p35 and ISGF3y were
impaired in the C/EBPRE” macrophages (Fig. 19 B). C/EBP[3 was shown to be essential for the
induction of G-CSF during innate immunity against L. monocytogenes (29), Mycobacterium
tuberculosis (30) and Brucelta abortus (31). Similarly, C/EBPB was found to be necessary for
the induction of CLECSF9 in response to LPS, TNF. 1L.-6, and IFN-y stimulation (32) and [L-
12p35 during Candida albicans infection (33). In addition, C/EBPP was shown to play an
important role in 1FN-y signaling transduction via its transcriptional regulation of ISGF3y, a
component of the ISGFE3 protein complex that is essential for IFN signaling (34). Since the
microarray gene expression patterns for several immunologically relevant genes were as
expected from the literature, it was concluded that although the microarray gene expression
data did not have good reproducibility on a statistical level, it did contain biologically relevant
data. Therelore the decision was made o go ahead and continue with the analysis in order to

identify the genes involved mediating listericidai activity.
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Figure 19. Microarrays contained biologically relevant data despite poor
reproducibility. (A) Efficient induction of pro-inflammatory cytokines, chemokines and
genes involved in host immune responses during L. monocytogenes infection in both the WT
and C/EBPB” macrophages. (B) Impaired induction of C/EBPP target genes in C/EBPB”
macrophages. Shown are Eisen plots where columns represent the average of four WT and
C/EBPB”" (KO) microarray experiments. Rows represent the average expression ratios of
individual genes, which is the ratio of the mRNA levels for the gene in IFN-y activated
macrophages infected with L. monocytogenes as compared to untreated macrophages. Genes
which have higher levels of their encoding mRNA in IFN-y activated macrophages infected
with L. monocytogenes than in the untreated macrophages are defined as up-regulated and are
coloured red. Conversely, genes which have lower levels of their encoding mRNA in IFN-y
activated macrophages infected with L. monocytogenes than in the untreated macrophages are
defined as down-regulated and are coloured green. The intensity of red or green shading is

proportional to the level of gene up-regulation or down-regulation respectively.
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6. ldentification of differentially expressed genes

The aim of the microarray experiment was to identify macrophage genes downstream of
C/EBP that are involved in mediating listericidal activity. Differentially expressed (DE)
genes were identified by a paired T-Test that was based on permutation rather than
distribution, in order to directly control the Type | Family Wise Error Rate (FWER) and
thereby reduce the probability of erroneously identifying genes to be differentially expressed.
The Type I error rate is the probability of rejecting the null hypothesis when the null is in fact
true. The null hypothesis in this case was that there was no difference in gene expression
between the infected WT and C/EBPB™ macrophages. Moreover, since there were 26000
genes (o test, this meant that 26000 hypothesis tests were needed to be conducted (one
corresponding to each t-test). If each test with a p<0.05 was considered to be significant, this
meant that there was a 5% probability of rejecting the null hypothesis when the null was in
fact true. In other words. 5% of the DE genes (1308 genes) would be falsely identified as
being differentially expressed. If only one gene were being studied. a 5% margin of error
would not be problematic. However, since 26000 genes were being tested, having 1308 false
conclusions in one study was unacceptable. Therefore, it was essential to account for multiple
testing when identifying differentially expressed genes. Many multiple testing procedures are
designed to directly control the FWER. The most common methods include Bonferroni
correction, the sequential methods of Hochberg or Holm or the re-sampling-based methods of
Westfall & Young (35). Generally, these methods involved adjusting the p-value for each test
(i.e. gene), so that even though the critical p-value for the entire data set was still equal to
0.05, ecach gene was evaluated at a lower p-value. Another multiple testing method is the
control of the False Discovery Rate (FDR), where the expected number of false rejections
among the rejected hypotheses is controlled by the researcher (36). In general, procedures that
control the FWER tend to be more conservative than those that control the FDR. However,
statistical significance is not necessarily the same as biological significance and p-values
should be used to evaluate the strength of the evidence, rather than being used as an absolute
yardstick of significance. Ultimately, what matters most is the biological significance and
relevance of the data. Therefore, differentially expressed genes were identified by a paired T-
Test where p-values were based on 00 random permutations per gene and significance was
determined by Standard Bonferroni Correction (37, 38). Differentially expressed genes were
defined as those genes whose expression was significantly higher or lower in the C/EBPB™
macrophages as compared to the WT in all 4 biological experiments. A total of 1268 genes
were identified from the whole mouse genome of approximately 26000 genes to be

differentially expressed. Furthermore, 55% of the DI genes were up-regulated, 45% were
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down-regulated. Most of the DI genes had relatively small M values, which ranged from -0.8
to 1.2 on a log2 scale, with the majority clustering between 0.2 - 0.6 on a log2 scale (Fig. 20
A). The small M values may have been a consequence of the normalization process or may
naturally have been small and not explicitly large due to slight differences in gene expression

levels between the WT and C/EBPB” macrophages.

The next important step in the analysis was to choose candidate genes for further study. A
natural approach was to select the most highly induced or repressed genes. Selection of the
top ten most highly up-regulated or down-regulated genes in the infected C/EBPR™
macrophages revealed that the majority were “unknown™ genes for which there was neither
functional information nor literature (Fig. 20 B). I'or example, the function or cellular location
of the genes for Downs syndrome critical region homolog 6 (Dscr6), SE'T and MYND domain
containing 4 (Smyd4), 1700009J07Rik, 2310020A21Rik, 2900092C0OSRik, 4833401 D15Rik,
4930563F08Rik, 5830435NI17Rik, 8430436L.14Rik, A830027B17Rik, B230324K02Rik,
D6300301.16Ri1k and K02154 are not known. [ligh mobility group AT-hook 2 (Hmga?2) is
involved in DNA binding and packaging within the chromosome. It is also involved in the
regulation of DNA-dependent transcription. Interleukin | family member 6 (I1116) is involved
in the inflammatory immune response and has cytokine activity. The function of leucine rich
repeat containing 6 (Lrre6) is unknown, but it is tempting to speculate that it may be involved
in recognition and/or binding L. monocytogenes cell wall products, similar to the leucine rich
domains of the TLRs. Regulator of G-protein signalling 5 (Rgs5) is involved in G-protein
coupled receptor (GPCR) protein signalling and has GTPase activator activity. G-protein
coupled receptor 119 (Gprl19) is involved in the GPCR protein signalling pathway.
Vomeronasal | receptor B4 (V1rb4) is involved in the GPCR protein signalling pathway and
sensory perception of chemical stimulus. Endothelial lipase (Lipg) is involved in the
hydrolysis of triacylglycerol, lipids and lipoproteins. Rgs5 and IL-1f6 were considered
potential candidates for further study. since they have been shown to play important roles in
signal transduction and innate immune responses. Rgs5 is a key regulator of GPCR protein
signalling and negatively regulates G protein signalling by acting as a GTPase-activating
protein (GAP) for G alpha subunits of (i protein coupled receptors (GPCRs) (39). IL- 116 was
shown to be important for pro-inflammatory responses by acting as an IL-1 agonist which in
turn activated NF-kB through the orphan IL-1 receptor-related protein 2 (40). However, since
the proteins encoded by these genes appeared to act carly (upstream) in their signalling
pathways, they were not considered good candidates for effecting bacterial killing. In

addition, the selection of candidate genes based on the highest fold difference in gene
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expression levels would not be the wisest method to use, since the assumption would be made
that the bigger the fold ditference, the more significant the biological cffect. This may not
necessarily be true, since it may be possible that a small change in a complex biological
system can have a much greater far-reaching effect on the entire system than an overtly large
change. For example a small change in the expression levels ol a transcription factor can have
a far greater biological implication than a large change in the expression levels of a gene
involved in protein degradation.
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Figure 20. Differential expression of genes in the C/EBPB” macrophages as compared to
WT. (A) Frequency of M values (log ratios) of the differentially expressed genes which has
SD<0.2 (filled bars) or SD<0.3 (open bars). (B) The top ten genes in the infected C/EBPR”
macrophages with biggest or smallest fold difference in gene expression as compared to W'T

macrophages.
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Moreover, since the microarray data represented only one time-point after infection (4 hours).
biological functions could not be inferred upon the unknown genes based on co-clustering
with known genes. Clusters based on gene expression data have been shown to be enriched
for genes known to be involved in similar biological process, therefore implying that
unknown genes in these clusters may also be involved in those processes (41, 42). In addition,
since the microarray gene expression data lacked kinetic dimension, candidate genes could
not be sclected based on interesting expression patterns during the time course of the
infection. Instead, the DE genes could only be grouped into four simple patterns of expression
during L. monocytogenes infection (Fig. 21): Group | genes were down-regulated in both WT
and (‘,/EBPB""/‘ macrophages, where the degree ol down-regulation was either greater or lower
in the C/EBPB”™ macrophages. Group Il genes were up-regulated and group 111 down-
regulated in the C/EBPP” macrophages during infection as compared to WT. Group |V genes
were up-regulated in both genotypes, but the degree of down-regulation was either greater or
lower in the C/EBPB“/' macrophages as compared to WT' controls. However, these simple
expression patterns still did not help identify genes that were involved in mediating
listericidal activity. A deeper understanding of the biological functions of the DE genes
during innate immunity and related processes was needed in order to make an educated
decision of which genes to choose for further analysis. However, since there were 1268 DE
genes, it would be an overwhelming task to rescarch each individual gene. ‘Therefore, a new
stratepy. focussing on particular biological functions and characteristics was developed to

choose candidate gencs.
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Figure 21. Hierarchical clustering of differentially expressed based on genes expression
values, Differentially expressed genes were hierarchically clustered in to four groups (I to 1V)
using Euclidean distance and average linkage. Shown is an Eisen plot where columns
represent the average of four WT and C/EBPB'/' (KO) microarray experiments. Rows
represent the average expression ratios of individual genes, which is the ratio of the mRNA
levels for the gene in I[FN-y activated macrophages infected with L. monocytogenes as
compared to untreated macrophages. Genes which have higher levels of their encoding
mRNA in [FN-y activated macrophages infected with L. monocytogenes than in the untreated
macrophages are defined as up-regulated and are coloured red. Conversely, genes which have
lower levels of their encoding mRNA in [FN-y activated macrophages infected with L.
monocytogenes than in the untreated macrophages are defined as down-regulated and are
coloured green. The intensity of red or green shading is proportional to the level of gene up-
regulation or down-regulation respectively. During L. monocytogenes infection of IFN-y
activated macrophages, Group | genes are down-regulated in both WT and C/EBPB™
macrophages, Group [I genes are up-regulated in C/EBPB” but down-regulated in the WT
macrophages, Group Il genes are down-regulated in the C/EBPB™ but up-regulated in the

WT macrophages and Group IV genes are up-regulated in both WT and C/EBPB”

macrophages.
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7. Focussed Functional Clustering

Since the aim of the microarray experiment was to identify listericidal genes downstream of
C/EBPP, it was hypothesized that these genes may (i) be transcriptional targets of C/EBPB
and may therefore contain C/EBP{ binding sites in their promoter and/or binding sites for
other transcription factors that synergize with C/EBPP, (ii) be involved in transcription of
further downstream effector genes, (iii) be involved in host defense and immunity, (iv) be
involved in the production of bactericidal ROl and RNI molecules, (v) be involved in
promoting phagosome maturation, phago-lysosome [usion and subsequent lysosome-mediated
bacterial killing and/or (vi) be involved in signal transduction of extracellular and intracellular
stimuli. A focussed functional clustering strategy was therefore developed (Fig. 22). in which
promoter analysis was used to identify potential C/EBP3 target genes and functional data
mining of the gene ontology database extracted (unctional data for each DE gene, describing
its ccllular localization, biological processes and molecular functions. In addition, the strategy
included literature mining ot the PubMed database to uncover the roles of the DE genes in
host defense and immunity to intracellular pathogens, phagosome maturation, phago-
lysosome fusion and signal transduction. After extraction and assignment of functional data,
the DE genes would be clustered into the above six “focus™ groups based on their gene
ontology associations, promoter analysis and previously published functional roles. Candidate
genes belonging to 3 or more of the focus groups would then be selected for further analysis.
The rationale for selecting genes which intersected with 3 or more (i.e. >50%) of the focus
functional groups, was that this strategy may increase the probability of selecting candidate
genes which have a significant biological impact on the resolution of L. monocytogenes
infection. For example, the genes that clustered into only one or two of the functional focus
groups were comprised mostly of putative C/EBPJ3 target genes. However, DE genes that
intersected with 3 or more of the functional focus groups were found 1o be enriched for those
genes which have already been described in the literature to play a significant role in innate
immunity to L. monocyvtogenes (‘Table 5). Moreover, the significant biological impact for
three of these DE genes during L. monocytogenes infection has been demonstrated in gene
deficient mouse models. IFor example, mice deticient for IL-1 (21, 43), p47phox (23) and
TNFRpS55 (20) display increased susceptibility to L. monocytogenes. Therefore co-clustering
of DE genes with these “high biological impact™ genes may therefore highlight which of the

[268 DI genes should be selected for further analysis.
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Figure 22. Focussed Functional Clustering Strategy. Promoter analysis is used to identify
potential C/EBPJ target genes and data mining of the Gene Ontology database extracts data
for each DE gene describing its cellular localization, biological processes and molecular
functions. In addition, literature mining of the PubMed database is used to uncover the roles
of the DE genes in host defense and immunity to intracellular pathogens, phagosome
maturation, phago-lysosome fusion and signal transduction. After extraction and assignment
of functional data, the DE genes are clustered into the above six “focus” groups based on their
functional annotations and genes belonging to 3 or more of the focus groups are selected for

further analysis.
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Table 5. The intersection of DE genes between one or more of the functional clustering

focus groups. Listed are the gene accession number, gene symbol, standard deviation (SD)

for the average gene expression ratio and the number of functional cluster groups that each

gene belongs to. Shaded in light grey are the genes that would have been exlcuded from the

candidate DE gene list when using a SD > 0.2 cut off for unreliable data. Genes highlighted in

red are reported in the literature to play a role during L. monocytogenes infection.

Accession Symbol Occurrence in Std Dey << ().2
Functional Cluster
Groups
| NM_011103 PKC3 (44) 7 <0.2
NM 183405 Cox6b2 5 <0.2 |
8030450C14Rik ENDASDF 5 <0.2 f
NM 133225 Acbd3 4 <0.2 |
NM (53319 Amot 4 <0.2 7
NM_009725 Atp5fl 4 <0.2 |
NM_172257 BC023957 4 <0.2
NM_172599 D14Ertd436e 4 <0.2
D530030D03Rik ENDASDF 4 <0.2
C330013F 16Rik ENDASDF 4 <0.2
9430006E [ SRik ENDASDF 4 <0.2
| NM_145546 Gtf2b 4 <0.2
| NM_144513 Gtl2 4 <0.2
NM_ 008349 1110rb 4 <0.2
| NM_010744 Ulrlll 4 <0.2
NM_010562 Ik 4 <0.2
| NM_147102 OIfr552 4 <0.2
NM_080843 Socs4 4 <0.2
NM_207543 Virdl0 4 <0.2
NM_178066 1110012D08Rik 3 <0.2
XM_485446 1700125D06R ik 3 <0.2
| NM_175216 4930506C02Rik 3 <0.2
NM_178936 4930577M16Rik 3 <0.2 |
NM 175163 4933416E05Rik 3 <0.2 |
| NM_145562 9130213B0OSRik 3 <0.2 ’
NM_177790 A930006D11 3 <0.2 |
NM_145415 AA408296 3 <0.2 \
NM_019811 Acas2 3 <0.2 |
NM_013925 Adat! 3 <0.2
XM 287445 AF013969 3 <0.2
NM_198626 Al480653 3 <0.2
NM_144897 Apoalbp 3 <0.2
'NM_007471 App 3 <0.2
| NM_007477 Arf2 3 <0.2
NM 134034 AW011752 3 <0.2
NM 173071 Bai2 3 <0.2
| NM 145402 BC003277 3 <0.2
| NM_145624 BC021921 3 <0.2
NM_198967 BC023818 3 <0.2
NM 183217 BC042698 3 <0.2
NM 007541 Bglap!l 3 <0.2 i
NM_021426 C030019F02Rik 3 <0.2
NM_007579 Cacnalb 3 <0.2
NM_019405 Cetn2 3 <0.2 |
NM_009888 Cth 3 <0.2 ]

196



NM_ 015730 Chrnad 3 <02
NM 016877 Cnot4 3 <02
NM 007792 Csrp2 3 <0.2
NM 183223 D730018G16 3 <0.2
'NM_001003919 Ddx| | 3 <02
NM 013764 Dguok 3 0.2
NM 007857 Dhh 3 <02
NM 033374 Dock2 3 <02
NM 181682 Dsglb - 3 <0.2
NM 019422 Elovl | 3 <02
Terg-Vs ENDASDF 3 <0.2
Myola ENDASDF 3 <02
DGErtd245e ENDASDF 3 <0.2
D430030G | [Rik ENDASDF 3 < 0.2
D130048G 1 0Rik ENDASDF 3 0.2
D030067006Rik ENDASDF 3 <0.2
(230053E | IRik ENDASDF 3 <0.2
C030046F | 1Rik ENDASDF 3 <0.2
C030002B 1 1 Rik ENDASDF 3 <0.2
BC042494 ENDASDF 3 <0.2
BC037095 | ENDASDF 3 <02
AKO081365 ENDASDF 3 <0.2
AK038840 ENDASDF 3 <0.2
AK030863 ENDASDF 3 <02
AK009485 ENDASDF 3 <0.2
AK002970 ENDASDF 3 <0.2
AJ006521 ENDASDF 3 <0.2
AF159803 ENDASDF 3 <0.2
A9300191.04Rik ENDASDF 3 <0.2
9530020007Rik ENDASDF 3 <0.2
94300401K09Rik ENDASDF 3 < 0.2
14930553D19Rik ENDASDF 3 <0.2
4930447122Rik ENDASDF 3 <0.2
NM 146129 F730014105Rik 3 <0.2
NM 177320 F7300381 15Rik 3 0.2
“NM 008072 Gabrd 3 <0.2
NM 010252 Gabrgl 3 <02
NM 008109 Gdfs 3 <0.2
| NM 183427 Glra2 3 0.2
715022 IGHV9S3 3 <0.2
AJ235943 IGKV4-70 3 <0.2
NM 145958 Kbtbd2 3 <0.2
| NM 010663 Krtl-17 3 <0.2
NM 133357 Krtcapl 3 <02
NM_177250 Lrrnéd 3 <0.2
NM 05325 MP4 3 <0.2
NM 181072 Myole 3 0.2
NM 080849 Nek8 3 <0.2
| NM_ 183248 Nkx6-2 3 =02
NM_ 146391 Olfr1058 3 <0.2
NM_ 146396 | OIfr1277 3 <02
NM 147068 Olfr166 3 <0.2
NM 146749 OIfr875 3 <02
NM 175094 Pdhx 3 <0.2
NM_ 182930 Plekha6 3 <0.2
XM 487324 Polr3a B 3 <02
| NM 007453 Prdx6 3 0.2
| NM_198703 Priwnh | 3 =02
NM 011220 Pts 3 = 0.2
NM 021326 Rbak 3 < 0.2
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NM 019708 - Scoc 3 <02
NM 145581 Siglec3 3 <0.2
NM_001002898 Sirpb 3 <02
NM 175283 Srdsal 3 <0.2
NM 020565 Sult3al 3 <0.2
NM_ 134011 Tbrgd 3 < 0.2
NM 011582 Thbs4 3 Z02
NM 175274 Ttyh3 3 <02
NM 011667 Ubelyl 3 <0.2
XM 135707 06100 10KO06R ik 2 < 0.2
XM 146151 16000 16N20R k 2 <02
XM 126808 1700013G20Rik 2 < 0.2
NM 025471 1810030N24Rk 2 =0.2
NM 023397 1810034K 20R ik 2 <0.2
NM 134133 2010002N04Rik 2 <0.2
NM 175145 2310003P 10Rik 2 <0.2
NM (28839 231001 4HI9Rik 2 <0.2
| NM 019974 2310015108Rik 2 <0.2
'NM 181397 231001SN21Rik 2 < 0.2
NM 133714 2310037124Rik 2 <0.2
NM 153776 2410008105Rik 2 <0.2
NM (25556 24100221.05Rik 2 <02
' NM 01942 425018-1 2 < 0.2
NM_ 177307 4732474 A20R ik 2 <0.2
NM 172468 473248 IHI4Rik 2 < 0.2
NM_177769 - L 4831417L10 2 0.2
NM_029777 4930418POGRIk 2 < 0.2
NM 183131 493045111 1Rik 2 <0.2
NM 029478 4930579A11Rik 2 0.2
NM 1725835 4932408B2 1 Rik 2 202
NM 173764 49324 14K 18Rk 2 < 0.2
NM 198004 513340 NO9Rik 2 <02
NM 172935 5730457F | IRik 2 < 0.2
NM 173443 573053811 5Rik 2 =02
NM 134078 6330407GO4RIk 2 <02 N
NM 198035 7030401021Rik |2 <0.2
XM 355515 92301 1OM18Rik 2 <02
XM 488560 9530080M | 5Rik 2 <0.2
NM 77179 99300221 [6Rik 2 < 0.2
XM 488773 A230028005Rik 2 <0.2
NM 175079 A730016F [ 2Rik 2 <0.2
NM 172711 AA407526 2 <0.2
NM 007378 Abcat 2 < 0.2
NM 177470 Acaa2 2 < 0.2
NM 022816 Acate3 2 < 0.2
NM 016860 Actrla 2 <0.2
NM 011782 Adamts5s 2 < 0.2
NM 013462 Adrb3 2 <02
NM 199028 AK 122525 2 < 0.2
NM_ 153066 AKS 2 0.2
NM 007431 Akp2 2 0.2
NM 001003946 Als2er(3 2 <0.2
NM 024204 Ankrd22 B > “0.2
NM 145611 Ankrd25 2 < 0.2 N
NM 194341 Aplebp] 2 < 0.2 '
NM 019824 Arped - 2 < {.2
NM 178408 Arrde] 2 < 0.2
NM 133699 Atpov1¢2 2 < 0.2
NM 007510 Atpovlel 2 <0.2
NM_ 133826 Atp6v 1 h 2 <0.2

198



NM 178927 AV344025 2 < 0.2

NM 178038 BI30017P[6Rik 2 <02

NM 173427 B230308G 19Rik 2 <02

NM 178766 B230315FIRik 2 <02

NM 172742 BB 128963 2 <02

NM 199222 1 BC020188 2 <0.2

NM 201352 BC024955 2 <0.2 N
NM 177601 BC027828 2 <0.2
NM 001001326 BC032266 2 <02 -

NM 009737 Beat2 2 0.2

XM 128275 Brd| 2 =02

NM 172757 C030036P 5Rik 2 <0.2

NM 177842 (130021120 2 <0.2

NM 145540 C77668 2 <02

NM 009783 Cacnalg 2 <02

NM 009792 Camk2a 2 <02

NM 009835 Cer6 2 <02

NM 153098 Cd109 2 -~ 0.2

NM_007688 i 2 ~ 0.2

NM 009891 Chat 2 <0.2 ]
NM 007691 Chek] 2 <02

NM 138385 Cherp 2 < 0.2

NM 009900 Clen2 2 <02

NM 033444 Clicl 2 <02

NM 009932 Col4a2 2 <02

NM_007744 | Comt 2 <0.2

NM 011991 Cops3 2 < 0.2

NM 013715 Cops5 2 <02
NM 012003 Cops7a 12 < 0.2
NM 013767 Csnkle 2 (.2
| NM 016716 Cul3 2 <02

NM 010010 Cypdbal 2 <0.2
NM_ 138596 D13Wsusle 2 <02

NM 023731 DI9End678e 2 <0.2

NM_ 172490 D5Erd[35e 2 <0.2

NM 012008 Ddx3y 2 <0.2

XM 133485 Dhrsx 2 <0.2

NM 023314 Eifdcl3 2 <0.2

NM 178736 tlinod?2 2 <0.2

Fbxl7 ENDASDF 2 <02
F730002C09Rik ENDASDFE 2 <02

Drid ENDASDFE 2 <0.2

D930040F23R ik ENDASDF 2 0.2

D930016DO6Rk ENDASDF 2 “0.2 7

DY30006K I 5Rik ENDASDF 2 © 0.2

D730047E02Rik ENDASDF 2 < 0.2

6300161 17Rik ENDASDF 2 < 0.2

(3300 (8A 13RIk ENDASDF 2 < 0.2

BC030943 ENDASDF 2 <0.2

BC027782 ENDASDE 2 <0.2

B230343A 10Rik | ENDASDF 2 <0.2

AK079817 ENDASDF 2 <02
| AK045323 | ENDASDF 2 <02
| AK034422 ENDASDF 2 <0.2 )
AK030927 ENDASDF 2 92 )
| AK008158 ENDASDF 2 < 0.2

A930033M 4RIk ENDASDF 2 ~0.2

A930007D18Rik ENDASDF I E 0.2
AI30079P16Rik ENDASDF 2 <0.2
 9830137A06Rik ENDASDF 2 <0.2
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9430022A06Rik ENDASDF 2 <0.2
8430436014Rik ENDASDF 2 <0.2
| 7330412A13Rik ENDASDF 2 <0.2
| 5830411007Rik ENDASDF 2 <0.2
| 4930405G09Rik ENDASDF 2 <0.2
| NM_007991 Fbl 2 <0.2
. NM_013911 Fbx!12 2 <0.2
- NM_028841 Fbx023 2 <0.2
' NM_010192 Femla 2 <0.2
NM 011711 Fmnl3 2 <0.2
NM_183358 Gadd45gip| 2 <0.2
' NM 011819 Gdf15 2 <0.2
' NM_013529 Gfpt2 2 <0.2
NM_ 145929 Ggal 2 <0.2
NM_177756 Glt25d2 2 <0.2
NM_020273 Gmeb| 2 <0.2
NM_010325 Got2 2 <0.2
NM_008175 Gm 2 <0.2
NM_146120 Gsn (45, 46) 2 <0.2
NM_010388 H2-DMb2 2 <0.2
' NM_008205 H2-M9 2 <0.2
' XM_131076 Hbxip 2 <0.2
NM_008227 Hen3 2 <0.2
' NM_133849 Hrh3 2 <0.2
| NM_018741 1gfbpl 2 <0.2
LAJ235934 IGKV 12-66 2 <0.2
XM_134910 ireb2 2 <0.2
' NM_010596 Kcna? 2 <0.2
' NM_020574 Kcne3 2 <0.2
' NM_I77715 Ketd]2 2 <0.2
' NM_146188 Kctdl1s 3 <0.2
NM_183390 Klhl6 2 <0.2
NM_008465 Kpnal 2 <02
NM 010686 Laptm5 2 <0.2
NM_010689 Lat 3 <0.2
' NM_198646 LOC381062 2 <0.2
NM 011843 Mbc2 2 <0.2
' NM_013595 Mbd3 2 <0.2
' NM_008564 Mcm?2 2 <0.2
' NM_011844 Mgli 2 <0.2
NM_008598 Mgmt 2 <0.2
| NM 133761 Mitcl 2 <0.2
' NM_008615 Mod| 2 <0.2
NC_004279 MoV3sS2gpl 2 <0.2
' NM_008209 Mrl 2 <0.2
NM 021718 Ms4adb 2 <0.2
| NM_144843 Mtmr6 2 <0.2
| NM_008098 . Mtpn 2 <0.2
| XM_485520 Myom3 2 <0.2
| NM_007501 Neurod4 2 <0.2
| NM_182716 Nfasc 2 <0.2
| S81451 NFI-X3 2 <0.2
NM_008706 Ngol 2 <0.2
| NM_146818 Olfr1218 2 <0.2
| NM_207157 Olfr1333 2 <0.2
NM 207573 Olfr1380 2 <0.2
NM_147082 Olfr609 2 <0.2
NM_146665 Olfr732 2 <0.2
NM_146419 OIfr883 2 <0.2
NM_147105 Olfr978 2 <0.2
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NM 011863 Papss| 2 <0.2
NM 033609 Pcqap 2 < 0.2
NM 172665 Pdkl 2 <0.2
NM 145978 Pdlim2 2 < 0.2
NM 011822 Pigq 2 < 0.2
NM 013632 Pip 2 <0.2
NM 175170 Pogk 2 < 0.2
NM 008905 Ppfibp2 2 <0.2
NM 013636 Ppplce 2 < 0.2
NM 011625 Ppplrl3b 2 <0.2
NM 024209 Ppp6e 2 <0.2
NM 016914 Prg3 2 <0.2
XM 131444 Prpf4 2 <(,2
NM 011223 Pxn 2 <0.2
NM 019773 Rab9 2 < 0.2
NM 053268 Rasa2 2 < 0.2
NM 133925 Rbm23 2 <0.2
NM 145620 Rnu3ip2 2 <0.2
NM 009105 Rsul 2 <0.2
NM 172676 Samd 10 2 <0.2
BC067198 Samhdi 2 <0.2
NM 172604 Scara3 2 < (.2
NM 133199 Scnda 2 <(.2
NM 207214 Sec10l1 2 < 0.2
NM (09247 Serpinale 2 < (.2
NM 018877 Setdb 1 2 < 0.2
NM 175102 Sf3b5 2 <02
NM 009159 SfrsS 2 <0.2
NM 176846 Slac2b 2 <0.2
NM 145156 Sle25a28 2 <0.2
NM 013901 Slc39al 2 <0.2
NM 145423 SleSa8 2 <02
NM 172271 Slebal? 2 <0.2
NM 007514 Slc7a2 2 <0.2
NM 146236 Teeall 2 <0.2
NM 009335 Tefap2e 2 < (.2
NM 172541 Tmpit 2 < 0.2
NM 011605 Tmpo 2 <(.2
NM 009397 Tofaip3 2 <0.2
NM 011626 Tparl 2 < 0.2
AY251388 Trim46 2 < 0.2
NM 009437 Tst 2 < 0.2
NM 001001981 Utpl4b 2 <0.2
NM 009498 Vamp3 2 <02
NM 013703 Vidir 2 <0.2
NM 009518 Wntl0a 2 <0.2
NM 172993 Zfp512 2 <0.2
NM 183154 Ztyvel 2 <0.2
XM 127031 Zfyvel6 2 <0.2
NM 172700 Zmpste24 2 <0.2
NM 013859 Znhit2 2 < 0.2
NM 017461 37135 | < (.2
NM 172920 1100001119Rik I < 0.2
NM 024244 120001 5N20R ik | < 0.2
XM 128462 17000101 19Rik | < 0.2
NM 023816 1700012M14Rik | < 0.2
XM 132393 17000 1 6K 13Rik 1 < 0.2
XM 358772 [810015A 1 IRk 1 <0.2
XM 126658 2310003HO I Rik 1 < 0.2
NM 025519 2310010116Ri1k | < (.2
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[ NM_024246 2310042N02Rik I <02
XM 131053 241001 5C20Rik | <02 ‘
XM_128698 2610024N24Rik l <0.2
XM_128768 4921517J08Rik | <0.2
NM_177570 4933406A 14Rik ] <0.2
XM_130851 4933421B21Rik ] <0.2
XM_127023 4933437F05Rik 1 <0.2
XM_134954 5430433E21Rik I <0.2
XM_132538 5830411GI6Rik [ <0.2
NM_146104 6530402N02Rik | <0.2
NM_177802 9030221C07Rik 1 <0.2
NM_033145 9230106L | 8Rik I <02
NM_172524 9530066K23Rik I <0.2
NM_146105 9630058)23Rik [ <0.2
NM_178165 A230020G22Rik [ <0.2
. XM_132396 A930033CO1Rik 1 <0.2 ]
| NM_013455 Acr 1 <0.2
| NM_021895 Actnd I <0.2
' NM_175501 Adamts12 I <0.2
NM_009624 Adcy9 I <0.2
NM_001005847 Aga I <0.2
NM_172754 Al1449175 ] <0.2
NM_021473 Akrlad I <02
' NM_054080 Akrlc20 I <0.2
' NM_175007 Amph [ <0.2 |
NM_007385 Apoc4 1 <0.2
NM_029277 Arhgap12 I <0.2
NM_172751 Arhgef10 ] <02 |
NM_017402 Arhgef7 I <02 |
NM_026369 Arpc5 (47) I <0.2 ]
NM_080857 Asbl3 I <0.2 |
NM_007517 Aupl I <0.2 |
XM_489070 AWO011738 ] <0.2
NM_021345 AW742319 1 <0.2
NM _177280 B230206H07Rik I <02
XM 131619 BC022150 [ <0.2
NM_172148 BC028440 I <0.2
XM 147687 BC042761 1 <0.2
NM_174848 BC043118 1 <02 |
NM_172928 BC056929 [ <0.2 |
NM_172502 BC057552 i <0.2
NM_172872 BC060737 1 <0.2
NM_025392 Bccip [ <0.2
NM_009754 Bcl211 1 I <0.2
' NM_172616 C330027C09Rik [ <02
NM_019704 C78915 I <02
NM_ 007625 Cbx4 | <0.2
NM_019937 Cenl] [ <0.2
NM_009603 Chrne I <0.2
XM_356089 Cib3 1 <0.2
NM_009905 ClkI [ <02
NM_007715 Clock I <0.2
NM_009933 Col6al i <0.2
NM_198408 Crhbp I <0.2
XM_139502 Csmd3 | <0.2
XM_488510 Cspg?2 ] <0.2
XM_111693 D130003B22Rik I <02
BC046250 D14Wsu8% 1 <0.2
XM_128587 D17Wsu92e [ <0.2
NM_008650 D230010K02Rik 1 <0.2
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XM 286688 D630010B I 7RIk 1 <02
NM 172689 Ddx58 I < 0.2
NM 026172 Decrl 1 < 0.2
NM 010046 Dgatl I <0.2
XM 134573 Dneli2 | < 0.2
NM 145919 Dorz1 I <0.2
NM 019466 Dserl i <0.2
NM 007886 Dinb I < 0.2
NM 026017 Dullard i <0.2
NM 198093 Elmol | 102
Tas2rl 16 ENDASDF L <0.2
Rnu22 ENDASDF [ 0.2
Geap27 ENDASDF I ELE
D930015M05 ENDASDF I < 0.2
DI30058E05RIk ENDASDF | < 0.2
C 13003 1EO9RIKk ENDASDF | <0.2
BCOG0255 ENDASDF | <0.2
AKD7632 ENDASDF | <0.2
AKO028313 ENDASDF I <0.2
AK007522 ENDASDF I <0.2
A730046J 19Rik ENDASDF [ <0.2 B
A430108GO6R 1k ENDASDF I <0.2
9530036M1 [Rik ENDASDF [ <02
9130015L21Rik ENDASDF I 0.2
4930532G I 5Rik ENDASDF I <0.2
4930503007R ik ENDASDF | <0.2
4930448K | 2Rik ENDASDF ! <02
4930445N06R ik ENDASDF [ <02
3110038A09R Kk ENDASDF 1 <02
~1700029B22Rik ENDASDF ! <02
XM 484488 Ep300 I <02
XM 110248 Fbxol] I 02
NM 010205 Fgf8 I < 0.2
NM 199068 Foxk | [ 0.2
NM 008021 Foxml i 0.2
NM 133837 GA431001109Rik 1 <0.2
NM 010255 Gamt i <0.2
NM_ 173048 Ggal I <0.2
NM 027544 Ganbpl l <0.2
NM 013531 Gnb4 I <0.2
NM 025331 Gngll I <0.2
NM 029793 Golgal i N <(.2
NM 145132 Gpr24 | <0.2
NM 022427 Gprs$ [ 0.2
NM 026229 Gprg9 i <02
NM 010398 H2-T23 [ < 0.2
NM 011827 Hest | <02
NM 153505 Henpl | <0.2
''NM 008236 Hes2 I <0.2
| XM_133550 Homer? | < 0.2
NM 026820 Ifitm | [ <0.2 ]
133944 IGHV1S105 [ <02 -
100530 IGHVS2 ( <0.2
NM 170599 lgsfl ] [ <0.2
NM 008370 H3ra ] < (.2
NM 008376 Imap38 | < 0.2
| NM 023626 Ing3 | <0.2
NM 008387 Ins2 - | < (.2
XM 192925 lich | <02
NM 010655 Kpna2 1 <02
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NM 015741 Krtap9-| | 0.2
NM 008562 Mell [ 02
NM 013597 Mel2a [ <0.2
NM 013599 Mmp9 1 <02
NC 001503 | MM'IvVep7 | <02
NM_010814 Mog I 0.2
NM 016791 Nfatc| ! <02
NM_ 008692 Nfyc i <02
NM 027280 Nkd]1 1 <02
NM 172478 Oatl] [ <0.2
NM 146593 Olfr 1111 I <02
NM 146926 Olfr477 I B <02
NM 147089 Olfy572 | < 0.2
NM 011001 Olfvs8 - [ <02
NM 011112 Papola 1 <02
NM 018878 Paxip| | =02
| NM (08783 Pbx]1 | <0.2 B
_NM 011042 Pchp2 e <0.2
NM 016688 Pdcd? il <0.2
NM 008849 Pit! | <0.2
XM 126961 Plekhh] | <(.2
NM 011122 Plod | I <0.2
XM 133979 Ppfial I <0.2
XM 131309 Prdm13 i <02
| XM 139298 Prkaal I <0.2
NM 024448 Rab |2 [ <0.2
NM 024156 Rabsc i <0.2
NM 173781 Rab6b [ <0.2
NM 023126 Rab8a [ <02
XM 132051 Rhoh [ < 0.2
NM 172716 Rnf3 [ <02
| NM_023372 Rpl38 o <0.2
XM 485277 Senm| I 0.2
“NM 009147 Sec23a [ 0.2
NM 19924} Sematd | <0.2
NM 011358 Sfrs2 | <02
NM 080559 Sh3bgrl3 | <0.2
NM 011403 Sledal | <0.2
NM_ 009320 Slc6ab [ <02
NM 030687 Sleolad | <().2
NM 009213 Smpd2 m I < 0.2
NM 009225 Snrpb I <0.2
NM 021790 Solt [ <0.2
NM 016801 Stxla [ <0.2
| NM 011512 Surtd | <02
NM 018802 Syt8 | 0.2
NM 177089 Taccl | < 0.2
NM 011552 Tcofl [ <02 |
NM 020584 Terf2ip | < 0.2
NM 207176 Tes [ <0.2
NM 019725 Tle2 B | <02
NM 153417 Trpm6 I <0.2
NM 009449 Tuba? ] <0.2
NM 199477 Ubie [ <0.2
NM 201643 Ugtlas | <0.2
XM 356001 Upf3a I <02
NM 172465 Zdhhc9 I 0.2
NM 008825 Pfkfb2 7 <0.3
NM 013543 H2-Keb 5 <03
NM 080729 1117¢ 5 <0.3




NM 013563 I2rg 5 <03
NM. 146221 | Zfp426 4 <0.3
NM. 011609 TNFRp55 (20) 4 <03
NM 146946 Olfr50 4 <0.3
NM 008575 Mdm4 4 <03
NM 007656 Kail 4 <0.3
NM 008361 IL-1B (21, 22) 4 <0.3
AF304545 IGHVIS126 4 <03
NM 010441 Hmpga2 4 <0.3
NM 008091 Gata3 4 <0.3
D730047P14Rik ENDASDF 4 <0.3
A730006G06Rik ENDASDF 4 <03 ]
NM_ 144884 Dytl 4 <0.3 !
NM 016779 Dmpl 4 <0.3 |
NM 133238 Cd209a 4 <0.3 [
NM 144835 B130016L12Rik 4 <03
NM._007504 Atp2al 4 <0.3 =
NM 146119 9130404D14Rik 4 <03 ‘
NM 133983 603041 1F23Rik 4 <0.3
NM 177607 4933430117Rik 4 <03
NM 144801 2310076021Rik 4 <0.3
NM 144953 1700019D03Rik 4 <03
NM 145492 Zfp521 3 <0.3
NM 029498 Zip198 (26, 27) 3 <0.3
NM 173399 Zbtb5 3 <0.3
NM 024189 Yaf2 3 <03
XM 135805 Wdrd4 3 <03
NM 053254 Tle6 3 <0.3
NM 011490 Staul 3 <03
NM 020495 Slcol b2 3 <0.3
NM 144856 Slc22a7 3 <0.3
NM 011891 Sged 3 <0.3 |
NM 025436 Scdmol 3 <0.3 1
NM 009057 Rga 3 <0.3
NM 024457 Raplb 3 <0.3
NM 133249 Ppargclb 3 <0.3
NM 133167 Parvb 3 <03
NM 023824 Pagrd 3 <03
NM 008876 Pldz (24) 3 < 0.3
NM 146418 Olfrg81 3 <0.3
NM 146548 OIfr800 3 <03
NM 130866 Olfr78 3 <03
NM 146353 Olfr706 3 <0.3
NM 147073 OIfr33 3 <023
NM 207576 Olfr1514 3 <(.3
NM 207132 Olfr1471 3 <03
NM 146334 Olfr1330 3 <0.3
NM 147062 Olfr124 3 <03
NM 146630 Olfr123 3 <0.3
NM 146921 Olfrl 3 <03
NM 145209 Oasl] 3 <0.3
XM 128696 Ndufal | 3 <0.3
NM 181729 Mucé 3 <03
NM 181852 Mrpplf4 3 <0.3
NM 145442 Mbip 3 <03
NM 134152 Lpxn 3 <0.3
‘NM 001002011 Lmna 3 <0.3
AJ231204 IGKV1-108 3 <03
AF304548 JGHV 18129 3 <03
NM 183174 Homez 3 <(.3
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NM 010239 Fthi 3 <03
NM 008044 Frda 3 <0.3
NM 008010 Fgfi3 3 <03
NM 007993 Fbnl 3 < 0.3
D930046M13Rik ENDASDF 3 <0.3
D630030B08Rik ENDASDF 3 <0.3
DOKist3 ENDASDF 3 <0.3
C030003H22Rik ENDASDF 3 <0.3
B2302061.02Rik ENDASDF 3 <0.3
AUJ044581 ENDASDF 3 <0.3
AK014142 ENDASDF 3 <0.3
A130022121Rik ENDASDF 3 <0.3
9830127L.17Rik ENDASDF 3 <03
4930471 CO6Rik ENDASDF 3 <0.3
NM 010133 Enl 3 <0.3
NM 029001 Elovl7 3 <0.3
NM 153403 Eif2¢] 3 <0.3
NM 175540 Eda2r 3 <0.3
NM 139293 Ece2 3 <03
NM 175355 E330013P04Rik 3 <0.3
NM 032418 Dml5 3 < 0.3
NM 007760 Crat 3 <03
NM 053165 Clef 3 <0.3
NM 181858 Cds59b 3 <0.3
NM 007643 Cd36 3 <0.3
NM 153545 BC023296 3 <0.3
NM 145597 BC021367 3 < 0.3
NM 144847 BCO11468 3 <03
NM 007472 Aqpl 3 <0.3
NM 130863 Adrbk1 3 <03
NM 133954 AA960436 3 <03
NM 177671 A330090H18 3 <0.3
NM 177003 9630033F20Rik 3 <0.3
NM 182995 6330503K22Rik 3 <0.3
XM 141565 5530400B04Rik 3 <03
NM 182991 5330410G 6Rik 3 <0.3
NM 176829 4931440F 15Rik 3 < 0.3
NM 178802 4732463G 12Rik 3 < 0.3
NM 181589 26103 18C08Rik 3 <0,3
NM 133722 2210412D01Rik 3 <0.3
XM 145521 1810022010Rik 3 <0.3
NM 183249 1100001 G20Rik 3 <0.3
NM 011769 Ziml 2 <0.3
NM 011766 Zfpm2 2 <0.3
NM 009558 Zfp51 2 < 0.3
NM 019747 Zfpll3 2 <03
NM 139298 wnt9a 2 <0.3
NM 009524 WntSa 2 < 0,3
NM 011718 wntl0b 2 < 0.3
NM 011915 Wifl 2 < 0.3
NM 011693 Vecaml 2 <0.3
NM 134245 V1ril0 2 < 0.3
NM 053230 VIirb9 2 < 0.3
NM 178635 Uvrag] 2 <0.3
NM 181418 Ushbpl 2 < 0.3
NM 016682 Ublelb 2 <03
NM 008807 Tulp2 2 <03
NM 173378 Trp33bp2 2 < 0.3
NM 009054 Trim27 2 <0.3
NM 053169 Trim16 2 <0.3
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NM 011906 Tprad() 2 <0.3
NM 177296 Tnpo3 2 <0.3
NM 013694 Tnp2 2 <0.3
NM 134131 Tnfaip8 Z <03
NM 005388 Tkt 2 <0.3
NM 199154 Tas2r107 2 <03
NM 011896 Spryl 2 <03
XM 129130 Spnb3 2 <03
NM_194355 Spirel 2 <0.3
XM 129018
XM 132597 Smarcadl 2 <03
NM 016769 Smad3 2 <0.3
NM 177084 Slc9a4 D <0.3
NM 144852 Slc7a4 2 <03
NM 078484 Slc35a2 2 <03 [
NM 011978 Slc27a2 2 <0.3 !
NM 015747 Slc20al 2 <0.3 |
NM 013787 Skp2 2 <0.3
NM_011377 Sim2 2 <03 1
NM 001001144 Scap 7 <0.3
XM 354544 Rtdrl 2 <0.3
NM 145495 Rinl 2 <0.3
XM 355286 Rimsl ) <0.3
NM 175389 _RgOmtd2 2 <03
NM 021525 Rell 2 <03
NM 011240 Ranbp2 2 <0.3
NM 012025 Racgapl 2 <0.3
NM 011969 Psma7 2 <0.3
NM 011183 Psen? 2 <03
NM 008941 Prss7 2 <0.3
NM 033573 Precc 2 <0.3
NM 178250 Pramel7 2 <03
NM 008014 Ppmlg 9 <0.3
XM 129443 Ppfiad 2 <0.3
NM 011136 Pou2afl 2 <03
NM 011636 Plscrl 2 <0.3
NM_145629 Pls3 2 <03
NM 008841 Pik3r2 2 <0.3
NM 011082 Pigr 2 <03
XM 203853 Phptl 2 <0.3
NM 008787 Pent2 2 <0.3
NM 172709 Otopl 2 <0.3
NM_ 146546 Olfr775 2 <0.3
NM 147115 Olfr578 2 <03
NM 146755 Olfr551 2 <0.3
NM 146576 0I1fr459 2 <0.3
| NM 146707 Olfr410 2 <03
NM 146713 Olfr1342 2 <03
NM 146900 Olfr1220 2 <03
NM 146772 Olfr1189 2 <03
NM 146650 Olfr1166 %) <03
NM 207632 Olfr1118 2 <0.3
NM 001003914 Obscn 2 <0.3
NM 130858 Nxph3 2 <03
NM 008726 Nppb 2 <0.3
NM 130456 Nphs2 2 <0.3
NM 029561 Ndfip2 2 <03
NM 010876 paTphox (23) 2 <03
NM 008676 Nbrl 2 <0.3
XM 355634 | Myol8b > <0.3
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NM_ 008648 Mup4 2 <0.3
NM_ 138745 Mthfd| 2 <0.3
NM 019880 Mtchl 2 <03
NM 008629 Msilh 2 <0.3
NM_019946 Mgst| 2 <0.3
NM 008594 Mfge8 2 <0.3
NM 139295 Mctd2 2 <0.3
NM 145569 Mat2a 2 <0.3
NM 133653 Matla 2 <0.3
NM 008928 Map2k3 2 < 0.3
NM 010728 Lox 2 <0.3
NM 153404 Liph 2 <0.3
NM 010700 Ldir 2 <0.3
NM 175349 [.dhal6b 2 <0.3
NM 020268 Klk27 2 <0.3
NM (30867 Kirrell 2 <0.3
NM 010612 Kdr 2 <0.3
NM 010578 Itgbl 2 <0.3
NM 133748 Insig2 2 <0.3
NM 133193 11rl2 2 <0.3
AJ231229 IGKV4-91 2 <0.3
AJ231222 IGKV4-68 2 < (.3
M34983 IGHVIS53 2 <0.3
M 175758 X06866 IGHV 1S40 2 < 0.3
NM 053088 ifitm$ 2 <0.3
NM 008327 1fi202b 2 <0.3
NM 015765 Hspal4 2 <0.3
NM 010450 Hoxal | 2 <0.3
NM 010442 Hmox | 2 <0.3
NM 010412 Hdac$ 2 <03
NM 010401 Hal 2 <0.3
NM 133994 Gstt3 2 <0.3
NM 010351 Gsc 2 <0.3
NM 019518 Grasp 2 <0.3
NM 013527 Gdf7 2 <0.3
XM 284152 Gal3st4 2 <0.3
NM 172824 G630039H03RI1k 2 <0.3
NM 013716 G3bp 2 <0.3
NM 177798 Frs2 2 <0.3
NM 053242 Foxp2 2 < 0.3
NM 199448 Fez2 2 <0.3
NM 010191 Fdftl 2 <0.3
NM 144960 Feamr 2 <0.3
NM 145519 Farp2 2 <0.3
NM 175399 Exosc4 2 <0.3
NM 175443 Etnk2 2 <0.3
ui2914 ENDASDF 2 <0.3
FE430002N23Rik ENDASDF 2 < 0.3
E230017H14Rik ENDASDF 2 <0.3
D930036K23Rik ENDASDF 2 <0.3
D330050G23Rik ENDASDF 2 <0.3
D030022P07Rik ENDASDF 2 <0.3
CC799012 ENDASDF 2 <0.3
C130036K02 ENDASDF 2 <0.3
C030012D19Rik ENDASDF 2 <0.3
BC051572 ENDASDF 2 < 0.3
BC02503 | ENDASDF 2 < 0.3
BR30032F 12 ENDASDF 2 <0.3
AK029047 ENDASDF 2 <0.3
AK028167 ENDASDF 2 <0.3
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AK019732 ENDASDF 2 <0.3
AK014782 ENDASDF 2 <0.3
AK009804 ENDASDF 2 <0.3
AK005257 ENDASDF 2 <03
A930037J23Rik ENDASDF 2 <03
A730014G21Rik ENDASDF 2 < 0.3
A330041B18Rik ENDASDF 2 < 0.3
A230061C15Rik ENDASDF 2 <0.3
9530034E10Rik ENDASDF 2 < 0.3
9330180L 1 ORik ENDASDF 2 <0.3
7530408C15Rik ENDASDF 2 < 0.3
4930547E14Rik ENDASDF 2 <0.3
4930540MO3Rik ENDASDF 2 <0.3
4930506A 18RIk ENDASDF 2 <0.3
4930463MO5Rik ENDASDF 2 <0.3
4930455M0O5Rik ENDASDF 2 <0.3
NM (19398 Ears 2 <03
NM 0611816 E430034L04Rik 2 <03
NM 177310 E430012M05Rik 2 <0.3
NM 177133 E330018D03Rik 2 <03
XM 130483 Duox| 2 <03
NM 175647 Dwrtal 2 <03
NM 144553 Dlg7 2 <0.3
NM 207274 D630004N 1 9Rik 2 <03
NM 177657 D630003M21 2 <0.3
NM 175514 D430039N05Rik 2 < 0.3
NM_ 172485 D130067103Rik 2 <03
NM 138601 D10JhuBle 2 <0.3
NM 152809 Csnk1g3 2 <0.3
NM 007755 Cpebl 2 <03
NM 177751 Cnkse2 2 <0.3
NM 008153 Cmklrl 2 <0.3
NM_019563 Cited4 2 <03
XM 146393 Cilp2 2 <0.3
NM 173385 Cilp 2 <03
NM 021528 Chst12 2 <0.3
NM 139134 Chod| 2 < 0.3
XM (81420 Cgrefl 2 <0.3
NM 053200 Ces3 2 < 0.3
NM 007675 Ceacaml0 2 < 0.3
NM 1537853 Cdkl3 2 <03
NM_ 130904 Cd209d 2 <03
NM 007617 Cav3 2 <0.3
NM 007609 Casp4 2 <03
NM 177759 C130098D09 2 <03
NM 77875 C130026L.21Rik 2 <0.3
NM 1720618 Btbd9 2 <03
NM 009768 Bsg 2 <0.3
NM 007553 Brp2 2 <0.3
NM 007532 Beatl 2 <0.3
NM 198667 BC061212 2 <0.3
NM 177768 BC038156 2 <0.3
XM 131888 BC034507 2 < 0.3
NM 146256 BC034099 2 <0.3
NM 173862 BC030396 2 <0.3
NM 145087 BC025833 2 <03
NM 001004156 BC023181 2 <03
NM 198609 BC003885 2 <03
NM 177083 B430306N03Rik 2 <0.3
NM 020025 B3galt2 2 <0.3
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XM 130148 B230208H17Rik 2 <0.3
NM 174989 AW046014 2 <0.3
NM 007505 Atp3al 2 <0.3
NM 023472 Ankra2 2 <0.3
NM 11786 Aloxe3 2 <0.3
NM 134052 AL024210 2 < 0.3
NM 178898 Al894139 2 < 0.3
NM 033526 Al663987 2 <0.3
NM 145505 Al450540 2 <0.3
NM 007426 Agpt2 2 <0.3
NM [45146 Afin 2 <0.3
NM 007414 Adprh 2 <0.3
NM 007399 Adam!0 2 <0.3
NM 011994 Abcd?2 2 < 0.3
NM 133349 AA407930 2 < 0.3
NM 177578 A430090E 18Rik 2 < 0.3
NM 207279 A330045H12Rik 2 <0.3
NM 173387 963004 INO7Rik 2 <0.3
NM 175651 9630008K 15Rik 2 < 0.3
NM 177074 9330158F14Rik 2 < 0.3
XM 127434 90306240 13Rik 2 < 0.3
NM 172302 5730453116Rik 2 <0.3
XM 484382 4930563102R ik 2 <0.3
NM 152825 4930550B20Rik 2 <0.3
XM 142616 4930488N24Rik 2 <0.3
XM 127899 4930403J22R ik 2 <0.3
XM 130609 4921517L17Rik 2 <03
NM 133797 4833439L19Rik 2 <0.3
XM 132137 231001 IGO6Rik 2 <0.3
XM 130597 1700058C13Rik 2 <0.3
NM 173182 1600019004Rik 2 <0.3
NM 176843 11 T10055N21Rik 2 <0.3
NM 025402 111003 1102Rik 2 <0.3
NM 029508 0610009F02Rik 2 <0.3
NM 009550 Z1p2 1 < 0.3
NM 172120 Vps4 | 1 <0.3
NM 001001327 Vkorell1 | < 0.3
NM 009492 V2r2 1 < 0.3
NM 134218 | VIrh9 | <0.3
NM 009470 Umod 1 <0.3
NM 020285 Tsscd 1 < 0.3
XM 127444 Tripl3 | <0.3
NM 009413 Tpd5211 1 <0.3
NM 133683 Tmeml19 | < (.3
NM 144543 Thy28 1 <0.3
NM 009369 Tgitbi [ <0.3
M62838 M32485 tea 1 <0.3
NM 011561 Tdg I <0.3
NM 207027 Tas2r125 1 <0.3
NM 025303 Stau2 1 <0.3
NM 020493 Srf 1 <0.3
NM 146043 Spin 1 <0.3
- NM_009242 Sparc 1 <03
NM 172339 Snapcd | <0.3
NM 009222 Snap23 1 <0.3
NM 011375 Siat9 1 < 0.3
NM 177386 Sfimbt2 1 <03
NM 013658 Semada | < 0.3
NM 009086 Rpol-2 | <0.3
NM 013646 Rora 1 <0.3
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NM 026014 Ris2 1 <0.3
NM_177740 Rgma 1 <03
NM 177721 Ranbp6 1 <0.3
NM 175211 Ralgps| 1 <0.3
NM_026297 Rabl3 1 <0.3
NM_019983 Rabgefl (25). 1 <0.3
NM 153559 Qscn6ll 1 <0.3
NM_008976 Ptpni4 1 <03
XM 357441 Ptafr 1 <0.3
XM 284491 Ppp2rlb 1 <03
XM _358127 Pirall 1 <03
NM 019781 Pex14 1 <03
NM 011868 Peci 1 <03
NM 011865 Pcbpl 1 <0.3
NM_022321 Parvg 1 <0.3
NM 177161 P4ha3 1 <0.3
NM 146430 Olfi742 1 <0.3
NM 146600 Olfr700 1 <0.3
NM 147109 Olfr577 1 <0.3
NM_146374 Olfr368 1 <0.3
NM 146290 Olfr125 1 <0.3
NM 153157 Olfm3 1 <03
XM_129809 Ogfrll 1 <03
NM 020610 Nrip3 1 <0.3
NM 018787 Npff 1 <03
NM 008693 Nefg 1 <03
NM_008675 Nbl1 1 <0.3
NM 024174 Mrps23 | <03
NM_ 205795 Mrgprb4 1 <03
XM 484710 Mocos 1 <03
BC057926 Mmpl6 1 <0.3
NM 008606 Mmpl1 1 <0.3
NM 145543 Mcle 1 <03
NM 008538 Marcks 1 <03
NM 008519 Ltbdrl 1 <0.3
XM 128064 LOC223672 1 <0.3
NM_199146 LOC209387 i <03
NM 008501 Lif 1 <0.3
NM_ 010662 Krtl-13 1 <0.3
NM 008450 Kns2 1 <0.3
NM 010636 KIf12 1 <03
NM 177748 Kirl2 1 <03
NM 033134 InppSe 1 <03
NM 011829 Impdh1 1 <03
NM 008362 Il1r] 1 <0.3
NM 008355 IL-13 (48, 49) g <0.3
NM 027320 Ifi35 1 <0.3
NM_178610 Hrb2 1 <03
NM 013820 Hk2 1 <03
NM_016956 Hbb-b2 1 <0.3 i
NM_008206 H2-Oa 1 <0.3 4]
NM 023168 Grina 1 <0.3
NM_018882 Gpr56 1 <0.3
NM 008130 Gli3 1 <0.3
NM_008080 Galgtl 1 <0.3
NM 172475 Frmd4a 1 <0.3
NM 175473 Frasl 1 <0.3
NM 008239 Foxql 1 <0.3
NM 008260 Foxal 1 <0.3
NM 145927 Fntb 1 <03
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NM 013710 Fgd2 i <0.3 f
NM_010634 Fabp5 1 <0.3 \
NM 012051 Etv3 1 <0.3 |
Zfp291 ENDASDF 1 <0.3
Srcasm ENDASDF 1 <03
M11859 | ENDASDF 1 <0.3
Etohd2 ENDASDF 1 <0.3 y
E330029E12Rik ENDASDF 1 <03 |
E030024116Rik ENDASDF 1 <03 '
C030014C12Rik ENDASDF 1 <03 |
B230218P12Rik ENDASDF 1 <0.3 |
AK080717 ENDASDF ] <03
AK008452 ENDASDF 1 <03
A430042F24Rik ENDASDF 1 <0.3
9530059014Rik ENDASDF 1 <0.3
9030024J15Rik ENDASDF 1 <03
8430426J06Rik ENDASDF 1 <0.3
8430403D17Rik ENDASDF 1 <0.3
5930409G06Rik ENDASDF 1 <0.3
4930563J15Rik ENDASDF 1 <0.3
4930551013Rik ENDASDF 1 <03
4930535L 15Rik ENDASDF 1 <0.3
4930533K 18Rik ENDASDF 1 <0.3
4930520A20Rik ENDASDF 1 <0.3
493051 1E03Rik ENDASDF 1 <0.3
4930453H23Rik ENDASDF 1 <03
| 2300004M11Rik ENDASDF 1 <03
| 1700021F07Rik ENDASDF 1 <03
' 1700003G 13Rik ENDASDF 1 <03
1600019K 03Rik ENDASDF ] <0.3
NM 139138 Emr4 1 <0.3 ‘
NM 172760 Elmo3 1 <0.3 |
NM_ 022980 Dscr1l2 1 <0.3
NM_023646 Dnaja3 1 <0.3
NM_010047 Dger6 1 <03 |
NM 172464 Daam| 1 <03 |
XM_284236 D630042F2 |Rik 1 <0.3 |
NM_010000 Cyp2b9 (28) 1 <03
NM_007764 Crkl I <0.3
NM 019877 Copz2 1 <0.3
NM 017477 Copg 1 <03
NM 178599 Commd$ 1 <0.3
NM 017393 Clpp 1 <0.3
NM_019701 Clenkb 1 <0.3 |
NM_007390 ‘Chmna? 1 <0.3 |
NM_007693 Chga 1 <03 I
NM_020006 Cdcd2epd 1 <03
XM 132882 Cd69 1 <03
NM 139301 Catsperl 1 <0.3
NM 009791 Calmbpl 1 <0.3
NM_177259 C630028C02Rik 1 <03
NM 173775 C230069K22Rik 1 <0.3
NM 178692 C130074G19Rik 1 <0.3
NM 172142 AY078069 1 <0.3
BC025029 Axot 1 <90.3
NM_152801 Arhgef6 1 <0.3
NM 019504 Ap4bl 1 <0.3
| NM_ 009663 AloxSap | <0.3
' NM_053156 Alle 1 <0.3
XM _127049 Alkbh 1 <0.3
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NM 133884 Al838661 | < 0.3
NM 133770 Adck4 | < 0.3
NM 009611 Actl7a [ <03
NM 080633 Aco2 i <0.3
NM 198664 A630005A06Rik 1 <03
NM 175256 95300251 16Rik | < 0.3
XM 109819 9330151E16RIK 1 < 0.3
NM 177242 9130017A15Rik i <0.3
NM_ 175209 8430417A20Rik \ <0.3
NM 207583 6430517E21Rik | <0.3
NM (24282 5830417C01Rik | <03
XM 134422 5730443M16Rik | <0.3
NM 172654 3330401P04Rik | <0.3
NM 172939 492 1515A04R ik i < 0.3
NM 177062 4833444G19Rik 1 < 0.3
NM 172415 281044 1CO7RIK I <0.3
NM 029759 2410166105Rik 1 <0.3
NM 172522 2410080H04R 1k i <0.3
XM 355182 2010002M12Rik 1 <03
XM 110690 1810033B17Rik I <03
XM 133915 1190003J15Rik | <03
NM 025427 1190002H23R ik 1 <0.3
XM 128291 0610005K03RIk 1 < 0.3
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7.1. Promoter Analysis

It was hypothesized that listericidal genes downstream of C/EBPP may themselves be
transcriptionally regulated by C/EBP(. This transcriptional regulation may be mediated via
the direct binding of C/EBP of to its consensus binding site in the promoter of the target
gene, or via interactions with other transcription factors (TFineraciing) known to interact with
C/EBP (Fig. 23) According to the TRANSFAC, BIND, HPRD and Entrez Gene databases,
C/EBPf interacts with 46 other transcription factors (-) and has been has been
experimentally proven to bind directly to the promoter sequences of 54 genes (-) These
direct C/EBP[3 target genes play important roles in signalling via the cytokine, JAK-STAT,
TLR, T cell Receptor (TCR), B cell Receptor (BCR), MAPK and ABC transporter pathways,
and are important for several biological pathways including the complement and coagulation
cascades, cell cycle, insulin and apoptosis. Moreover, these C/EBPJ target genes also are
involved in the biosynthesis and metabolism of glucose, pyruvate, prostaglandins,
leukotrienes, glutathione, propanoate, tryptophan, arginine, proline, tyrosine, urea, amino
groups, glycerolipid, fatty acids and bile acids. The promoter sequences of the DE genes were
therefore searched for potential binding sites for C/EBP(3 and for transcription factors that
interacted with C/EBP[. Promoter analysis revealed that only IL-18bp and IL-IB genes
contained experimentally proven C/EBP binding sites, whereas 18% of the DE genes
contained putative C/EBPJ binding sites. Similarly, the promoter sequences for IL-18 binding
protein (IL-18bp), Solute carrier family 25, member 36 (Slc25a3), Amyloid beta precursor
protein (App), Bone gamma carboxyglutamate protein 1 (Bglapl), Cysteine and glycine-rich
protein 2 (Csrp2), IL-1B, Insulin IT (Ins2), NADPH dehydrogenase, quinone | (Ngol),
Transcription factor AP-2 gamma (Tcfap2c), Choline acetyltransferase (Chat), Alpha-2 type
IV collagen (Col4a2), Ferritin heavy chain | (Fthl), Heme oxygenase 1 (Hmox1), Vascular
cell adhesion molecule 1 (Vcaml), Hemoglobin beta adult major chain (Hbb-bl) and Serum
response factor (Srf) contained experimentally proven binding sites for transcription factors
that bind C/EBPB. Moreover, promoter sequences for 47.3% of the DE genes contained
putative binding sites for transcription factors known to interact with C/EBP( e.g. EIA
binding protein p300 (Ep300), C/EBPB, C/EBPa, NF-kB(p50), NF-kB(p65), member of ETS
oncogene family 1 (Elk-1), Trans-acting transcription factor 1 (Spl), runt related transcription
factor 1 (Runxl), STATs and the CHOP:C/EBPo dimer. Literature profiling revealed that
these interacting transcription factors were found to be involved in biological processes and
signalling pathways that were highly relevant in the context of L. monocytogenes infection.

For example, L. monocytogenes has been shown to manipulate the host’s actin cytoskeleton,
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gap junctions, adherens junction and focal adhesion complexes in order to facilitate its
movement through the cytoplasm and cell-cell spread (50, 51). Furthermore, activation of host
defense and immunity against L. monocytogenes infection requires signalling via JAK-STAT,
TLR, MAPK, transforming growth factor beta (TGF[3), TCR, BCR and calcium mediated
pathways (44, 52-57). Based on the results of the promoter analysis, DE genes whose
promoters’ contained putative C/EBPP binding sites were clustered into the focus group for

putative downstream transcriptional targets of C/EBP[3.

A
C/EBPp
ATG
C/EBPj
Promoter CIEBPp Gene
bind site
B
C/EBPf
Promoter Gene

TFIpteracting
bind site

46 TF interact with C/EBPp

Figure 23. Direct and indirect transcriptional regulation of C/EBPp target genes.

Shown is a simplified representation of how C/EBP(3 directly or indirectly regulates
transcription of its target genes. (A) Direct transcriptional occurs by the binding of C/EBP[3 to
its consensus binding site in the promoter of the target gene. (B) Indirect transcriptional
regulation by C/EBP(3 occurs via protein-protein interactions with other transcription factors
(TF) that are bound to their consensus binding site in the promoter (TFiyeracing). According the
TRANSFAC, BIND, HPRD and Entrez Gene databases, C/EBP[3 interacts with 46 other

transcription factors.
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Figure 24. C/EBPf3 interacts with 46 other transcription factors. (A) Highlighted in red
are TF which bind to the promoters of some of the differentially expressed (DE) genes.
Putative TF binding sites were identified by P-MATCH analysis. (B) Percentage of DE genes
that have putative binding sites in their promoter for the TF highlighted in red. (C) Pathways
regulated by the interacting TF and the percentage of interacting TF associated with each

pathway.
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Figure 25. Fifty-four genes with experimentally proven C/EBPPB binding sites in their
promoters. (A) Direct C/EBPP target genes listed in the TRANSFAC database as having
experimentally proven binding site for C/EBPJ in their promoters. Highlighted in red are DE
genes (B) The signalling pathways and (C) metabolic processes regulated by the direct
C/EBP target genes.
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7.2. Gene ontology mining and literature profiling

Since 35% of the DE genes were unknown and consequently did not have any gene ontology
or published literature, they could not be included in the functional clustering analysis. For
those genes with annotation and literature, the gene ontology associations describing their
cellular localization, biological processes and molecular functions were downloaded {rom the
Gene Ontology Database using the FatiGOplus program (58). Similarly, literature mining of
the PubMed database uncovered roles for the DE genes during host defense and immunity to
intracellular  pathogens, phagosome maturation, phago-lysosome fusion and signal
transduction. The inclusion of genes into each focus group category based on their gene
ontology associations was carefully considered (Fig. 26 A, Gene Ontology panel). For
example, genes with ontology terms such as immune response, immune pathway signalling,
cellular defense, humoral detense and defense response to bacteria were included in the
“defense and immunity” focus group. Included in this group, were genes encoding cytokines,
chemokines, their cognate receptors, as well as genes involved in the production of nitric
oxide, supcroxide and reported in literature to play a role in defense against L.
monocytogenes. Genes in the "RNI and ROI production™ focus group included those which
had oxidoreductase activity, such as NADPH oxidase, the major enzyme responsible for
generating superoxide. [n addition, genes involved in binding or transporting potassium, iron
and/or chloride and regulation of pH were also included in this focus group. Recently,
NADPH oxidase was shown to be involved in a novel bacterial killing mechanism mediated
by potassium ion influx in a pH-dependent manner (59-62). Furthermore, potassium, iron and
chloride ions have been shown to be clevated in phagosomes containing Mycobacterium or
Listeria and may be important in the restricting the survival of these bacteria (62, 63).
Furthermore, DE genes involved in signalling pathways mediated by GPCRs, GTPases,
cytokines, mitogen activated protein kinases (MAPKs), Wnt, insulin, hedgehog, growth
factors, phosphatidylinositol, neuropeptides, B cell receptor (BCR), T cell receptor (TCR),
TLR. notch, integrins, cAMP and calcium were included into the “signal transduction™ focus
group. Since phagosome maturation and phago-lysosome fusion involved the synergistic
intcraction of several biological processes, signalling pathways and intracellular organelles
(64, 65), DI genes were grouped into the “phagosome maturation and phago-lysosome
fusion™ tocus group if their encoded proteins were (i) reported in literature to play a role in
phagosome maturation, (i) were located within the cytoskeleton or organelles such as the
endoplasmic reticulum (ER), Golgi apparatus, endosomes, phagosomes, lysosomes and/or
intracellular vesicles, (iit) were involved in the regulation of endocytosis, phagocytosis and/or

organization and biogenesis of the actin cytoskeleton, (iv) transported proteins to and/or from
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the ER, Golgi apparatus, endosomes, phagosomes, lysosomes and/or intracellular vesicles,
and (v) regulated the activity of Rab proteins, especially Rab5a e.g. GTPases, GEFs, GDls,
GAPs, vATPases and Pl13kinases.

A comparison of the functional clusters generated for DE genes that had SD<0.2 or SD<0.3,
showed that although the number of genes within each cluster was much lower in the SD<0.2
data set as compared to the SD<0.3 set, the overall proportional sizes of the clusters did not
differ between the two analyses (Iig.26 A, B). Functional clustering of DE genes with
SD<0.3 showed that 4.6% of the annotated DE genes were described as having transcription
factor activity or were involved in the regulation of transcription. Similarly, promoter analysis
identified that 18% of the annotated DE genes had proven/putative binding sites for C/EBPJ
and 47.36% had binding sites for transcription factors that interacted with C/EBPP.
Furthermore, 2.0% of the annotated DE genes were involved in host immunity and defense,
3.1% in the production of ROI, 16.1% in signalling and 8.9% were involved in phagosome

maturation and phago-lysosome fusion (Fig. 26 ().
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Figure 26. Clustering of genes into the functional “focus groups”. (A) Promoter analysis,
literature and gene ontology mining was used to identify potential C/EBP[3 target genes and to
extract functional data describing the cellular localization, biological processes and molecular
functions for each gene. Shown are the gene ontology terms used to define each category.
Genes were then clustered into the “focus groups™ based on their functional annotation. (B)
Functional clusters for DE genes that have a standard deviation (SD) less than 0.2 and (C) SD

less than 0.3. Shown are the percentages of annotated genes belonging to each “focus group™.
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After clustering the DE genes into the functional “focus groups™, genes that clustered into
>50% of the functional focus groups were selected for further analysis. Within the set of DE
genes that had SD<0.2, only 115 genes clustered into >50% of the functional focus groups.
However, key immunological genes which have been shown to play a significant role during
defense against L. monocytogenes, were excluded due to the SD>0.2 cut off criteria. Since the
microarray was an exploratory study, elimination of known and other, as yet, unidentified
biologically relevant genes would decrease the probability of fulfilling the aims of the study,
which were to identify genes involved in mediating listericidal activity. Therefore, DE genes
with SD<0.3 and that clustered into >50% of the functional focus groups were selected for
further analysis. Although this strategy increased the number of candidate genes to 220, as
compared to the 115 for the SD<0.2 set, it at least did not exclude potentially biologically

significant listericidal genes.

[Further literature profiling of these genes revealed that several had already been published as
playing a role during L. monocytogenes infections. For example the C/EBPPR” macrophages
had down-regulation of IL-I1f3, RAB guanine nucleotide exchange factor 1 (Rabgefl) and
Gelsolin (Gsn) but had higher levels of Phospholipase D2 (PI1d2) and p47phox. IL-1]3, which
was expressed 2-fold lower in the C/EBPP macrophages, is a potent inflammatory cytokine
that is important for early resistance against L. monocytogenes infection. Injection of mice
with [L-1B prior to intravenous infection with L. monocytogenes, resulted in accelerated
recovery [rom infection (66) and studics using monoclonal anti-1L-13  antibodies
demonstrated that [L-1] was essential [or L. monocytogenes-dependent induction macrophage
activation (67). Although IL-1[3 deficicnt mice showed equivalent resistance as W'l mice to L.
monocytogenes infection (68), obstruction of 1L-10 signalling via the blocking of the IL-1R
by antibodies or by gene targeting, resulted in highly increased susceptibility to L.
monocytogenes (21, 43). Moreover, 1L-13 has been shown to be important for innate
immunity against M. tuberculosis (69). Gsn is Ca2+ sensitive protein that plays an important
role in L. monocytogenes actin-based motility and consequent cell-cell spread. At normal
resting intracellular free Ca2+ levels, Gsn is concentrated directly behind motile L.
monocytogenes at the junction between the actin filament rocket tail and the bacterium, where
it was shown to enhance L. monocytogenes actin tail disassembly resulting in impaired
motility. However, at lowered intracellular free Ca2+ levels, Gsn dissociated from the actin
rocket tails and its severing activity was blocked, resulting in lengthening of the L.

monocytogenes tail lengths and enhanced motility (45). PLD2 is a phosphatidylcholine (PC)-



specific phospholipase that catalyzes the hydrolysis of PC to phosphatidic acid and choline,
which are important molecules for cellular processes such as signal transduction, membrane
tralficking, secretion, cytoskeletal reorganization. transcriptional regulation. and cell cycle
control. ~ During L. monocytogenes  infection, host  polyphosphoinositide-specitic
phospholipase C (PI-PLC) and PLD2 are induced and activated by bacterial PI-PLC and L1.O
(24). Morcover, PLD2 has been shown to facilitate that escape of L. monocytogenes {rom
macrophage phagosomes (24). Furthermore, p47phox, the cytosolic component of NADPH
oxidase. was shown 1o be important for killing L. monocytogenes (23, 70-72). Rabget forms a
complex with Rabepl. which has been shown to be essential for mediating Rab5a functions
(25). Rab5a is an 1FN-y effector protein that is important for promoting phagosome
maturation, fusion with the lysosome and subsequent bacterial killing (73, 74). L.
monocvtogenes has been shown to delay phagosome maturation by impairing the activity ol
Rab5a. It does so by preventing the exchange of inactive GDP-bound Rab5a for active G'TP-
bound Rab3a (75), possibly via manipulation of Rab5a regulating proteins such as guanine
nucleotide exchange lactors (GEIs). Indeed, Rabgefl, a Rab5a GEF, was down-regulated 0.8

fold in the C/EBPB” macrophages.

PRCS was selected for further study since it was found to belong to each of the “focus
groups™ ( transcription, direct or indirect C/EBPP target gene, signal transduction, defense and
immunity, production of ROl and RNI and phagosome maturation and phago-lysosome
[usion) in both the SD<0.2 and SD<0.3 data set analyses (Fig. 27). For example, promoter
analysis of the first 1000bp upstream of the transcriptional start site revealed several putative
C/EBPB™ and a NF-kB binding sites, suggesting that PKCS may be transcriptionally
regulated by C/EBPB. Gene ontology assignments to PKC6 showed that it was involved in
humoral delense and intracellular signalling. Literature profiling revealed that PKCS is
involved in several key immune signalling pathways such as NF-kB (76-78), TNF (79, 80),
I1.-6 (81, 82), II'N-a and 1FN-B (83), 1I'N-y (84). PKCd has also been shown to regulate the
production of superoxide by phagocyte oxidase (85-87) and to play a role in transcription by
phosphorylating the transcription factors STATI, STAT3 and p300 (88). Furthermore, studies
by Wadsworth and Goldfine using rottlerin, a putative specific PKC6 inhibitor, indirectly
suggested that PKCo may play a role in phagosomal escape (24, 44). The role of PKCS during
L. monocytogenes infection was theretore further functionally characterized by in vitro and in

vivo infection experiments.
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Figure 27. PKCa belongs to each functional clustering “focus group”. Promoter analysis
revealed that the PKC8 may be a C/EBPJ target gene since its promoter contains a NF-xB and
several putative C/EBPB™ binding sites. Gene ontology assignments and literature profiling
showed that PKC& was involved in humoral defense and may promote escape of L.
monocylogenes from the phagosome. PKCS is involved in regulating key immune signalling
pathways such as NF-kB, TNF, [L-6, -a, IFN-B and IFN-y, regulates the production of
superoxide and plays a role in transcription by phosphorylating the transcription factors
STATI, STAT3 and p300.
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DISCUSSION
The anti-listerial transcriptional response of 1I'N-y-activated macrophages from W and
C/EBPR™ mice was profiled at 4 hours p.i., since this was the carliest time point at which

/- . .
macrophages. The execution of

impaired bactericidal activity was observed in the C/EBP(
the microarray experiments went smoothly, with the exception for the hybridization step in
which several problems were experienced. The preparation of the high quality ¢cDNA or
aRNA with a frequency of incorporation (IFOl) of at least 20 dye molecules per 1000
nucleotides is crucial to the success ol any microarray experiment. Since the yield aRNA was
outstanding (> 100ug for each samplc) and the FOI was 39-57 dye molecules per 1000
nucleotides of aRNA, the microarray hybridization step was proceeded to with confidence.
However, technical variation may have been introduced during the hybridization reaction due
to the unintentional incubation of the arrays at 35°C instead of at 42°C. Although no
observable non-specific hybridization was detected by eye, unequal hybridization Kinetics
across the array can not be discounted. Morcover, image analysis of the arrays showed that
there were several quality and printing defects resulting in technical systematic variation
within and between the arrays. In order to accurately measure differential gene expression,
these systematic variations were removed by a sequential normalization procedure
recommended by Wit and McClure (7). Probabilistic background correction. print-group
[LOWESS and slide-scale normalization were used to correct for the high background, spatial
hybridization effects and intensity-dependent dye biases within and between arrays. However,
despite these efforts to remove as much systematic variation as possible, statistical evaluation
of the arrays showed the technical reproducibility within each array was poor as shown by
=50% of the replicate spots having SD>0.2. Similarly. the reproducibility between the
biological replicate experiments was poor and only 51% of the microarray data was reliable
(SD<0.3). In order to improve the reliability and confidence of the microarray data, unreliable
or questionable data was removed. However, since the SD>0.2 cut off criteria for reliability,
as defined by many researchers (18), removed >60% of the genes from the data set, it was
considered too stringent since several known biologically relevant genes were excluded from
the data sct. Since the microarrays were an exploratory study, it was considered more
important to include biologically significant genes for future analyses. Climination of known
and other, as yet, unidentified biologically relevant genes, would decrease the probability of
(ulfilling the aims of the study. which were to identify genes involved in mediating listericidal
activity. Therefore a less conservative value of SD>0.3 was used 10 remove unreliable data.
Although this strategy removed 49%, it did result in better correlation and reproducibility

between the biological replicates. Moreover, the outcome of PKCS being selected as the
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prime candidate gene would have been the same, regardless if either the SD<0.2 or SD<0.3
cut off criteria was used, since the SD ol the average gene expression ratio for PKC3 in both
the WT and KO arrays was less than 0.2. Idcally, the microarray experiments should have

been repeated using high quality arrays, however budget limitations did not allow for this.

The systematic variation in the microarray data could have been introduced by several
possible sources. For example, technical variation could have been introduced by
unintentional differences in conditions during the infection experiment or RNA purification
procedures. In addition, slight differences in the mRNA amplification procedure and
elficiencies of dye labelling may have added to the variation. RNA amplification was
originally developed as a method to expand very small RNA samples to produce enough
material for hybridization to microarrays (89). A major concern when deciding to use the
mRNA amplification procedure. was that not all mRNAs may amplify equally, which could
introduce variation and bias within and between samples. Ilowever, studies by several groups
have shown that any bias introduced by RNA amplification was minimal (4-6). Moreover,
RNA amplification was reported to be actually improve the reliability of array results (5, 6). A
major source of technical variation was the printed arrays themselves. lmage analysis and
visual inspection of the fluorescent array images revealed that there were several printing
anomalies. Considerable variation in spot quality and morphology within and between arrays
was observed. Not all the spots on printed DNA arrays are perfect and many microarray
printing Facilities routinely find that 2% of the spots on an array are defective. Unfortunately,
in the current study 10% of the spots on the arrays were found (o be either printed on top of
each other or had merged into each other. resulting in a significant portion of the data
becoming unreliable and questionable. Another potential source of variation within and
between arrays was the hybridization procedure. The microarray arrays were processed in
batches of 2 on different days over a 6 week period during spring. Several problems were
experienced with the hybridization process: when adding the denatured labeled aRNA probes
1o the microarray array, some probes took longer to load than others due to uneven capillary
action between the array slide and the coverslip. This difference in loading time could have
resulted in some probes cooling and re-anncaling. Therefore the degree of denaturation and
temperature of the probes may not have been equal for all arrays. In some cases, bubbles
formed when the probe was being added due to uneven capillary action and needed to be
cased out from under the hybridization coverslip, which may have created unequal
hybridization conditions. Moreover, the hybridization apparatus did not hold the hybridization

temperature at 42°C. but instead cooled to 35°C over the incubation period. This temperature

89
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fluctuation may have caused unequal hybridization kinetics within and between the arrays.
Although sequential normalization of the microarray data removed as much technical
variation and systematic biases as possible, there was still considerable “non-biological”
variability due to the inclusion of questionable or inconsistent data. In order to reduce the
complexity of and variance in the microarray data, the M values for the replicate spots were

merged and averaged over all four biological replicate experiments

Even though there were several quality issues, the arrays still contained biologically

meaninglul data. As reported in literature, genes for several pro-inflammatory cytokines,

chemokines and iINOS were significantly up-regulated in both the WT and C/EBPB”
activated macrophages during L. monocytogenes infection. Moreover. genes involved in
macrophage activation, MHC class |l presentation and in mediating signalling stimulated by
[EN-y and TNE, were also were significantly up-regulated in macrophages from both
genotypes. More significantly, the induction of C/EBPP was observed only in the WT
macrophages and the up-regulation of C/EBP[} target genes such as G-CSF, CLECSFY, IL-
12p35 and ISGF3y was impaired in the C/EBPB" macrophages. C/EBPB was shown to be
essential for the induction of G-CSF during innate immunity against L. monocviogenes (29),
Mycobacteriim tuberculosis (30) and Brucelta abortus (31). Similarly, C/EBPB was found to
be necessary for the induction of CLECSI9 in response to LPS. TNIF, 11.-6, and [FN-y
stimulation. (32) and [L-12p35 during Candida albicans infection (33). In addition, C/EBP[3
was shown 1o play an important role in 1FN-y signaling transduction via its transcriptional
control of p48. a component ol the ISGF3y protein complex which is essential for IFN
signaling (34). Since biologically relevant data could be extracted from the microarray data,
despite the poor performance on a statistical level, the decision was made to go ahcad with the

data analysis.

Differentially expressed (DI) genes were identified by a paired T-Test where p values were
calculated based on permutation and Bonferroni correction rather than distribution. in order to
account for Type | Family Wise Error Rate encountered during multiple testing. The Type |
error rate in the context of the current study is the probability of identifying genes as being
differentially expressed between the WT and C/EBPB™ macrophages, when in fact they are
not. Differentially expressed genes were defined as those genes whose expression was
significantly higher or lower in the C/EBPP macrophages as compared to the WT in all 4

biological experiments. Five percent (1268 genes) of the mouse genome was identified as
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being differentially expressed between the W and C/EBPB™ activated macrophages infected
with L. monocvtogenes. Furthermore, 55% of the DE genes were up-regulated. 45% were
down-regulated. The dilTerential expression of these genes may have been be due to cither (i)

the deletion of C/EBPB and consequent loss of transcriptional regulation, (ii) HFN-y

stimulation, (iii) infection by L. monocytogenes or (iv) a combination of all these parameters.
Ideally, microarray experiments using RNA representing each of these individual parameters
should have been done, but unfortunately a limited budget did not allow this. Instead, the
dependence or independence of candidate DE genes would be determined by quantitative RT-
PCR using RNA isolated from these experimental controls e.g. RNA isolated from

macrophages treated only with [FN-y or infected only with L. monocytogenes.

Several methods were considered on how to best to choose candidate genes that were
potentially involved in mediating listericidal activity. The natural intuitive approach selecting
the most highly up- or down-regulated genes, only enriched for genes that acted upstream in
immune response signalling pathways rather than downstream, where listericidal activity is
mediated. Moreover, this method made the assumption that large differences in gene
expression were more biologically signilicant than small changes, which may not necessarily
be true. Furthermore, since the microarray data lacked dimension, genes could not be selected
based on interesting expression pattern observed during the time-course ol the infection
experiment; nor could any functional information be inferred upon the unknown genes based
on their co-clustering with known genes. Moreover, the DE genes clustered into four simple
patterns of expression only, which still did not help identify potential candidate genes. In
depth knowledge of the biological functions of the DE genes during innate immunity was
required in order to make an educated decision of which genes to choose. Therefore, a
focussed functional clustering strategy was developed, where genes were selected based on
particular biological functions and characteristics, rather than gene expression values. Since
35% of the DE gencs were unknown and did not have any gene ontology or published
literature they could not be included in the functional clustering analysis. Functional
clustering of genes with functional information, showed that 4.6% of the annotated DE genes
were involved in the regulation of transeription, 2.0% in host immunity and delense, 3.1% in
the production of ROIL, 16.1% in signalling and 8.9% in phagosome maturation and phago-
lysosome tusion. Similarly, promoter analysis revealed that 18.0% of the annotated DE genes
were possible direct transcriptional targets of C/EBPB, while 47.3% ol the annotated DE

genes had binding sites for transcription factors that interacted with C/EBPB. The focussed
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functional clustering strategy reduced the number of candidate genes rom 1268 down (o 220
genes. Literature profiling of these 220 candidate genes revealed that several were already

published in the literature as playing a role in defense against L. monocytogenes.

With hindsight, excluding the “unknown™ genes from further analyses was limiting, since
some of these genes may have provided novel insight into the RNI/ROI-independent killing
pathway against L. monocyiogenes. The “unknown™ genes could have been co-clustered along
with the known candidate genes based on the occurrence of functional protein motifs/domains
within their encoded proteins. For example, genes encoding proteins that contain G'l'Pase or
VPS domains would be of interest since these domains occur within the Rab family of
proteins, which are responsible for regulating endocytosis, phagosome maturation and phago-
lysosome fusion. Similarly, the “unknown™ genes could have been clustered according to the
various response elements oceurring within their regulatory promoter regions. For example,
“unknown™ genes that contained an IIFN-y response element within their promoters would
most likely be involved in the pro-inflammatory immune response. These putative [FN-y
responsive genes could be grouped with other known [FN-y response genes into the “Defense
and Immunity™ cluster. Had these analyses been done, the inclusion of the “unknown™ gencs

in the focused clustering strategy would most likely have changed the percentages of the

genes within cach cluster. In addition, this more comprehensive analysis may have resulted in
a significant enrichment for a particular [unctional group or activity as compared to the
functional groups for the entire gene set. Furthermore, some of these “unknown™ genes may
have encoded key listericidal proteins. Therefore, due to the limitations of the original

strategy, the above proposed analyses will be done in the near future to address these issues.

PKC3 was selected from all the candidate genes for further study since it was found to belong
to cach of the functional clustering “focus groups™. Promoter analysis suggested that PKCS
may be a transcriptionally regulated by C/EBPB. Gene ontology and literature data mining
showed that PKCo was involved in humoral defense and several key immune signalling
pathways such as NI'-xB (76-78), TNF (79, 80), I1L-6 (81, 82), IFN-a and 1I'N-p (83), 1F'N-y
(84). PKCo has also been shown to regulate the production of superoxide by phagocyte
oxidase (85-87) and to play a role in transcription by phosphorylating the transcription factors
STATIL, STAT3 and p300. In addition. in B cells stimulated with LPS, PKC8 was shown to
negatively regulate C/EBP[3 transcriptional activity by phosphorylating C/EBP at a serine

residue within the DNA binding domain that results in decreased DNA binding activity (90).



IF'urthermore. studies by Wadsworth and Goldfine using rottlerin, a putative specific PKCH
inhibitor, indirectly suggested that PKC8 may play a role in phagosomal escape by possibly
activating PLD2 (24, 44). However, no direct evidence showing a correlation between the
listerial phagosomal escape and PKC8 activity was presented. Moreover, the role ol PKCS in
innate immunity to intracellular pathogens has not been directly investigated o date. Since the
up-regulation PKCd in the C/EBPB” macrophages was validated by quantitative RT-PCR
(discussed in Chapter 5), the role of PKCa during L. monocytogenes infection was therefore
[urther functionally characterized using a PKCo gene deficient mouse model, rather than
rottlerin, since this putative PKCS specific inhibitor has been reported to non-specifically

inhibit several other kinases and non-kinase enzymes (1, 2).
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CHAPTERS.

FUNCTIONAL INFECTION STUDIES IN THE PKC3” MOUSE MODEL

SUMMARY

PKCo was found by microarray and conlirmed by quantitative RT-PCR to be expressed at
1.77 fold higher levels in activated C/EBPB™ macrophages infected with L. monocytogenes as
compared to WT. Functional clustering and literature profiling revealed PKC8 to be the most
promising candidate gene since it has been shown to be involved in (1) several critical
immune signalling pathways, (2) regulation ol superoxide production by phagocyte oxidase,
(3) regulation of transcription. (4) may be transcriptionally regulated by C/EBPP and (5) may
be involved promoting listerial escape trom the phagosome. In addition, PKC8 was shown to
negatively regulate C/EBPP transcniption. FFurthermore, since PKCd was up-regulated in the
highly susceptible C/EBPB™™ macrophages infected with L. monocytogenes, as shown by
microarray and confirmed by RT-PCR, it was postulated that PKCd was detrimental to the
host during L. monocytogenes. However, since this premise has never been directly
investigated, the role of PKC6 in innate immunity to intracellular pathogens was investigated
using the PKC3™ mouse model, rather than rotilerin, since this putative PKC3 specific
inhibitor has been reported to non-specifically inhibit several other kinases and non-kinase
enzymes (1, 2). PKC8™ macrophages infected with L. monocytogenes displayed increased
bacterial ¢scape from phagosomes and uncontrolled bacterial growth. Despite increased
production of iNOS, pro-inflammatory mediators and enhanced neutrophil recruitment,
PKCS “mice were highly susceptible to L. monocytogenes and displayed impaired bactericidal
killing, enhanced histopathology and decreased activated macrophage recruitment. PKC9 is
therefore critical for confinement of L. morocylogenes within phagosomes during innate
immunity against L. monocytogenes. In contrast, PKC§™ mice were able to control M.
tuberculosis infection as well as WT mice, suggesting that PKCé is targeted by L.
monocytogenes in order to facilitate its escape {rom the phagosome. PKCS may be part of an
unknown listericidal mechanmism that is independent ot INOS and pro-inflammatory cytokines
that was previously observed in IFN-y”, TNEFRpS5™, ICSBP™™ and C/EBPB " mice. Using a
systems biology approach, a putative role of PKCd in the unknown listericidal mechanism
was uncovered, where PKC8 may function to promote and/or enhance Rab5a activity leading

to phagosome maturation, phago-lysosome [usion and bacilhi killing.



RESULTS

1. Identification of PKCo by microarray

The expression levels of PKCd were found by microarray to be 1.13 fold higher in the
C/IEBPP ™ macrophages as compared to WT, which was confirmed by real-time quantitative
RT-PCR to be even higher at [.77 fold (Fig. 1 A). Quantitative RT-PCR of macrophages
infected with L. monocylogenes stimulated with or without IFN-y, showed significant
induction of PKC3 in the C/EBPB™ macrophages as compared to the media control at 4 hours
p.i. (Fig. | B). The induction of PKCd by L. monocytogenes in the absence 11'N~y stimulation
may be due to L. monocylogenes-induced transcription of TNF via TLR2 (3) and TI.RS
signalling (4). TNL has been shown to induce the expression of PKC$ in a NF-x3 dependent
manner (5). Moreover, PKCo itself promotes the nuclear translocation of NF-xB and
consequent NF-kB-mediated transcription. Since the transcription of G-CSF is mediated by
NF-kB (6). it may be possible that G-CSF acts in a negative feedback regulatory loop to
prevent its over-expression by NF-kB. The suppression of NF-kB transcriptional activity by
G-CSY may occur via an, as yet unknown mechanism, whereby genes encoding proteins that
promote the activation and nuclear translocation of NF-kB e.g. PKC9, are transcriptionally
repressed. Consistent with this hypothesis is the observation that the induction of PKCo by L.
monocytogenes alone in infected C/EBPP™ macrophages was significantly higher as
compared to W' control macrophages (Fig.1.3). The impaired production of G-CSF in the
C/EBPB" macrophages, due to the absence C/EBPPB (7). may have resulted in the alleviation
of the transeriptional repression of PKC6 by the G-CSF regulatory negative {ecedback loop.
The effect ol G-CSIF and other C/EBP[} target genes such as 1L-12p35, Clecs9 and ISGF3y
on the transcription of of PKC3 will be further investigated by real-time quantitative RT-PCR
in W1 and C/EBPB”™ macrophages. Similarly, the expression levels of PKCS were higher
after 1I"'N-y stimulation as compared to media controls, but the observed increase was not
significant (Fig. 1 C). The apparent decreased levels of PKCS in untreated C/EBPB™
macrophages, although not significant as compared to W, suggested that PKCd may be a
target gene of C/EBPB. Gene Ontology (GO) assignments to PKCS showed that it was
involved in humoral defense and intracellular signalling. Literature profiling revealed that
PKC3 is involved in several key immune signalling pathways such as NF-k3 (8-10). TNF
(11, 12), 11.-6 (13, 14), IFN-a and IFN-B (15), IFN-y {16). PKCd has also been shown to
rcgulate the production of superoxide by phagocyte oxidase (17-19) and to play a role in
transcription by phosphorylating the transcription factors STAT! (16, 20, 21), STAT3 (13, 22,

23) and p300 (24). Furthermore, studies by Wadsworth and Goldfine using rottlerin, a
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putative specific PKCd inhibitor, indirectly suggested that PKCo may play a role in
phagosomal escape (25, 26). Hlowever, no direct evidence showing a correlation between the
listerial phagosomal escape and PKCo activity has been reported. In addition, PKCS was
shown (o negatively regulate C/EBPP transcriptional activity by phosphorylating C/EBPP at a
serine residue within the DNA binding domain that results in decreased DNA binding activity
(27). Furthermore, since PKCo was up-regulated in the highly susceptible C/EBPB™
macrophages infected with L. monocytogenes, shown by microarray and confirmed by RT-
PCR, it was postulated that PKCS was detrimental to the host during L. monocylogenes.
[lowever, since the role of PKCé in innate immunity to intracellular pathogens has not been

/- . . . .
mouse model was used to investigate this premise.

directly investigated to dat, the PKC”
The PKC8” mouse model was used, rather than rottlerin, since this putative PKC§ specitic
inhibitor has been reported to non-specifically inhibit several other kinases and non-kinase

enzymes (1, 2).
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Figure 1. Up-regulation of PKCé in activated C/EBPB'/' macrophages during L.
monocytogenes infection. Difterential up-regulation of PKCS in C/EBPB™ macrophages
(empty bars) as compared to WT (filled bars) as discovered by (A) microarray analysis and
(B) confirmed by quantitative RT-PCR. Shown are the averages and SEM of 4 independent
biological experiments at 4 hours p.i.. Microarray data is relative to WT and RT-PCR data
was normalized to the B2ZMG housckeeping gene and is relative to the WT average. (C)
Quantitative RT-PCR of PKCS in WT and C/EBPB™ macrophages with or without [FN-y
stimulation and infected with /.. monocytogenes (denoted by LM). Data is relative to the
B2MG housekeeping gene and represents the averages and SEM ol 4 independent biological

experiments at 4 hours p.i. (* p < 0.5).
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2. PKC6™” macrophages have enhanced bacterial growth and increased bacterial escape
from phagosomes

Since Wadsworth and Goldfine (25) did not directly show a correlation between PKC8 and
phagosomal escape nor listericidal activity, 1FN-y-activated PKC8 ™ BMDMSs were infected
with L. monocytogenes and bacilli growth measured at 2, 4, 8 and 12 hours p.i. (Fig. 2 A).
Macrophages from WT control mice were able to restrict bacterial growth and reached a
stecady state platcau at 8 and 12 hours p.i.. Similarly. even though the bacterial load in the
PKC8'" control macrophages was 4 times significantly higher than in the W, the PKC3"™"
macrophages were still able to restrict bacterial growth. In contrast, PKC3” macrophages had
significantly increased bacterial growth at all time points, with uncontrolled bacilli growth 8
and 12 hours p.i.. To determine if the increased bacterial growth was due to enhanced
bacterial escape trom phagosomes. BMDMs were infected with L. monocytogenes and
bacterial escape measured by fluorescent microscopy (Fig. 2 C, D, 5, I'). WT, PKC3'"" and
PKC3™ macrophages contained an equal number of bacteria at 90 minutes, indicating no
significant defect with respect to phagocytosis in any of the groups. The number ol bacteria
associated with actin (red, escaped bacteria) and number of bacteria trapped in the phagosome
(green) were scored and the percentage of escape calculated as described in the methods.
PKC8" macrophages had 6.5 times greater bacterial escape than the WT and PKC3™ controls
(Fig. 2 B, 90 minutes p.i.; Fig. 2 C, E). At later time points, significantly more bacleria were
associated with actin (Fig. 2 B, 180 and 270 minutes; Fig. 2 D, F) and were in motton (inset,
Fig. 2 D)y in the PKC3™ macrophages as compared to the controls. Taken together these
results showed that PKC3™™ macrophages had impaired listericidal activity due Lo their
inability to conline L. monocyiogenes within the phagosome, which resulted in enhanced

listerial escape and subsequent uncontrolled bacterial growth.
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Figure 2. Enhanced bacterial growth and increased bacterial escape from PKC5™
phagosomes. BMDMs from WT (filled squares), PKC8" (filled circles) and PKCS™ (open
circles) were infected with L. monocytogenes. (A) Bacterial load was determined at 2, 4, 8 and
12 hours p.i.. Results are representative of three independent experiments (B) Quantification
of L. monocytogenes escape from phagosomes at 90, 180 and 270 minutes p.i. The number of
bacteria associated with actin (red) and trapped in the phagosome (green) was scored. Data
are averages + SEM of the means for three independent experiments. Deconvoluting
fluorescent microscopy of BMDMs infected with L. monocytogenes at 90 minutes (C, E) and
270 minutes (D, F). Escaped bacteria (red) are indicated by arrows. Magnification: X100,

Results are representative of three independent experiments (*p<0.05; **p<0.0001).
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3. Efficient induction of pro-inflaimmatory mediators and nitric oxide in L.

o

monocytogenes-infected PKC6™ macrophages

_—

To determine if the enhanced phagosomal escape and impaired bacterial killing in PKC9
macrophage was a consequence of impaired macrophage activation, the levels of pro-
inflammatory cytokines, chemokine MCP-1 and nitric oxide in the supernatant from L.
monocylogenes-infected macrophages were quantified (Fig. 3). Control PKC3"” macrophages
produced peak levels of cytokines [L-6, ITNF, 1L-12p40, 1L-12p70 and the chemokine MCP-1
at 8 hours p.i., followed by down-regulation at 12 hours p.i.. In contrast, secretion of
cytokines and chemokines from PKC8 macrophages reached peak levels at 12 hours p.i.
which were significantly higher as compared to PKC3'" controls. Furthermore, nitrite
production, representative of nitric oxide, was significantly increased in the PKC§™
macrophages at 8 and 12 hours p.i.. In addition, the levels of GM-CSF were found to be

similar among the PKC& and control macrophages. indicating that enhanced cytokine
production was not due to enhanced macrophage proliferation. Furthermore, the levels of
[I'N-y were found to be similar for PKC3 and control macrophages, indicating comparable
levels of activation among all samples. These results demonstrated that in the absence of
PKC3, macrophages were still able to be activated and efficiently produced pro-inflammatory
and Killing effector molecules such as iNOS in response to the increased bacterial burden,
however, they were nevertheless unable to control L. monocytogenes bacilli growth (Fig. 2

A).
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Figure 3. Efficient induction of pro-inflammatory mediators and iNOS in PKC™"

macrophages. Secretion of cytokines, chemokine MCP-1 and nitrite into culture supernatants
by BMDMs from WT (not shown), PKCS'" (filled circles), PKCS™ (open circles) mice
infected with L. monocvtogenes. Data are represented as means + SEM of triplicate samples.

Results are representative of two independent experiments (* p<0.05; ** p<0.005).



4. Increased mortality in L. monocytogenes-infected PKC8™” mice

Having shown in vitro that PKCS is involved in controlling L. monocytogenes infection in
macrophages. the role of PKCS in vivo was investigated. PKCS™ mice and their control
littermales were inlected i.p. with titrated doses ol L. monocviogenes and mortality was
measured (Fig.4). WT mice were able to survive L. monocytogenes inlection at all doses and
had a LLDsy = 2 x 10° CFU. Furthermore, control PKC8™™ mice controlled the infection to the
same degree as W1, although one out of five mice died at the highest inoculum (2 x 10
CILiy. In contrast, PKC8 ™ mice were highly susceptible to L. monocytogenes infection and
had a 1L.Dsy of 2 x 10° CFU. Even at a very low dose ol 200 CFU, two out ol nine PKC§™~
mice died. IFN-yR™" mice were included in the mortality study, in order to assess degree of
susceptibility of PKCS™ ™ mice to . monocytogenes infection. IFN-yR™™ mice have been shown
to be extremely susceptible o L. monocyrogenes and arc unable to resist even less than 70
CFU (28). As expected, all the IFN-yR™™ mice died within 5-6 days after infected with 200
CFU, whereas only 22% of the PKC3 ™ mice died within the same period. These results
demonstrated that the PKCd™ ™ mice had defective innate immune responses and were highly

susceptible to L. monocytogenes inlection, albeit not to the same degree as the IFN-yR™™ mice.
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Figure 4. Enhanced mortality after L. monocytogenes intection in the absence of PKCo.
Mice were infected with either (A) 2 x 10° CFU, (B) 2 x 10° CFU or (C) 2 x 10* CFU of L.

monocytogenes and mortality measured. Results are representative of 2 independent
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Moribund mice were sacrificed and used to determine the bacterial burden in liver and spleen.
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was analyzed by Kaplan-Meier using the log-rank test (o compare survival data.
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S. Enhanced bacterial burden and increased histopathology in L. monocytogenes-
infected PKC8™ mice

L. monocylogenes-infected PKC8 ™ mice died carly after infcction (2 days) with a sub-lethal
dose for WT mice, indicating a defect in their innate immunity. To verity this hypothesis
PKCS™. WT and PKCS™ control mice were infected with 2 x 10* L. monocytogenes and the
bacterial burden in liver and spleen was measured at 2 days p.i. (Fig. 5 A, B). The CTFU in
spleen and liver from PKCS™ mice was significantly increased over 3-log fold as compared to
their WT and PKC8"" control littermates. This indicated that PKC8™ mice were defective in
their innate immunity and were unable to control bacterial growth resulting in early mortality.
Protective immunc responses against L. monocytogenes involve the proper formation of
infiltrating immune cells to form small microabscesses that conline the infection and control
bacterial growth. The histopathology of liver (Fig. 5 C, D) was analysed at 2 days p.i..
Haematoxylin and eosin staining showed significantly more abundant microabscesses in
PKC8 ™ mice as compared to their littermate controls. The microabscesses from W'T mice
were small, well defined (Fig. 5 C, WT) and contained only a few bacilli (Fig. 5 D, WT). In
contrast, the PKC3™ microabscesses were very large, unorganized and contained many
polymorphonuclear cells and zones of hepatocellular necrosis (Fig. 5 C, PKC87). Many rod-
shaped bacilli were visible in the PKC8" microabscesses (Fig. 5 D, PKCd ") wherecas the WT
and PKC8'" microabscesses only contained a [ew bacteria. Failure to control bacterial growth
resulted in necrotic lesions and liver destruction in the PKC& ™ mice. The size of
microabscesses was significantly larger in PKCo™™ mice as compared to the W' mice (Fig. 5
). Taken together, histopathology from L. monocytogenes-intected PKC3™™ mice showed
significantly more abundant and larger microabscesses than the WT controls, with extensive

necrotic lesions, liver parenchymal destruction and bacterial overgrowth.
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Figure 5. Increased bacterial burden and histopathology in PKC3” mice. WT (filled
squares), PKC8"" (filled circles) and PKC8™ (open circles) mice were infected i.p. with 2 x
10° L. monocytogenes (n=4 - Sl/group). Bacterial load in (A) spleen and (B) liver was
determined at 2 and 3 days p.i. (C) Microabscess liver sections were stained with
haematoxylin/eosin (C, D) and Gram positive stain (D) which colours L. monocytogenes in
blue (arrow). Magnifications: C X400; D XI1000. All data are representative of two
independent experiments. (E) Size quantification of liver microabscesses in control PKC8""

(filled bars) and PKC8”" (empty bars) mice (***p<0.0001).

247



6. Decreased activated macrophages but enhanced neutrophil recruitment in PKC6™
mice following L. monocytogenes infection.

Clearance of L. monocylogenes involves the proper recruitment of activated macrophages and
neutrophils to the site of infection. PKC8™ mice and their WT and PKC3™ littermate controls
were infected with 2 x 10* L. monocytogenes CFU and the recruitment of inflammatory cells
at 2 days p.i. was analyzed by FACs. PKCd ™ mice had increased numbers of peritoneal
exudate cells (PECs) as compared to their control littermates, indicating no defect in cellular
recruitment to the site ol infection (Fig. 6). However, PKC& ™ mice had 10% decreased
recruitment of activated macrophages than the controls as shown by MHC class [I/MACI
(Fig. 7 A) and MHC class 11/I'4/80 (Fig. 7 B) staining. Furthermore, GR1/MACI expression
was increased in PKC8™ mice indicaling 30% greater neutrophil recruitment as compared (o
the controls (Fig. 7 C). These results showed that the PKC8™ mice had increased cellular
recruitment to the site of infection, with significantly more neutrophils but decreased activated

macrophages.
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Figure 6. Yield of recovered peritoneal exudate cells. Control PKC3"" littermates and

PKCS ™~ mice was infected with 2 x 10" CFU of L. monocytogenes. Two days after infection
peritonecal exudate cells (PECs) were recovered and pooled (n=5/group). Data represent the
average and SEM of 2 independent experiments of total recovered PECs per mouse (*

p<0.01).
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Figure 7. Decreased activated macrophage and enhanced neutrophil recruitment in
PKC8” mice. FACs analysis of L. monocytogenes elicited PECs from PKC8"" and PKCS™
stained for activated macrophages (A) MHC class [ and MACI, (B) MHC class I and F4/80
and for neutrophils (C) MAC1 and GRI. Numbers represent the percentage of cells in that

particular quadrant. Results represent pooled samples n=5/group.
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7. Efficient induction of pro-inflammatory mediators and nitric oxide in L.
monocytogenes-infected PKC5™ mice.

Serum levels of pro-inflammatory mediators collected 2 and 3 days after infection showed
that the PKC8 ™ mice efficiently produced MCP-1, IL-6, TNF, 11.12-p40, 11.-18 and IFN-y at
levels comparable or significantly higher than the W'T' (Fig. 8). Similarly, quantitative real-
time RT-PCR of infected liver and spleen samples at 2 days (Fig. 9) and 3 days (Fig. 10) p.1.
confirmed that the PKC8™~ mice efficiently induced expression of pro-inflammatory mediators
and INOS at levels greater than their control littermates. The increased MCP-1 expression in
PKC8™ mice might explain the observed increased cellular recruitment to the site of infection
as shown by FACs analysis (Fig. 7). Interestingly, C/EBPJ was highly up-regulated in the
PKC3 ™ mice as compared to WT controls. Induction of bactericidal effector, iNOS, was also
highly increased in PKC3™™ mice, however this was not sufficient to reduce the bacterial
burden. 1L.-10, an anti-inflammatory cytokine, was also increased in the PKC3 " mice. These
results showed that the PKCo™™ mice had efficient or significantly greater induction ol pro-
inflammatory mediators and iNOS due to their increased bacterial burden, but were

nevertheless unable to control and clear the infection.
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Figure 8. Efficient production and secretion of pro-inflaimmatory mediators in PKC8™

mice. Pro-inflammatory mediators were mcasured by sandwich ELISA in sera of mice at 2
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8. Normal memory response in PKC3” mice following infection

Clearance of bacilli during secondary L. monocytogenes challenge is mediated by protective
antigen-specific T cell memory. To determine if immunization of PKC& mice conferred
protection against a subsequent lethal dose of L. monocytogenes, PKC3™ mice and their
control littermates were immunized with a LDsg dose of 2 x 10° L. monocytogenes CFU. After
2 months, the surviving mice were re-challenged with a secondary lethal dose of 2 x 10 L.
monocytogenes CIFU and the memory response measured by means of bacterial burden in
spleen and liver at 2 days after infection. Non-immunized WT and PKC3" control mice
efficiently controlled bacterial replication and displayed similar bacterial burden in both
organs (Fig. 11). In contrast, non-immunized PKCS8"" mice displayed uncontrolled bacterial
growth with 3 log fold significantly higher CIFU in liver and spleen as compared to the
controls. Following secondary infection, the bacterial burden decreased by 1-2 log fold in the
WT and PKC3'" immunized control mice. Surprisingly, immunized PKC3™ mice also
clficiently cleared this higher dose and the bacterial burden in liver and spleen was reduced to
the same level as the WT and PKC8™ control mice. Taken together, these results
demonstrated that PKCo was not required for the generation nor for the elffector phase of

adaptive cell-mediated immune responses to L. monocytogenes intection.
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Figure 11. Normal memory response in PKCH™

mice. Bacterial load in (A) spleen and (B)
liver of non-immunized or immunized WT (filled squares), PKCS™ (filled circles) and PKCd”
" (open circles) mice at 2 days p.i. aller re-challenge with a lethal dose of 2 x 10" L,

monocylogenes (n=6/group).
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9. PKCS™ are resistant to aerosol M. tuberculosis infection.

To test susceptibility in the absence of PKC8 to another intracellular pathogen, PKC8 mice
were infected with M. ruberculosis by inhalation. Since C/EBPB™ and IFN-yR™™ mice are
highly susceptible 10 Mycobacterium (29, 30) they were included as positive controls and as a
reference against which to measure the degree of susceptibility in the PKC8 ™ mice. The
weight of the mice was monitored weekly and mice sacrificed when they were moribund and
had lost > 25% of their initial body weight. The weight of the PKC& ™ mice increased
following infection as compared to their control mice (Fig. 12). In contrast, the C/EBPB™ and
IFN-yR™ mice rapidly lost weight after 5 weeks and became cachectic and moribund by 6 and
7 weeks p.i. respectively. The bacterial load in the spleen, liver and lungs of the C/EBPB™ and
IFN-yR™™ mice was 3 log increased compared to their WT controls (IYig. 13). In contrast,
bacterial burden from PKC3™ mice were similar to their WT controls at 10 weeks p.i., except
for a 1 log increased in the lungs. These data showed that PKC8 was did not play a major role
in protection against Mycobacterium, since PKC& ™ mice efficiently controlled M,

tuberculosis infection as compared to their littermate controls.
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Figure 12. Percentage body weight loss during M. tuberculosis infection. WT, PKC5'",
PKCS ", IFN-yR™™ and C/EBPB” mice (n=4-6/group) were infected with 100 CFU ot M.
tuberculosis via aerosol. Body weight was monitored weekly and mice were sacrificed once

they had lost > 25% of their body weight.
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Figure 13. Resistance to M. tuberculosis infection in PKC3™ mice. WT, PKC3'", PKCS™",
[FN-yR™" and C/EBPBR mice (n=4-6/group) were infected with 100 CFU of M. tuberculosis
via acrosol. Moribund C/EBPB™ and [FN-yR™™ mice were sacrificed at 6 and 7 weeks post
infection respectively and their CFUs determined in lung, liver and spleen. WT, PKC8'",

PRKC& ™ were sacrificed 10 weeks post infection and their bacterial burden was analysed.



10. Generation and Analysis of a Protein-Protein Interaction Network for PKC3, Rab5a
and G-CSF.

A systems biology approach was used in order to determine the mechanism whereby PKCd
confined L. monocyiogenes within macrophage phagosomes. Data from Wadsworth and
Goldfine indirectly suggested that PKC6 played a role in promoting listerial escape from the
phagosome. In their studies, they showed that inhibition of PKCd activity by rottlerin, during
L. monocytogenes infection, resulted in impaired calcium influx into the infected
macrophages, which prevented the translocation of PKCBII to early endosomes. Additional
experiments blocking PKCP translocation with hispidin resulted in decreased escape of L.
monocylogenes from phagosomes. Moreover, pre-treatment of macrophages with calcium
channel inhibitors SK&IF 96365 and thapsigargin, which block influx ot calcium from the
extracellular environment or intracellular stores respectively, resulted in 25-30% decreased
escape of L. monocytogenes from the phagosomes (26). These results therefore indirectly
suggested that PKCS played a role in promoting listerial escape from the phagosome, by
facilitating the initial calcium influx into the infected macrophages. Furthermore. additional
studies by the same rescarch group showed that LLO and PI-PLC secrcted by L.
monocytogenes during infection induced the activation of host phospholipase C (P1.C) and
phospholipase D (PLD). Using rottlerin, PKCo was shown to be responsible for activating
PLD resulting in increased escape of the bacilli from the phagosomes, since pre-treatment of
the macrophages with the PLD inhibitor, 2, 3-diphosphoglycerate partially inhibited escape
from the phagosome (26). PKCd was therefore considered a detrimental factor during L.

monocytogenes infections.

However, results of this dissertation indicated that PKC3 played a protective, rather than
detrimental role during L. monocytogenes infection. PKC8 ™ mice were highly susceptible and
displayed increcased escape of L. monocyiogenes from the phagosome. Since phagosomal
escape was shown to be dependent on increased cytosolic calcium levels (31), these results
suggested that the calcium influx into the infected PKCS™ macrophages still took place
despite the lack of PKC3. Other calcium-independent PKC isoforms e.g. PKCe, PKCy and
PK (6, may have compensated for the lack PKC3 in the PKC8™ macrophages, and stimulated
the influx of calcium required for translocation of PKCPII to early endosomes and consequent
baclerial escape from phagosomes. If PKCd did play a detrimental role during infection, the
percentage of bacterial escape in the PKCS™™ macrophages, resulting from the calcium influx
compensated for by other PKC isoforms, was expected to be equivalent or slightly reduced as

compared 1o WT macrophages. However, the PKC8 ™ macrophages had 6.5 fold greater
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bacterial escape from the phagosomes as compared to WT, suggesting that PKC4é played an
additional role other than stimulating inward calcium influxes. For example, PKC8 has been
shown to regulate the production of superoxide by phagocyte NADPH oxidase by
phosphorylating the enzymes p47phox and p67phox components (17-19). Morcover, since the
localized release of superoxide and nitric oxide into the small space of the phagosome was
shown to reduce escape of L. monocytogenes trom the phagosome (32), PKC8 may also
function to stimulate the release ol superoxide into the phagosome in order to prevent
bacterial escape. However, the PKC8 ™ mice displayed higher susceptibility to L.
monocytogenes than mice deficient for p47phox (p47phox™) (33), gp91phox (gp91phox ™)
(34) and doubly deficient for INOS and gp91phox (gp91 phox ~ /iNOS ) (35). These results
suggested that PKCS played an additional protective role during infection other than
stimulating the production ol superoxide (17-19). Experiments by Pizarro-Cerda et al (36)
using C/EBPP™ mice infected with B aborius, demonstrated that C/EBPB promoted
endocytosis and membrane fusion between endosomes and pathogen-containing phagosomes
in a G-CSF-dependent manner (36). In these studies, C/EBPB™ mice had impaired induction
of G-CSF and impaired bacterial killing, however, addition of the G-CSF restored endocytosis
and bactericidal activity. C/EBPB was highly up-regulated in the PKC8 macrophages during
L. monocytogenes infection, thereby suggesting that PKCs may act downstream of C/EBPJ in
the signaling pathway. It thercfore seemed promising that PKC8 may be involved in C/EBPB
mediated regulation of endocytosis, phagosome maturation and consequent bacterial killing.
A protein-protein network was created using protein-protein interaction data of PKC8, G-CSF
and Rab3a. All protein-protein interaction data was taken from the BIND, Entrez Gene and
HPRD databases which represent experimentally proven interactions. Although no direct
interaction between RabSa and PKCd has been documented in any of the public databases to
date, this interaction can not be discounted. The Cytoscape software programme was used to
visualize and analyze the interaction networks (37). The complete network showing all first,
second and third neighbour interactions, was very large and complex and the links between
PK(Ca, G-CSFKF and Rab5a were unclear (Fig. 14). Therefore only the first and second
neighbours and their edges were selected for Rab3a, G-CSF and PKC8 proteins (Figure 15).
Although the network is still complex, it can be scen that all the interactions in the signalling
network converge on four proteins, RAB GTPase binding effector protein 1 (Rabepl),
Angiotensin receptor [ (Agtrla), RAS p21 protein activator 1 (Rasal) and Tuberous sclerosis
2 (Tsc2), which interact with Rab5a directly (Figure 15 A, orange circles). Selecting only

thosc interactions with the shortest “route” linking PRKC3 and G-CSF to Rab3a, the



rclationship between these players became clearer (Fig. 15 B, C). PKC6 was found to interact
directly with “intermediate™ proteins such as protein tyrosine kinase 2 beta (Ptk2b), guanine
nucleotide binding protein, beta 2, related sequence 1 (Gnb2rs1), Insulin-like growth factor |
receptor (IgfTr), Insulin receptor (Inst), Rous sarcoma oncogene (Src), Guanine nucleotide
binding protein alpha 13 (Gnal3) or 14-3-3 gamma (Ywhag), which themselves interacted
with the proteins (Rabepl, Agtrla, Rasal and Tsc2) that bound to directly Rab5a. G-CSF
interacted only with its receptor, G-CSFR which itself signalled via an additional “layer” of
intermediate proteins to Rasal and Agtrla in order to signal to Rab5a. G-CSIR interacted
with Spleen tyrosine kinase (Syk), Yamaguchi sarcoma viral oncogene (Lyn), Protein tyrosine
phosphatase. non-receptor type 11 (Ptpnll) and JAKIL, which in turn interacted with cither
Hemopoietic cell kinase (Hek), Growth factor receptor bound protein 2 (Grb2), Ptk2b. Sre,
Insr, Gnb2rs1 or lgflr to signal to Rasal, which in turn bound directly to Rab5a. The most
direct route for G-CSFR to Rab5a was via JAK2 which interacted with Agtrla. No direct
interaction was found between PKC6 and G-CSF or G-CSFR. However, PKC8 was found to
interact with Sr¢ homology 2 domain-containing transforming protein C1 (Shc1) which binds
G-CSER (Fig. 15 A). Moreover, PKCS interacted with several of the “intermediate™ proteins
involved in G-CSER interactions e.g. Ptpnl1, Insulin receptor substrate 1 (Irsl), Interleukin 6
signal transducer (1L.6st), STAT3 and Mucin | (Mucl). In order to obtain a clearer picture of
which protein interactions were important during L. monocytogenes infection, the literature

tor each interaction was profiled.

Rabepl has been shown to bind directly to Rab5a via protein-protein interactions with
Rabgefl and the resulting Rabepl:Rabgefl complex shown to be essential for mediating
Rab3a functions (38). Rabepl is essential for membrane docking and fusion (39), whereas
RabgelT functions as a specific guanine nucleotide exchange factor for Rab5 and exchanges
GDP for GTP (38). Furthermore, Rabgefl was shown to interact with Ywhag, a 14-3-3
protein which is phosphorylated by PKCS (40). Ywhag is the gamma isoform of the 14-3-3
family of proteins which are involved in the regulation of most cellular processes. including
several metabolic pathways, redox-regulation, transcription, RNA  processing, protein
synthesis, protein folding and degradation, cell cycle, cytoskeletal organization and cellular
trafficking (41). Since 14-3-3 proteins have been shown to acts as “scalfolds™ for multi-
protein complexes, Ywhag may function to stabilize the Rabepl:Rabgell complex, (42).
Furthermore, the activity of 14-3-3 proteins is controlled by phosphorylation, which promotes

binding to their protein partners (41). Since PKC8 has been shown to phosphorylate Ywhag



(40), it may function to promote the formation the Rabepl:Rabgefl complex. thereby
enhancing Rab5a activity and consequent phagosome maturation, phago-lysosome fusion and
bacterial killing. Similarly, the interaction between agonist-activated Agtrl and Rab5a was
shown to promote Rab5a GTP binding and vesicular fusion (43). PKC3 was found to
phosphorylate and activate Gnal3 (44), an Agtrl agonist (45). PKC may therefore promote
Rab5a activity, by driving Agtrl activation via phosphorylation of Gnal3. In contrast, PK(3
may down-regulate the activities ol Rasal and Tsc2, as both these proteins have been shown
to inhibit Rab5a activity. Rasal was shown to suppress RAS signalling by stimulating its
intrinsic G'TPase activity resulting in the inactive GDP-bound form of RAS. The suppressing
activity of Rasal was controlled by tyrosine phosphorylation or association with tyrosine
phosphorylated proteins (46). Since RabSa is a Ras related protein, its interaction with Rasal
may promote GTP hydrolysis resulting in suppression of Rab5a activity. To counteract this
Rab5a suppressive action, PKC8 may phosphorylate Rasal interacting proteins such as Ptk2b,
Gnbrsl, Igtir, [nsr, Sre, Hek and Grb2, which once phosphorylated may bind to Rasal and
inhibit its activity. Similarly, Tsc2 has been shown to function as a Rab5 GAP in vivo to
negatively regulate Rab5-GTP activity in endocytosis (47). Tsc2 interacted with Rab5a via
Rabepl and specifically stimulated the built-in GTPase activity of Rab5a resulting in inactive
GDP-bound Rab5a (47). The suppressive activity of Tsc2 was controlled by the binding of
[4-3-3 proteins (48) including Ywhag (49). [urthermore, PKCS& has been shown to
phosphorylate Ywhag (40), which promoted its binding to its target proteins e.g. Tsc2 (41).
PKCS may thercfore down-regulate the Rab5a suppressive function of Tsc2 by

phosphorylating Ywhag and thereby promote its binding to Tse2.
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Figure 14. Protein-Protein Interactions between PKC8, G-CSF and Rab5a. Shown are
protein-protein interactions between RabSa (yellow), PKC3 (red), G-CSF (pink), G-CSFR
(pink) and their first, second and third neighbour interacting proteins (blue). Proteins are
displayed as coloured circles and protein-protein interactions as black lines. Proteins in orange

interact directly with Rab5a.
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Figure 15. Putative mechanism of PKC8 and G-CSF regulation of Rab3a activity. Shown
are protein-protein interaction networks of (A) Rab5a, PKC8, G-CSF and their first and
second neighbour interacting proteins. (B) Putative pathway whereby PKCd (red) signals to
Rab5a (yellow) via Rasal, Agtrla, Tsc2 and Rabep] (orange). (C) Putative pathway whereby
G-CSF (pink) signals through its receptor, G-CSFR (pink) to Rab3a (yellow) via protein-
protein interactions through Rasal and Agtrla (orange circles). Proteins are displayed as
coloured circles and interactions as lines. Red lines indicate the direct interactions with Rab5sa

that either activate (+) or suppress (-) Rab5a activity.
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11. Putative Mechanism whereby PKC8 confines L. monocytogenes within phagosomes

Based on the above protein interactions, literature and hypotheses, PKCS may therefore
indirectly promote RabSa activity, phagosome maturation, phago-lysosome fusion and
subsequent bacterial killing, by promoting the Rab5a-activating functions of Agtrla and
Rabgef1 and by inhibiting the Rab5a-supressing functions of Tsc2 and Rasal. The following
mechanism whereby PKCS confines L. monocytogenes with the phagosome is therefore
proposed (Fig. 16 A). During L. monocytogenes infection, the secretion of pro-inflammatory
mediators such as [FN-y, IL-1 and 1L-6 induces the expression of C/EBPB (50). Moreover,
stimuli such as pro-inflammatory cytokines and LPS activate C/EBPB by promoting
phosphorylation of its transactivation domain {51). Once activated C/EBPP, translocates to
the nucleus where it stimulates the expression of genes involved in oxidative bacterial killing
(e.g. INOS or PKC6) and/or genes involved in phago-lysosome mediated bactericidal activity
¢.g. Rab5a, Agtrla and Rabget]l. Promoter analysis of Agtrla, G-CSF, iNOS. PKC8, Rab3a,
Rabepl, Rabgefl, Rasal and Tsc2 genes revealed that they all contained putative binding

sites for C/EBPP or transcription factors that interacted with C/EBP ¢.g. NF-xB (Fig. 16 B).

In this hypothesis, PKCd is involved mediating bacterial killing via both the oxidative and
phago-lysosome pathways. PKCS has been previously shown to regulate the activation of
phagocyte NADPH oxidase, the multi-protein enzyme complex that generates superoxide {17,
18). However, its hypothesized role in the phago-lysosome pathway is based on (1) the results
of this thesis where it was shown to play a crucial role in confining the L. monocytogenes
within the phagosome, and (2) the hypotheses generated from analysis of the above protein-
protein interaction network. In the proposed mechanism, PKCS indirectly promoltes the
activation of Rab5a activity by regulating two opposite pathways ([Fig. 16 A). The first
pathway involves PKC8 phosphorylating the Gnal3 and Ywhag proteins, which in turn
enhance and activate Agtria and Rabget1. Once activated, Agtrla and Rabgefl subsequently
interact directly with Rab3a bound at the phagosome membrane and promote the exchange of
Rab5a-GDP for GTP. Upon binding GTP, Rab5a becomes activated and is then able to
promote the recruitment iNOS and phagocyte NAPDH oxidase resulting in the localized
production of nitric oxide and superoxide into the phagosome (32). Moreover, activated
RabSa promotes phagosome maturation, phago-lysosome fusion and subsequent bacterial
killing. The second pathway involves PKCS indirectly inhibiting the Rab3a-supressing
activities of I'sc2 and Rasal via its phosphorylation of Ywhag, Ptk2b, Gnb2rs1, 1gf1r. Insr,

and Src. The binding of phosphorylated Ywhag to 'F'sc2 and phosphorylated Ptk2b, Gnb2rs1,
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lefTr, Insr, and Src to Rasal, inhibits their Rab5a suppressing activities. PKCS therefore plays
a central role in synergizing both these pathways in order to promote Rab5Sa activity and

consequent phago-lysosome fusion and bacterial killing.

The gene expression data from the infected W C/EBPB™ macrophages was compared to the
proposed mechanism to determine if therc was any correlation. Since promoter analysis
showed that Agtrla, Rabgefl, G-CSF, Rasal, PKC&, Rab5a, Tsc2 and Rabepl contained
putative C/I:BPP binding sites in their promoters (Fig. 16 B), it was natural to expect that
induction of these putative C/EBPB target genes would be decreased in the infected C/EBPB™
macrophages as compared to WT. This was indeed observed for several of the target genes
e.g. Rabgetl, Agtrla, G-CSF, however, Rasal, Tsc2, PKC, Rab5a and Rabepl were up-
regulated (IFig. 16 C). The up-regulation of these genes in the absence of C/EBP may be due
to compensation by other C/EBP transcription factor family members e.g. C/EBPa, C/EBPS,
C/EBPe or due to alleviation of transcriptional repression by C/EBPJ. Alternative splicing of
C/EBPP mRNA was found to generate long and short forms of the C/EBPP protein, which
had opposite functions: the longer form activated transcription whereas the shorter form,
which lacked a trans-activating domain, repressed transcription (52). An example of
compensation by other C/EBP family members is demonstrated by the efficient induction of
INOS in the infected C/EBPP " macrophages, even though iNOS has an experimentally
proven C/EBPB binding site in its promoter. Furthermore, the up-regulation of protective
factors such as Rab5a, Rabepl and PKCé may have been stimulated by the significantly
higher bacterial load in the C/EBPB” macrophages. In addition. the up-regulation of the
Rasal and Tsc2 may have been induced by L. monocytogenes itself in order to prevent

phagosome maturation,.

According to the proposed mechanism (Fig 16 A), despite the enhanced induction of Rab3a,
Rabepl and PKCS in the C/EBPB ™™ macrophages, PKCS could not promote the exchange of
inactive Rab5a-GDP for active Rab5a-GTP at the phagosome membrane because of the
impaired production Agtrla and Rabgefl proteins due to the absence of C/EBPB. In the
infected C/EBPB™ macrophages, Rabgefl was significantly down-regulated by 0.76 fold and
Agtrla by 0.71 fold. Moreover, I'sc2 and Rasal were up-regulated 1.24 and 1.1 fold
respectively in the C/EBPB™ macrophages. The consequent increased Rab5Sa-supressing

activity ol I'sc2 and Rasal may have been be inhibited by PKC6, which was also up-regulated
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by 1.13 fold in the C/EBPB™" macrophages. However, although PKC3 could block the Rabsa
suppressing activity of Tsc2 and Rasal, it still could not promote activation of Rab5a via
exchange of GDP for GTP. The phagosome maturation and phago-lysosome fusion pathway
therefore came to a halt at the ~activation of Rab-GDP™ step and consequently resulted in

increased escape of bacilli from the phagosome and consequent bacterial overgrowth.
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Figure 16. (A) Proposed mechanism whereby PKCS confines L monocytogenes with the
macrophage phagosome. (B) Promoters of Rab5a regulating proteins containing putative
C/EBPB ( | ) and/or NF-xB (#) binding sites; ATG denotes the transcriptional start site. (C)
Differential regulation of putative Rab5a regulatory proteins in C/EBPP” macrophages
infected with L. monocytogenes. Data is relative to WT controls and are the averages and
SEM of 4 independent biological experiments at 4 hours p.i. (* p<0.05 based on permutation

and Bonferroni Correction).
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DISCUSSION

Farly control of L. monocytogenes infection requires the innate immune response dominated
by neutrophils and macrophages, which are the major cells responsible for killing of L.
monocytogenes (53-55). IFN-y and TNF are essential for tull macrophage activation (56, 57),
resulting in enhanced production of eytokines, chemokines and bactericidal molecules such as
ROl and RNI. Several in vivo infection studies using mice iNOS™", gp47phox™, gp91phox™
and gp91 ™ /AINOS ™ mice showed that bacterial killing took place despite the lack of ROI
and RNI (33-35, 58, 59), suggesting that macrophages have an alternative killing mechanism
independent of ROI and RNI. This hypothesis was underscored by studies using mice
deficient for genes such as [FN-y (60, 61), IFN-yR (28, 60), ICSBP (62), IRF2 (62), RelB
(63), TNFRpSS (64, 65), and C/EBPB (7). All ol these mice were highly susceptible to L.
monocytogenes despite tull macrophage activation and production of pro-inflammatory
mediators, ROl and RNI. This hypothetical unknown killing pathway is most likely driven by
[EN-y and TNF, with the most downstream effector being C/EBPP, since C/EBPB”
macrophages expressed normal levels of II'N-y and TNF (7). Since the effector genes
involved in this unknown mechanism would most likely be downstream of C/EBPB, the
transcriptional responses ol L. monocytogenes-infected W and C/EBPB ™ macrophages were

compared 1n order to identity the effector genes.

The transcriptional response of IFN-y-activated macrophages from WT and C/EBPB mice
infected with L. monocyrogenes was profiled at 4 hours p.i.. PKC was selected as the prime
candidate gene because it has been shown to be involved in several critical immune signalling
pathways (8-10, 12-19) and may be transcriptionally regulated by C/EBPP as revealed by
promoter analysis. Moreover, studies by Wadsworth and Goldfine indirectly suggested that
PK (3 played a role in promoting listerial escape trom the phagosome by facilitating the initial
calcium influx into the cell required for translocation to early endosomes (25) and by
activating host phospholipase D (26). In addition, they showed that bacterial escape from the
phagosomes was dependent on increased cytosolic calcium levels (26). These results therefore
suggested that PKCO played a role in promoting listerial escape {rom the phagosome, by
facilitating the initial calcium influx into the infected macrophages. In addition, B cells from
PKC& ™ mice stimulated with LPS showed increased binding of C/EBPB to DNA due to
alleviation of PKCd phosphorylation of C/EBPf at a serine residue within the DNA binding

domain that results in decreased DNA binding activity (27). Furthermore, PKC8 was up-
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regulated in L. monocytogenes-intected C/EBPB™ macrophages as compared to WT, as shown
by microarray and confirmed by RT-PCR. It was therefore postulated that PKCS was
detrimental to the host during L. monocytogenes intections since in addition to promoting
phagosomal escape of L. monocytogenes (25, 26) it also inhibited the transcriptional activity
of C/EBPB (27), which may also result in increased phagosomal escape and impaired

listericidal activity as observed in C/EBPB™ mice (7).

To test this hypothesis, activated PKC8 " macrophages were intected with L. monocvtogenes
and bacterial growth and phagosomal escape measured. From the hypothesis, it was expected
that PKCo ™ macrophages should have decreased levels ol phagosomal escape and bacterial
load due to enhanced C/EBPP transcription of effector genes in the absence of PKCS (27).
Surprisingly, PKC8" macrophages had increased bacterial escape from phagosome and
uncontrolled bacterial growth, despite enhanced production of iNOS and pro-inflammatory
cylokines in response to the high bacterial load. This was unexpected since it opposed in vitro
data by Wadsworth and Goldline (25) which indirectly suggested that PKCS promoted
phagosomal escape. This divergence may have resulted from their use of rottlerin at a
concentration (25uM) which has been shown to non-specifically inhibit several other kinases
(1. 2). Their observations may have been compounded by the non-specific inhibition ol other
kinases by rottlerin. In this thesis. using PKC3™ macrophages, it has been clearly
demonstrated that PKCS is critical for conlining L. monocylogenes within the phagosome.
Moreover, despite having significantly higher expression of C/EBPP and its expected
enhanced transcriptional activity in the absence of PKCS (27), the PKC3™ macrophages were
unable to control the growth of L. monocytogenes. Data from this thesis clearly shows that
PKCd is protective rather than detrimental during innate immunity to L. monocytogenes.
Furthermore, PKCd did not appear to play a critical role in innate immune responses against
M. tuberculosis, an intracellular bacterium that preterentially resides within the phagosome.
PKC6 may therefore be a target that is negatively modulated by L. monocyvtogenes 1o facilitate

its own escape and survival.
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The most important finding of this dissertation was that PKCSd was indispensable for
confinement of L. monocytogenes within the phagosome, since no other PKC isoform
compensated for it in the PKCo ™ macrophages. The enhanced listerial escape and impaired
listericidal activity resulted in uncontrolled bacterial growth and dissemination of L.
monocytogenes, which ultimately led to carly death of the PKC&™ mice. The increased
susceptibility of the PKCd “mice was not due to defective induction of pro-inflammatory
mediators, since in vitro and ex vivo quanlilation showed that they produced significantly
higher levels of nitrite, MCP-1, IFN-y, TNF, [L.-12 and [L.-6 than the WT mice in response to
the high bacterial load. As expected, the inflammatory response was counter-balanced by the
production of 1L.-10 by the activated macrophages with kinetics similar to that for the pro-
inflammatory mediators (66. 67). I‘urthermore, the massive recruitment ol inflammatory cells
into the peritoneal cavity and abundant granulomas of PKC& mice indicated that impaired
resistance to L. monocytogenes was not due to defects in chemokine attraction. However, the
number of recruited activated macrophages was 10% lower in the PKCS ‘mice. Furthermore,
despite having  recruited 30% more neutrophils, which are essential for killing /.
monocytogenes (53-55), the PKCS mice were still unable to kill and clear the L.
monocylogenes bacilli, as shown by the significantly increased bacterial burden and
histopathology in their spleens and livers. In addition, PKCS was not required for the
generation or for the effector phase of adaptive cell-mediated immune responses to L.
monocylogenes infection, since immunized PKCS™ were able to kill and clear a lethal dose of
L. monocytogenes as etliciently as the WT controls. PKC9 is therefore a critical component of
the innate immune response and is critical for confinement of L. monocytogenes within the
phagosome. ['urthermore. data from this dissertation suggests that PKC8 is involved in similar
unknown listericidal mechanism that is independent ol iINOS and pro-inflammatory cytokines,

that was [irst observed in [FN-y ", TNFRp55™, ICSBP™" and C/EBPB™ mice.

The key questions arising {rom this study include (i) what is the mechanism whereby PKC6
confines L. monocytogenes within phagosomes, (i1) ts PKCd part of the unknown listericidal
mechanism that is independent of RNI and ROI, and if so (iii) where does it fit in this yet
undefined pathway? Since phagosomal escape was shown to be dependent on increased
cytosolic calcium levels (31) and the PKCS™™ macrophages had 6.5 fold increased bacterial
escape from the phagosome, this indicated that calcium influx into the PKC8™ macrophages

occurred independently of PKCo. Moreover, the significantly increased rate of bacterial
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escape from the phagosome and higher bacterial load in the PKC8™ macrophages, suggested
that PKC3 played an additional role other than stimulating inward calcium influxes. Therefore
investigation into the interaction between PKCO and calcium channels was not pursued.
Instead, the role of PKC6 within the milieu ol the phagosome was focussed upon, since this

was the “site ol action™ where its function 1o conline the bacilli was effected.

Confinement of bacteria within the phagosome has been shown to be dependent on active
G'TP-bound Rab5a (68) and the localized release of nitric oxide and superoxide into the
phagosomal space (32, 69). However, the actual mechanisms of how this is achieved are not
fully elucidated. Active RabSa promotes phagosome maturation, phago-lysosome fusion and
consequent bacterial killing by digestion with lytic enzymes, whercas the release ol nitric
oxide and superoxide into the small space ol the phagosome results in [atal oxidative damage
to the bacilli (53-55). Several studies have shown that RNI and ROI are important but not
essential {or bacterial killing (33-35). Data in this dissertation corroborate these studies, since
PKCS mice were unable to kill and clear the L. monocylogenes infection, despite enhanced
iNOS production. Since PKC$ has been shown to be important for superoxide production by
phagocyte oxidase (17-19). it can be argued that the increased susceptibility of PKCS™ mice
o L. monocytogenes may be due to decreased production of superoxide. However, several
lines of cvidence suggest that this is not the case. PKC3™ mice had a much higher degree of
susceptibility to L. monocylogenes than pd7phox” and gp91phox™™ mice: The LDs, dose for
p47phox™™ mice was only 1 log fold lower than their WT controls (33). whereas for the PKC§
“mice it was 2 log fold lower. Similarly, at 2 days p.i., the bacterial burden in the liver and
spleen of gp91phox ™ mice were only | log fold higher than in the WT. In contrast, the PKC8"
“mice had 3 log fold higher CFU in the liver and spleen compared to W controls. In
addition, gp91phox™™ mice displayed heightened susceptibility only during the first 2 days of
L. monocytogenes infection and recovered by day 6. PKCS™ mice, on the other hand, were
highly susceptible and died by day 3 p.i. (34). These data therefore suggested that PKCd plays
an additional role during L. monocyiogenes infection, other than stimulating the production of

superoxide.

The PKCd™ mice were highly susceptible to 1. monocyvtogenes, but not to the same extent as
observed for extremely susceptible [FN-yR™", C/EBPB™, TNFRp35 ™ and ICSBP ™ mice which
had 1.Dsy doses greater than 3 log fold lower than their WT controls (7, 28, 33, 62). However,
the phenotype of PKCS ™ mice was similar to that observed in C/EBPB ™ mice, with respect to

enhanced bacterial growth and escape despite eflicient induction of IFN-y . TNF and iNOS
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(7). It was therefore tempting to speculate that PKC8 may be dircctly or indirectly involved in
the unknown RNI/ROl-independent killing mechanism that was first observed in the IFN-yR ™~
, TNFRpSS ™, [CSBP™ and C/EBPB” mice (7. 28. 33, 62). Levels of PKC3 were decreased in
resting C/EBPP ™ macrophages as compared to WT, which suggested that it may require
C/EBPJ for its expression. Indeed, promoter analyses identified a putative NF-kB and several
C/EBPB binding sites in the promoter of the PKCo gene. PKC may therefore be a direct
transcriptional target of C/EBPJ through its C/EBPJ binding sites or an indirect target via its
NF-kB binding site, since C/EBPP interacts with NI'-kB subunits p50 (70) and p65 (71).
However, PKCS was cfficiently induced by L. monocytogenes in activated and non-activated
C/EBPB ™ macrophages. This may be due to the alleviation of transcriptional repression by
C/EBPB, which has been shown to either induce or repress transcription (72, 73) of its target
genes. However, since both PKCO and C/EBPB are essential for innate immunity to L.
monocylogenes, it is more likely that other related C/EBP family members transcriptionally
compensated for the lack of C/EBPP during L. monocytogenes infection in the C/EBPB™

macrophages.

A systems biology approach was used to investigate the mechanism whereby PKCé confined
L. monocytogenes within macrophage phagosomes. It was hypothesized that PKC& may
achieve this acting in synergy with G-CSF to promote C/EBPB mediated regulation of
phagosome maturation and phago-lysosome (usion (36). Analysis ot the protein-protein
interaction network generated the hypothesis that PKCS indirectly promoted Rab5a activity,
phagosome maturation, phago-lysosome fusion and subsequent bacterial killing, by promoting
the Rab35a-activating functions of Agtrla and Rabgefl and by inhibiting the RabSa-supressing
functions of T's¢2 and Rasal. Moreover, the microarray gene expression data correlated with
the proposed mechanism, since the RabSa-activating Agtrla and Rabgefll were down-
regulated in the C/LEBPR " macrophages as compared to W'T, whereas the Rab5a-supressing
Tsc2 and Rasal proteins were up-regulated. Although the increased levels of PKC6 may have
compensated and repressed the enhanced Rab3Sa-supressing activities of Rasal and Tsc2, it
was not able to promote RabSa activation due to impaired production Agtrla and Rabgefl
proteins. Therefore phagosome maturation, phago-lysosome fusion and bacterial killing could
not take place due the inability to activate RabSa. Consequently the L. monocytogenes bacilli
could escape more efficiently from the phagosomes of C/EBPB™ macrophages resulting in
bacterial overgrowth. Taken altogether, the lollowing hypothetical killing pathway is

proposed (Fig. 17):
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Since IFN-y activates the cytocidal or cytostatic potential of macrophages (28, 74) and TNF
has phagocytic and bactericidal/bacteriostatic functions (74), both these cytokines would drive
the hypothetical killing pathway. IFN-y would be the first component in the pathway, since
IFN=y™ (60, 61) and IFN-yR™™ (28, 60) mice had impaired induction of TNF. Downstream of
LFN-yR would be RelB, a transcription factor belonging to the NF-kB family, since RelB™
mice efficiently produced IFN-y but had impaired macrophage activation due to defective
induction of TNF (75). Consequently TNI* would be downstream of [FN-y and RelB. The
most downstream molecule in this hypothetical pathway would be C/EBPB, since L.
monocytogenes-intected macrophages from C/EBPB™ mice expressed normal levels of [FN-y
and TNI (7). PKCS would most likely to be downstream of C/EBP in this pathway, since
C/EBPB mRNA was highly up-regulated in the PKC8™ mice during the early phase of L.
monocytogenes infection. This suggested that PKCS may activate or synergize with, as yet,
unknown proteins which are transcriptionally induced by C/EBPP. Theretore in the PKC™
mice, even though C/EBPP target gencs were expressed, they could not fulfil their function to
confine the L. monocytogenes within phagosomes due to the absence of PKCS. Similarly, the
C/EBPB™ macrophages were unable to prevent listerial escape from the phagosomes despite
up-regulation of PKCS, due to the absence of C/EBPP target genes in the C/EBPP™
macrophages. The proposed hypothetical killing pathway may be initiated by an “1FN-y
module” where 1FN-y binds to the IFN-yR, which in turn activates 1I'N-y responsive
transcription factors such as STATI1, ICSBP and IRF2. RelB3 would transcribe TNF, which
enters the pathway downstream of the “TFN-y module™ and signals via the TNI'Rp535 and not
INFRp73, since TNFRp75~ mice did not exhibit any defects in host defense and
inflammatory responses o L. monocylogenes (76). Secretion of pro-inflammatory cytokines
such as [FN-y, [I.-1 and 11.-6 induce expression and activation ot C/EBPB (50, 77). Moreover,
IFN-y activation of mixed-lineage kinases of the mitogen-activated protein kinase (MAPK)
family (MLKs), mitogen-activated protein kinase kinase/extracellular signal-regulated protein
kinase (MI:Ks) and extracellular signal-regulated protein kinases (ERKs) phosphorylate and
thereby activate C/EBPP transcription activity (78, 79). The “C/EBPB module” enters
downstream of the “1'NF module”, where activated C/EBPP transcribes its target genes which
are needed for confinement of bacteria within phagosome e.g. G-CSF, Agtrla, RAB GTPase
binding eflector protein 1 (Rabepl) and Rabgefl. Furthermore, transcription of, as yel,
unidentified C/EBPJ target genes may themselves be bactericidal or act in concert with other
proteins to generate bactericidal molecules. For example, iNOS which gencrates nitric oxide

during pro-inflammatory innate immune response and PKCd which stimulates production of
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superoxide by phagocyte NADPH oxidase (17-19). Downstream of the “C/EBPP module™ is
PKCd which may act in synergy with G-CSF to augment Rab5a activity by promoting the
activity of Agtrl and Rabepl:Rabgefl, while suppressing the activity of Rasal and Tsc2.
Thereafter phagosome maturation and phago-lysosome fusion occurs resulting in bacterial
killing, antigen presentation and clearance by the adaptive immune response. The role of
PKCS in promoting phagosome maturation and phago-lysosome fusion is not implausible,
since PKCa has recently been shown to be important for phagosome maturation (80). In
addition, activated Rab5a and PKCd act in concert to recruit phagocyte NADPH oxidase to
the phagosome membrane and stimulate the production of superoxide into the phagosome(17,
18, 69). Furthermore, PKCd may have an additional role in the proposed pathway where it
may directly or indirectly modulate the activation of C/EBP through phosphorylation of the
trans-activation domain. The activity of PKCd is regulated by phosphorylation of its tyrosine
residues in response to different stimuli, and the effect of tyrosine phosphorylation can have
many different effects on PKCS, depending on the biological context e.g. the cell type and
nature of the stimulus (81, 82). In B cells stimulated with LPS, PKC8” was shown to inhibit
C/EBPP transcriptional activity by phosphorylating C/EBPJ at a serine residue within the
DNA binding domain, resulting in decreased DNA binding activity (27). However, the
biological context of B cells stimulated with LPS is very different from IFN-y activated
macrophages infected with L. monocytogenes, where PKCS appears to be a downstream
eftector of [FN-y in mediating listericidal activity. Indeed, [L-13 and TNF secreted by [FN-y
activated macrophages induces the transcription of PKC6 (5, 16). Moreover, 1FN-y stimulates
the activation of PKCS, which in turn mediates serine phosphorylation of STATT and thereby
facilitates transcription of IFN-y stimulated genes (16). It may theretfore be possible that in
activated macrophages, PKCo may activate C/EBPB through phosphorylation of its
transcriptional activation domain; however, this premise would have to be investigated
further. Based on this speculation, the higher levels of PKCS in the C/EBPR™ infected
macrophages may have functioned to promote C/EBPP activity and therefore enhance the, as
yet, unknown bacterial killing mechanism. It is also possible that PKC& may indirectly
activate C/EBPP via phosphorylation of other kinases that bind to and activate C/EBPB. For
example, activated PKCS phosphorylates MEKT leading to the activation of ERK1/2 (83),

which is involved in the activation of C/EBPJ in response to IFN-y (78).

XS]
~3
)



However, since the PKC8” mice were not as susceptible as lFN-yR‘/', S'I“A"I‘l‘/', [(‘,‘SBP"/‘,
IRE27, RelB”, TNFRp55™” or C/EB PB’/' mice, it can be argued that PKCd may not in fact be
part of the hypothetical RNI/RO-independent killing pathway. 1t could be possible that the
increased expression oft PKCS in the C/EBPB™ during infcction by L. monocytogenes
functioned to enhance the assembly ol the phagocyte NADPH oxidase. However, since the
PKC3™ mice were more susceptible than p47phox™ or p67phox” mice, this suggested that
PKCo played an additional role other than regulating the production of superoxide by
phagocyte NADPH oxidase. Alternatively, PKCo may be involved in a totally separate
pathway that functions to confine the bacilli within the phagosome. It can be speculated that
PKCd may activate and/or synergize with, as yel, unidentitied proteins to neutralize that
activity of listerial L1LO and PI-PLC activities, thereby preventing the escape ol L.
monocytogenes  from  the phagosome. ‘These unknown proteins may themselves be
transcriptional targets of C/EBPR, since the high levels of PKCS in the infected C/EBPB™
macrophages still could not control listerial escape from the phagosome, due to the absence of
the unknown proteins. Clearly lurther studies are required in order (o test the above
hypotheses and to uncover the mechanism(s) and modes of PKCd activity in the unknown

killing pathway.
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Figure 17. Role of PKC3d in the hypothetical L. monocytogenes killing pathway mediated
by IFN-y, TNF and C/EBPp that is independent of ROI and RNI. Solid lines with arrows
represent positive (+) regulation; solid lines with blunted ends represent negative (-)

regulation; dashed lines represent phosphorylation and activation.
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CHAPTER o

DISCUSSION

In the current study, L. monocyiogenes was used as a model intracellular pathogen to
investigate and identify the genes involved in mediating macrophage bactericidal effector
activity. Early control of L. monocytogenes infection requires the innate immune response, the
primary goal of which is to restrict the prolileration of L. monocytogenes, thereby preventing
bacterial dissemination into the blood stream, infection of other vital organs and
overwhelming sepsis. Activated neutrophils and macrophages are the major cell types
responsible for killing of L. monocytogenes (1-3). IEN-y and TNF are key cytokines essential
tor full macrophage activation (4, 5), resulting in enhanced production of cytokines,
chemokines and bactericidal molecules such as inducible nitric oxide and superoxide. Several
in vivo infection studies using INOS™, gpd7phox™. gp91phox” and gp91 phox 7 /INOS
mice showed that bacterial killing took place despite the lack of nitric oxide and superoxide
(6-10), suggesting that macrophages have an alternative killing mechanism independent of
these reactive nitrogen- and oxygen- intermediates. This hypothesis was further underscored
by studies using mice deficient for genes such as IF’N-y'/' (11, 12), IEN-yR” (11, 13), RelB3
(14). TNFRp3557 (1S, 16) and C/EBPB™ (17). All of these mice were highly susceptible to L.
monocytogenes despite full macrophage activation and production of pro-inflammatory
mediators, superoxide and nitric oxide. Sincc [FN-y activates the cytocidal or cytostatic
potential ol macrophages (13, 18) and TNF has phagocytic and bactericidal/bacteriostatic
(unctions (18), this hypothetical killing pathway is most likely activated by these cytokines.
I'N-y would be the first component in {he pathway, since I]-’N-y'/' (11, 12) and ]FN-yR’/w (11,
13) micc had impaired induction of TNF. Similarly, RelB would be downstream of IIFN-y,
since mice deficient in this transcription factor efficiently produced IFN-y but had defective
induction of TNF (14). Consequently TNF would be downstream of [FN-y and RelB3. The
most downstream molecule in this hypothetical pathway would be C/EBPB, since the |
C/EBPP" mice expressed normal levels of IFN-y and TNF (17). Since IFN-y stimulation
results in the enhanced expression (19, 20) and activation of C/EBPP (21, 22), and TNF
promotes the (ranslocation ol C/EBPB to the nucleus in response to pro-inflammatory
eyvtokine signalling (23), it can therefore be envisaged that IFN-y and TNF signalling
converege on C/EBPPB 1w transcribe genes required for confinement of L. monocytogenes
within the phagosome, leading to phago-lysosome fusion and consequent bacterial killing.
Macrophage elTector genes involved in this unknown mechanism would therefore most likely

be downstream of C/EBPB. C/EBPP is a transcription factor that is important for macrophage-
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mediated antibacterial defenses, Thi immune responses, anti-tumour defenses, differentiation
ol various cell types and storage and metabolism of carbohydrates and lipids (22).
Furthermore, C/CBPE mice are highly susceptible to intracellular pathogens such as Listeria
(7). Satmonella (17). Brucella (24), Mycobacteriun (25) and Candida (26) due to their
inability (o confine the pathogen within phagosomes, resulting in impaired listericidal activity.
U was therctore postulated that the comparison between the gene expression profiles of WT
and C/1LBPP macrophages infected with . monocvtogenes would increase the probability of
identitying these effector genes, which would be differentially expressed between these two

genotypes.

The lirst part of this study established and optimized the in vitro infection of WT and
C/EBPY" bone marrow derived macrophages with L. monocytogenes. Contrary 1o most in
viiro profocols published in literature, the macrophages were simultaneously stimulated with
IEN=y and infected with L. monocytogenes, and not pre-activated prior to infection. This
particular ix vitro infection protocol was followed in order to authentically reproduce the
biology ol the i vive infection experiments, since macrophages do not naturally exist in a
pre-activated state. Both WT and C/EBPP™ infected macrophages were fully activated and
seercled equivalent amounts of pro-inflammaltory mediators such as 11.-6, 1L-12, [1.-18, TNF,
MCP-1 and nitric oxide. However, despite full macrophage activation C/EBPS” macrophages
had 30% more escaped L. monocytogenes bacilli in the cytoplasm and uncontrolled bacilli
growlh as compared to WT. Furthermore, the induction of C/EBPJ target genes G-CSF,
CLECSP9, 1L-12p35 and 1SGF3y was impaired in the C/EBPP” macrophages (17, 27-29). ~
Comparison of the /77 vitro infection data to that published in the literature confirmed that the
in vitro infection experiments had successfully mimicked the biology of inn vive infections (17,
27-29) and provided a solid foundation on which o base the gene expression profiling

experiments.

The second part of the study used comparative DNA microarray analysis to identify genes
involved in mediating macrophage listerial activity, which were postulated to be diflerentially
expressed between the infected WT and C/EBPB™ macrophages. The transcriptional response
ol 1 monoevtogenes infected macrophages from WT and C/EBPB” mice was compared at 4
hours p.i. for all four biological experiments. This particular time point was chosen, since it
was the carliest instance where a significant difference between WT and C/EBPR™”

macrophage listericidal activity was observed, due to differential expression of listericidal
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genes between the WT and C/EBPP” macrophages. Although the execution of the microarray
experiments went smoothly, image analysis revealed that there was significant systematic
variation within and between the arrays. This may have been caused by variability in the
hybridization procedure as well as by the microarray slides themselves, which had several
quality and printing defects. Although sequential normalization within and between arrays
removed as much systematic variation as possible from the data, statistical evaluation of the
normalized microarray data showed that the technical reproducibility within each array and
between replicate experiments was poor. Within each array, more than 50% of the replicated

genes had standard deviations (SD) greater than 0.2, which was considered not reproducible

(30). Morcover, reproducibility between arrays (biological replicates) was poor since 49% of

the genes had SD=0.3 resulting in low correlation coefficients (R* = 0.000001 - 0.13), which
according to Churchill et al indicates that the biological replicates are not reproducible (31).
Trimming the unreliable data from the microarray data set improved the reproducibility as
shown by the correlation coefficients that were between R” = 0.2 and R? = 0.4. However,
despite the disappointing performance on statistical level, the microarray data still contained

biologically meaningful data. Genes encoding pro-inflammatory cytokines, chemokines,

N

INOS and genes important for macrophage activation and MHC class 11 presentation were ~

signilicantly up-regulated in both the WT and C/EBPR” activated macrophages during L.
monocytogenes infection. Moreover, the expected impaired induction of C/EBPB and its
target genes, G-CSF, CLECSF9, 1L-12p35 and ISGF3y. was observed in the C/EBPPBT
macrophages (17, 27, 28, 32). Since the microarray data held biologically relevant
information, it was therefore used to search for differentially expressed genes which were
postulated to be involved in macrophage effector functions against L. monocytogenes. Five
pereent (1268 out of 25000 genes) of the mouse genome was differentially expressed between
the W1 and C/EBPP™ activated macrophages infecled with L. monocytogenes. Functional
clustering of the DE genes revealed that 2.0% of the DE genes were  involved in host
immunity and defense, 3.1% in the production of ROI, 4.6% in the regulation of transcription,
l6.1% in signalling and 8.9% in phagosome maturation and phago-lysosome fusion.

Morcover, 18.0% of the DE genes had putative binding sites for C/EBPS and 47.3% had

binding sites for transcription factors that interacted with C/EBPB. A focussed functional .

clustering strategy was used 1o reduce the number of candidate genes from 1268 down 1o 220
genes. PKCS was selected for turther study since it possessed all the postulated criteria of a
macrophage effector gene: gene ontology and literature data mining showed that PKC6 was

involved in humoral defense, immune signalling (33-43), production of superoxide by
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phagocyte oxidase (41-43) and regulation ol transcription via its phosphorylation of Statt,
Statd and p300 (44). Moreover, promoter analysis revealed that it may be directly or
indirectly regulated by C/EBPJ. Furthermore, the role of PKCS in innate immunity to
mtracellular pathogens has not been investigated to date, except for studies by Wadsworth and
Goldline. Using rotilerin, a putative specific PKC3 inhibitor, data by Wadsworth and
Goldline indirectly suggested that PKC8 played a role in promoting phagosomal escape of 1.
monocytogenes by initiating calcium influx into infected macrophages and by activating
PLID2 (45, 46). However, no cvidence showing a direct correlation between PKCH activity
and listerial phagosomal escape was reported. In addition, B cells from PKC8” mice
stimulated with LPS showed that PKC& phosphorylation of C/EBPB negatively regulated its
transcriptional activity (47). Furthermore, PKCS was up-regulated in 1. monocytogenes-
infected C/EBPP ™ macrophages as compared to WT, as shown by microarray and confirmed
by RT-PCR. It was therefore postulated that up-regulation of PKCS may be detrimental
during L. monocytogenes infections since it may promote phagosomal escape of L.
monveytogenes (45, 46) by an unknown mechanism that may involve the inhibition of
C/BPP transcriptional activity (47), which in C/EBPB” mice resulted in increased listerial

escape from the phagosomal (17).

The third part of the current study functionally characterized the role of PKC3 in L.
monocytogenes infection and addressed the hypothesis that PKC8 played a detrimental role by
promoting phagosomal escape. The functional in vitro and in vivo studies were done using the
PKCS”" mouse model rather than rottlerin, since this putative PKC8-specific inhibitor has
been shown o non-specilically inhibit several other kinases and non-kinase enzymes (48, 49).
PKCo was found to be important for preventing, rather then promoting, phagosomal escape of
L. monocviogenes. PKCS” macrophages had a 6.5 fold increased bacterial escape from
phagosome and uncontrolled bacterial growth, despite enhanced production of iNOS and pro-

" mice were highly susceptible and died 2

inflammatory cytokines. Furthermore, the PKCS
days after infection with a sub-lethal dose for W' mice. Although the recruitment of activated
macrophages 1o the site of infection was 10% lower in the PKC8” mice, their susceptibility
was not due to impaired macrophage activation, since in vitro and ex vivo quantitation showed
that they produced significantly higher levels of nitric oxide and pro-inflammatory mediators
in response to the high bacterial load than did WT mice. Furthermore, their impaired
resistance 1o L. monocvtogenes was not due to defects in chemokine attraction, since the
PKCd mice displayed massive recruitment of inflammatory cells to the site of infection and

. A .. voele w .
abundant granulomas in their livers and spleens. In addition, the PKC3 mice were still unable
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to Kith and clear the L. monocytogenes despite having recruited 30% more neutrophils, which
arc essential for killing L. monocytogenes (1-3). The current study has therefore clearly
demonstrated that PKCS was indispensable for confinement of L. monocytogenes within the
phagosome, since no other PKC isoform compensated for it during infection. As a result, the
PKC&" mice suffered significantly increased escape of L. monocytogenes from the

macrophage phagosomes, resulting in bacterial overgrowth, dissemination and early death.

Finally. the question ol how PKCS conlined the bacilli within the phagosome was addressed
and a hypothesis generated and tested against the microarray gene expression data. Studies by
Wadsworth and Goldfine, using rottlerin and calcium channel inhibitors, showed that listerial
escape from macrophage phagosomes was dependent on elevated cytosolic calcium levels
{50y and that PKCS was responsible for initiating the first calcium influx into macrophages
upon infection with L. monocytogenes (45). However, the results from this dissertation clearly
showed that PKCS™ macrophages had 6.5 fold more escaped L. monocytogenes than WT,
suggesting that the initial calcium influx into the macrophages upon infection occurred
independently of PKC8. Moreover, the high susceptibility of the PKCS” mice to L.
monocytogenes suggested that PKCS played an additional role other than phosphorylating and

activating calcium channels,

PR has been shown to be important for supcroxide production by phagocyte oxidase (41-
43). through its phosphorylation of the enzyme’s pd7phox and p67phox components. In these
studics, lack of phosphorylation by PKC8 resulted in the impaired recruitment of the cytosolic
pd7phox and p67phox components to the phagosome membrane, where they were (o be
assembled with other components to form functional phagocyte NADPH oxidase enzyme.
Muoreover, the localized release of nitric oxide and superoxide into the phagosomal space has
been shown to decrease bacterial escape (51). Therefore the increased phagosomal escape and
high susceptibility of the PKC8™ mice may be due to impaired superoxide production.
However, since the PKC8” mice displayed a much higher degree of susceptibility to L.
monocytogenes than pA7phox” and gp91phox™ mice, it suggested that PKC8 may play an

additional role other than stimulating the production of superoxide into the phagosome.

It can be envisaged that the RNI/ROI pathway and the phago-lysosome fusion pathway act in
concert to confine bacteria within the phagosome and to mediate killing by fusion with the
lysosome, which contains bactericidal enzymes that kill and degrade the bacilli. Confinement

of bacteria within the phagosome has been shown to be dependent on the recruitment and
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assembly ol functional NAPDH phagocyte oxidase and nitric oxide synthase at the
phagosome membrane and the localized release of nitric oxide and superoxide into the
phagosomal space (51, 52). Recruitment of these enzymes is effected by active GTP-bound
RabSa, which translocates Rac2 to the phagosome membrane and regulates its activity.
Activated Rac2 in turn governs the assembly and activity of phagocyte NADPH oxidase at the
phagosome membrane (52). The process of phagosome maturation, phago-lysosome fusion
and subsequent bacterial killing is also regulated by active Rab3a in an IFN-y dependent
manner (52, 53). Active Rab3a causes remodeling of the phagosomal environment and
promotes phagosome maturation by enhancing membrane fusion between the pathogen-
containing phagosome and endosomes (53). Similarly, experiments by Pizarro-Cerda et al
(24) demonstrated that C/EBPB promoted endocytosis and membrane fusion between
endosomes and  pathogen-containing  phagosomes in a G-CSF-dependent manner (24).
However the actual mechanisms of these pathways are not fully elucidated. Since several
studies have shown that RNI and RO! are important, but not essential for bacterial killing (6,
8, 9) and that macrophages have an alternative killing mechanism dependent on {FN-y (11-
13), TNF (15, 16) and C/EBPE™ (17), it was thercfore postulated that this unknown killing
pathway may involve the phago-lysosome fusion pathway. In addition, since PKCS™ mice
were unable to confine and kill the L. monocytogenes bacilli, despite full macrophage
activation and enhanced production of pro-inflammatory mediators and nitric oxide, it was
further postulated that PKC8 may be involved in a similar RNI/ROI-independent unknown
listericidal mechanism that was lirst observed in [FN-y" TNFRp35™, ICSBP and C/EBPR™
mice. Morcover, since PKCS appeared to act downstream of C/EBPB, this indicated that
PRCS may be involved in C/EBPP mediated regulation of endocytosis, phagosome

maturation and consequent bacterial killing.

A systems biology approach was used 1o investigate the mechanism whereby PKCS conlined
. monocytogenes within macrophage phagosomes. Analysis of the protein-protein interaction
network generated the hypothesis that PKCS acted in synergy with G-CSF to promote Rab5a
activity, phagosome maturation, phago-lysosome fusion and subsequent bacterial killing, by
promoting the Rab3a-activating functions of Agtrla and Rabgefl and by inhibiting the
Rab35a-supressing functions of TSc2 and Rasal. Moreover, the microarray gene expression
data correlated with the proposed mechanism, since the RabSa-activating proteins Agtrla and
Rabgell were down-regulaied, whereas the RabSa-supressing Tsc2 and Rasal proteins werce

up-regulated in the C/FBPB” macrophages as conipared to WT. Although the increased levels
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ol PKCS may have adequately repressed the increased RabSa-supressing activities of Rasal
and Ts¢2, it was not able to promote Rab5a activation due to impaired production Agtrla and
Rabgefl proteins due to the lack of C/EBPP. Therefore phagosome maturation, phago-
lysosome fusion and bacterial killing could not take place due the inability Lo activate Rab5a.
In addition, since transcription of G-CSF was impaired in the C/EBPB™ macrophages, -
activation ol Rab5a activity by G-CSF could not take place. Consequently the L.
monocylogenes bacilli could escape more efficiently from the phagosomes of C/EBPR™
macrophages resulting in bacterial overgrowth. This hypothesis could also be extended to the
PKCH™ mice, where G-CSFE may activate Rab3a and inhibit Tsc2 and Rasal activities, but not
to the same extent as when in synergy with PKC9.

In addition to promoting Rab5a activity, PKCd may also act upstream of C/EBPP in the
hypothetical killing where it augments [FN-y signalling by activating STATI (38, 54). In
addition, PKC& may augment the activation of C/EBPJ via phosphorylation of its trans-
activation domain, rather than phosphorylation of the DNA binding domain resulting in
inhibition ot C/EBPR activity (47). This is not implausible since the activity of PKC8 can
vary according 1o the activation stimulus and cell type (44, 55). For example, in normal cells
PKCo promotes apoptosis and generally suppresses normal cell proliferation, however, in
cancer cells, activation of PKCd inhibits apoptosis and promotes tumour growth (44, 55, 56). .
Moreover, both PKCé and C/EBPB are involved in IFN-y induced signalling: PKCS itself is
activated by [FN~-y (38) and in turn activates STAT1 by phosphorylation of its serine residue
number 727 (38). Similarly, IFN-y induces the expression and activation of C/EBPB (19, 20)
via MILK3 and/or a MEKKI/MEKI/ERK1/2 signalling cascade to induce transcription of
IFN=-y responsive genes (21, 22). Therefore, in the context of [FN-y activated macrophages
infected with L. monocytogenes, PKCo may augment the activation of C/EBPB via
phosphorylation of other kinases that bind to and activate C/EBPB. For example, activated
PKCé phosphorylates MEK | leading to the activation of ERK1/2 (§7), which is also involved
in the activation of C/EBPJ in response to [FN-y (58). Therefore, the higher levels of PKCS in
the IFN-y activated C/EBPB” infected macrophages may have functioned to promote C/EBPJ
activity in order to enhance macrophage listericidal activity via the alternative RNI/RO!-
independent pathway. The concerted action of PKC8 in promoting the localized release of
superoxide into the phagosome, the activation C/EBPB transcriptional activity and the
activation of Rab3a activity may therefore augment macrophage listericidal activity via the

hypothesized alternative killing pathway. Alternatively, PKCS may not be involved in
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regulating Rab5a activity, and may only serve to activate C/EBPP transcriptional activity.
Morcover, since the PKC3™ mice were not as susceptible as [FN-yR™", RelB, TNFRp55™ or
C/EBPB” mice, it could be possible that PKCS may not in fact be part of the hypothetical
RNI/ROI-independent alternative Killing pathway. In this context, PKCS may confine the L.
monocylogenes within phagosomes by activating and/or synergizing with, as yet, unidentified

proteins 1o neutralize that activity of listerial LL.O and PI-PLC.

Currently lurther studies are being implemented in order to determine the mechanism
whereby PKCS contines L. monocytogenes within phagosomes. Key questions being
addressed in the current investigations include (i) if PKCS phosphorylation of C/EBPB can
activate its transcriptional activity in IFN-y activated macrophages infected with L.
monocytogenes, (1) if L. monocytogenes can negatively modulate the activity of PKCS in
order to lacilitate its escape from the phagosome, and (iii) if PKCO can promote activation of

Rab5a activity thereby enhancing listericidal activity.
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CHAPTER 7

CONCLUSION

The current study addressed the hypothesis that macrophages have an alternative killing
mechanism that is independent of superoxide and nitric oxide (1-3) but dependent on 1FN-y
(4-6). 'TNF (7, 8) and C/EBPB” (9). Since the mechanism and the genes involved in this
alternative pathway are largely unknown, the ainm of this dissertation was to identify these
macrophage cflector genes and to functionally characterize their role during infection by

utilizing gene deficient mouse models.

In the current study, L. monocyvtogenes was used as a model intracellular pathogen for in vitro

infection of 1FN-y activated bone marrow derived macrophages in order to identily the genes
involved in mediating macrophage bactericidal effector activity, In 1I'N-y activated
macrophages infected with L. monocytogenes, 1FN-y and TNF signalling converge on
C/EBPB promoting its transcription, activation and translocation to the nucleus resulting in

the transcription of genes required for confinement of L. monocytogenes within the
phagosome (10-14). Since C«‘iliBPﬁ“g' mice expressed normal levels of [FN-y and TNF (9)
during L. monocvtogenes infection, the macrophage effector genes involved in conlinement
and killing of L. monocytogenes were postulated to be downstream of C/EBP[. FFurthermore,
comparison between the gene expression profiles of WT and C/ EBPR macrophages infected
with L. monocwlogenes was hypothesized to incrcase the probabitity of identilying these
effector genes, which would be differentially expressed between the two groups. Comparative
gene expression profiling by DNA microarrays between L. monocytogenes infected W™ and

C/EBPRET macrophages, successfully identified 1268 genes to be differentially expressed

between the two groups. A focussed (unctional clustering strategy reduced the number of
candidate genes to 220, which were enriched for genes already published to play a protective
or detrimental role during role L. monocytogenes infections, thereby validating the success of

the microarray and data mining stralegy.

PKCH was selected as the prime candidate gene for further study since it possessed all the
postulated criteria of a macrophage elfector gene. To date, the role of PKCS in innate
immunity to intracellular pathogens has only been investigated by one group, which indirectly
demonstrated that PKCS promoted phagosomal cscape (15, 16). However, no evidence

showing a direct correlation between PKCS activity and listerial phagosomal escape was



reported. Moreover, PKCS phosphorylation of C/EBPB was shown lo negatively regulate the
transcription factor’s transcriptional activity (17). Furthermore, since PKCS was up-regulated
in L. monocytogenes-infected C/BEBPR” macrophages as compared to WT, as shown by
microarray and confirmed by RT-PCR, it was thercfore postulated that up-regulation PKC8

may be detrimental during L. monocvtogenes infection.

This dissertation provides novel insight into role of PKCS during innate immunity against /.
monocytogenes. Functional studies using the PKCS™ mouse model uncovered a novel
protective role, rather than a detrimental role, for PKCS in innate immunity against £
monocytogenes. Data in the current study clearly showed that PKCS was indispensable for
confinement of L. monocytogenes within the phagosome, since no other PKC isoform
compensated for it in the PKCS” macrophages. The enhanced listerial cscape and impaired
listericidal activity, despite full macrophage activation and production of nitric oxide, resulted
in uncontrolled bacterial growth and dissemination of L. monocytogenes. which ultimately led
to carly death of the PKC8™ mice. Furthermore, a systems biology approach was used to
investigate the mechanism whereby PKCS contined L. monocyiogenes within macrophage
phagosomes. It was hypothesized that PKCS may play a role in the alternative killing
mechanism that is independent of superoxide and nitric oxide (1-3) that was lirst observed in
the IFN=y" (4, 5), TFN-yR™ (5, 6), TNIRp55" (7, 8), and C/EBPB” (9) mice. It was
cnvisaged that PKCo may synergize with G-CSI¥ (o activate Rab5a, by promoting the activity
ol’ Agtrla and the Rabepl:Rabgefl protein complex, and by inhibiting the Rab3a-supressing
activity of Ts¢2 and Rasal. Once activated, Rab3Sa was then able to promote phagosome
maturation, phago-lysosome fusion and consequent bacterial killing. Morcover, activated
Rab3a has been shown to stimulate Rac2-mediated recruitment, assembly and activation of
phagocyle NADPH oxidase at the phagosome membrane, resulting in localized release of
superoxide into the phagosome. The concerted action of PKCS in promoting the localized
release of superoxide into the phagosome coupled together with its activation of C/EBPS and
Rab5a, may therefore augment the confinement of the L. monocyiogenes bacilli within the
phagosome and consequent phago-lysosome mediated listericidal activity. Alternatively,
PKCS may [unction only to activate C/EBP[ transcriptional activity, thereby augmenting
C/EBPPB mediated endocytosis and phago-lysosome fusion (18). However, since the PKCS™
mice were not as susceplible as ('N-yR™", RelB, TNFRp3S5” or C/EBPP” mice, PKCS may
not in fact be part of the hypothetical RNI/ROI-independent alternative killing pathway.

Instead PKCS may act in parallel with the hypothetical RNI/ROI-independent alternative
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killing pathway to enhance confinement of the bacilli within the phagosome. For example,
PKC6 may conline the L. monocytogenes within phagosomes by activating and/or synergize

with, as yet, unidentified proteins 10 neutralize that activity of listerial L.LLO and PI-PLC.

The rescarch undertaken in this dissertation has successfully fulfilled the aims set out at the
beginning of the study. Comparative DNA microarray gene expression profiling belween
infected WT and C/EBPB” macrophages, integrated with a focussed functional clustering
strategy, successfully identified candidate genes involved in macrophage effector activity
against L. monocytogenes. Furthermore, functional characterization ol one of these candidate
genes, PKCS, validated and uncovered a novel protective role for PKCS during L.
monocylogenes infection, thereby adding new insight into the role of PKCS during innate

immuity (o L. monocylogenes.



REFERENCES

6.

Endres, R., A. Luz, H. Schulze, H. Neubauer, A. Futterer, S. M. Holland, H. Wagner,
and K. Pleffer. 1997. Listeriosis in p47(phox-/-) and TRp35-/- mice: protection despite
absence of ROl and susceptibility despite presence of RNI. Immunity 7:419.

Dinauer, M. C., M. B. Deck, and E. R. Unanue. 1997. Mice lacking reduced
nicotinamide adenine dinucleotide phosphate oxidase activity show increased
susceptibility to early infection with Listeria monocytogenes. J Imniunol 158:5581.
Shiloh, M. U., I. D. MacMicking, S. Nicholson, J. E. Brause, S. Potter, M. Marino, F.
lFfang, M. Dinauer, and C. Nathan. 1999. Phenotype of mice and macrophages
deficient in both phagocyte oxidase and inducible nitric oxide synthase. Immunity
10:29.

Harty, J. 'T., and M. J. Bevan. 1995. Specific immunity to Listeria monocytogenes in
the absence of \FN gamma. /mmunity 3:109.

Huang, S., W. Hendriks, A. Althage, S. Hemmi, H. Bluethmann, R. Kamijo, J. Vilcek,
R. M. Zinkernagel, and M. Aguet. 1993, Immune response in mice that lack the
interferon-gamma receptor. Science 259:1742.

Dai, W. 1., W. Bartens, G. Kohler, M. Hufnagel, M. Kopf, and F. Brombacher. 1997.
Impaired macrophage listericidal and cytokine activities are responsible for the rapid
death of Listeria monocytogenes-infected IFN-gamma receptor-delicient mice. J
Immunol 158:5297.

Pfefler, K., T. Matsuyama, I. M. Kundig, A. Wakcham, K. Kishihara, A. Shahinian,
K. Wiegmann, P. S. Ohashi, M. Kronke, and T. W. Mak. 1993. Mice deficicnt for the
55 kd tumor necrosis factor receptor are resistant to endotoxic shock, yet succumb to
L.. monocytogenes infection. Cell 73:457.

Rothe, 1., W. Lesslauer, H. Lotscher, Y. Lang, P. Koebel, F. Kontgen, A. Althage, R.
Zinkernagel, M. Steinmetz, and H. Blucthmann. 1993. Mice lacking the tumour
necrosis factor receptor 1 are resistant to TNF-mediated toxicity but highly susceptible
to infection by Listeria monocytogenes. Nature 364.798.

Tanaka, T., S. Akira, K. Yoshida, M. Umemoto, Y. Yoneda, N. Shiraluji, H. Fujiwara,
S. Suematsu, N. Yoshida, and T. Kishimoto. 1995. Targeted disruption of the NF-I1.6
gene discloses its essential role in bacteria Killing and tumor cytotoxicity by
macrophages. Cel/l 80:353.

Akira, S., . 1sshiki, T. Sugita, O. Tanabe, S. Kinoshita, Y. Nishio, T. Nakajima, T.
Hirano, and T. Kishimoto. 1990. A nuclear factor for [L-6 expression (NF-IL6) is a
member of a C/EBP family. Embo J 9:15897.

Roy, S. K., S. J. Wachira, X. Weihua, J. Hu, and D. V. Kalvakolanu. 2000.
CCAAt/enhancer-binding  protein-beta regulates interferon-induced transcription
through a novel element. J Biol Chem 275:12626.

Roy, S. K., J. D. Shuman, 1.. C. Platanias, P. S. Shapiro, S. P. Reddy, P. IF. Johnson,
and D. V. Kalvakolanu. 2005. A role for mixed lincage kinases in regulating
transcription  factor CCAA'T/enhancer-binding  protein-{beta}-dependent  gene
expression in response o interferon-{gamma}. J Biol Chem 280:24462.

Kalvakolanu, D. V., and S. K. Roy. 2005. CCAAT/enhancer binding proteins and
interferon signaling pathways. J Interferon Cytokine Res 25:757.

Yin, M., S. Q. Yang, H. Z. Lin, M. D. Lane, S. Chatterjee, and A. M. Diehl. 1996.
Tumor neerosis Tactor alpha promotes nuclear localization of cytokine-inducible
CCAAT/enhancer binding protein isoforms in hepatocytes. J Biol Chem 271:17974.
Wadsworth, S. I., and 1. Goldfine. 2002. Mobilization of protein kinase C in
macrophages induced by Listeria monocytogenes aflects its internalization and escape
(rom the phagosome. Infect Immun 70:4650.

296



16.

Goldfine, H., S. }. Wadsworth, and N. C. Johnston. 2000. Activation ol host
phospholipases C and D in macrophages after infection with Listeria monocytogenes.
Infect Immun 68:5735.

Mivamoto, A., K. Nakayama, H. imaki, S. Hirose, Y. Jiang, M. Abe, T. Tsukiyama,
H. Nagahama, S. Ohno, S. Hatakeyama, and K. 1. Nakayama. 2002, Increased
proliferation of B cells and auto-immunity in mice lacking protein kinase Cdelta.
Nature 416565,

Pizarro-Cerda, 1., M. Desjardins, E. Moreno, S. Akira, and I. P. Gorvel. 1999,
Modulation of endocytosis in nuclear factor 1L-6(-/-) macrophages is responsible for a
high susceptibility to intracellular bacterial infection. J Immunol 162:3519.



CHAPTER 8

FUTURE PERSPECTIVES

Currently, the mechanism whereby PRCS conlines L. monocytogenes within phagosomes is
being investigated. In addition, the putative positive regulation of C/EBPB by PKCS and the
negative regulation of’ PKCd activation by L. monocytogenes are also being explored. In
addition to PKC9, several other genes were identilied by the microarray and data mining
strategy as putative macrophage effector genes. Among these, Rabgefl, PKCBIT and the very
low density lipoprotein receptor (VLDLR) were selected for further study. Ragbefl was
down-regulated 0.76 fold in the C/EBP)" macrophages as compared to W'I. In vitro infection
studies reported that L. monocytogenes suppressed RabSa function by preventing the
exchange of GDP for GTP and that this inhibition by most likely mediated through
modulation of Rab5Sa GEFs (1). However, this premise has never been tested in vivo using the
Rabgell gene deficient mouse model. Similarly, although PKCBIT was not differentially
expressed between the infected WT and C/EBPB”, its putative role in promoting L.
monocytogenes phagosomal cscape (2) has never been validated in vivo using the PKCBII”/'
mouse model. The very low density lipoprotein receptor (VLDLR), which is important for
uptake and metabolism of cholesterol, was down-regulated 0.89 fold respectively in the
(f‘,/l?‘,BP['B"/" macrophages as compared to WT. VLDL binds cholesterol and the uptake of
VLDL.-bound cholesterol into cells occurs via VLDI.R-mediated endocytosis which trafticks
the VL.DL-bound cholesterol to lysosomes. Enzymatic degradation of the lipoprotein within
the Tysosome releases the cholesterol, which then represses the activity of microsomal enzyme
3-hydroxy-3-methylglutaryl coenzyme A (1IMG CoA) reductase, the major enzyme involved
in cholesterol synthesis (3, 4). Although no role was found in the literature for VLDLR during
L. monocytogenes infection, it can be envisaged that the pathogen may down-regulate the
VLDLR gene, since its survival depends on phagosomal escape mediated predominantly by
1O, the activity of which is dependent on cholesterol. Functional studies uncovering and
validating the roles of these additional genes in L. monocytogenes infections will be

implemented utilizing their respective gene deficient mouse models.
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